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CHAPTER 1: INTRODUCTION 

Inflammation is a favorable process by which the body fights infection and repairs 

wounds. However, inappropriate inflammation plays a critical role in a multitude 

of serious diseases including but not limited to arthritis, asthma, allergy, 

arteriosclerosis, inflammatory bowel disea~e, lupus erythematosus, multiple 

sclerosis, septic shock and cancer (Mulrennan and Redington, 2004; Han and 

Ulevitch, 2005; Kawanishi eta/., 2006). Over the years a number of anti-

inflammatory drugs have been developed that target inflammatory systems; 

however, none can abate chronic inflammatory diseases. Many anti-

inflammatory drugs available today have the same modes of action and differ 

largely in tolerability and specificity (Simmons, 2006). Traditional steroidal drugs 

such as prednisone act primarily by decreasing expression of multiple 

inflammatory genes including cyclooxygenase-2 (COX-2), an inducible enzyme 

that generates pro-inflammatory molecules from arachidonic acid (AA) (Barnes, 

2006b). However, steroids are also general immunosuppressants and modulate 

the expression of a large number of genes, and as such they have considerable 

side effects that preclude long-term usage. Included side effects are 

adrenocortical and pituitary atrophy, muscle wasting, osteoporosis, growth 

inhibition, psychoses, and impaired wound healing (Dostert and Heinzel, 2004; 

Barnes, 2006a). Non-steroidal anti-inflammatory drugs (NSAIDs) reversibly or 
1 
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irreversibly inhibit the COX-2 as well as COX-1 enzymes with varying selectivity 

(Chan, 2006). The most well known NSAID is aspirin (acetylsalicylic acid) which 

came into widespread use in 1899 (Vainio and Morgan, 1997). Aspirin non

selectively inhibits both COX enzymes and its side effects include gastrointestinal 

ulcers due to COX-1 inhibition (Gilroy and Perretti, 2005). Semi-selective and 

selective COX-2 inhibitors were developed to combat this problem but increased 

specificity had other consequences (Couzin, 2004). Most notably, the selective 

COX-2 inhibitor Vioxx came under scrutiny due to increased risk of 

cardiovascular adversities which prompted its year 2004 recall by manufacturer 

Merck (Berenson eta/., 2004). In 2005 the FDA requested labeling changes on 

similar drugs (Celeb rex, Bextra, etc.) to include supplemental warnings (Kuehn, 

2005). 

Despite recently made advances there are still relatively few pivotal drug targets 

for which successful anti-inflammatory agents have been developed and brought 

to market (Simmons, 2006). Antihistamines which function by antagonizing the 

histamine receptor 1 (H 1) are still the primary drugs against allergic inflammation 

although they have not been fully effective in many allergic diseases. As such 

steroids are still heavily used for asthma and atopic upper respiratory diseases to 

prevent the production of pro-inflammatory molecules. Additionally, COX-2 

inhibitors could exacerbate allergic inflammation and other diseases (Marcouiller 

eta/., 2005; Montuschi eta/., 2005; Nakata eta/., 2005; Cuchacovich eta/., 
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2007). COX-2 inhibition increases leukotriene (L T) production as a result of 

shunting AA metabolism through 5-lipoxygenase (5-LOX) (Marcouiller eta/., 

2005). Leukotrienes are potently pro-inflammatory and play a major role in 

atopic diseases as well as contribute to the gastrotoxicity of COX inhibitors 

(Funk, 2001 ). L T receptor antagonists have recently been approved for asthma 

management (Poff and Balazy, 2004), and combination COX/LOX inhibitors 

continue to be promising. Several dual inhibitors have been or are currently in 

human clinical trials, and one that was dropped after Phase II has since been 

approved for use in companion animals (Curry eta/., 2005; Hampton, 2007). 

Drugs have been marketed that target other pro-inflammatory molecules or their 

receptors, such as TNF-u and TNF-RII, IL-1 p and IL-1 RA, interferons, and 

molecules involved in inflammatory cell migration (including LFA-1, CD11 a, C02, 

CD49d, and CGLA4-Ig) (Simmons, 2006). Each of these drugs has its limitations 

and as such inflammatory diseases are far from being conquered. In the quest 

for better anti-inflammatory agents and especially in light of the recent selective 

COX-2 inhibitor issues, new anti-inflammatory drug targets need to be identified. 

In order to attain this goal, a more thorough understanding of the inflammatory 

process is needed. 

I. The Immune System And Inflammation 

The immune system consists of two arms that work closely together: innate and 

adaptive immunity (Medzhitov and Janeway, 1998). The innate immune system 



is highly conserved from an evolutionary standpoint and adaptive immunity is a 

feature of higher organisms (Hoffmann eta/., 1999; Ausubel, 2005; Little eta/., 

2005). Although there is no real line between the two systems, adaptive 

immunity is characterized by its ability to respond to novel infectious agents by 

dynamic generation of infection-specific immune components, whereas the 

innate immune system recognizes common pathogens through pattern 

recognition molecules that are fixed in the genome (Janeway and Medzhitov, 

2002). Innate immunity is available immediately, but the adaptive system has a 

delay of 3-5 days while specialized cells and molecules are activated and 

generated (Janeway and Medzhitov, 2002). However, once the adaptive 

immune system has been primed by a previous infection, response to recurrent 

exposure is more immediate and lifetime immunity is conferred. 

The inflammatory process involves the activity of many cell types from those 

lining the vasculature (endothelium) to the specialized immune cells (Janeway, 

2001). All blood and dedicated immune cells are differentiated descendants of 

either the lymphoid or myeloid progenitors which are derived from pluripotent 

hematopoietic stem cells in the bone marrow (Kawamoto and Minato, 2004).

Cells of the lymphoid lineage include adaptive immune cells that mature in the 

bone or thymus and are known as B and T cells respectively, and reside in the 

blood or lymphoid tissues (Liu eta/., 2001; Linton and Dorshkind, 2004). 

Dendritic cells, which are professional antigen presenters to the T cells, are 

4 
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derived from both the lymphoid and myeloid lineages and reside in the blood and 

lymphoid tissues in their immature form (Manz eta/., 2001; Hong eta/., 2007). 

The myeloid lineage consists of anuclear erythrocytes and platelets, two key 

blood components that are differentiated from a megakaryocyte/erythrocyte 

progenitor and leukocytes which are derived from a granulocyte/monocyte 

progenitor (Laiosa eta/., 2006). Erythrocytes (red blood cells) constitutively 

carry oxygen to the tissues and platelets circulate until needed to bandage 

damaged blood vessels. Once at the damaged site, activated platelets form a 

haemostatic plug, more commonly known as a blood clot (Ciemetson, 1999). 

Granulocytes contain granular vesicles in their cytoplasm and have irregularly 

shaped nuclei (Janeway, 2001). They include neutrophils, eosinophils, and 

basophils which circulate in the bloodstream until recruited and activated. Their 

characteristic granular storage vesicles contain antimicrobial or cytotoxic 

substances, proteases, acid hydrolases, and pools of cell membrane receptors, 

chemotactic factors and inflammatory mediators (Cohen, 1994; Hampton eta/., 

1998; Falcone eta/., 2000; Saito eta/., 2002; Li eta/., 2005). Of the 

granulocytes, neutrophils have phagocytic capability and are recruited to the 

sites of bacterial infection where they ingest and destroy microbes (Janeway, 

2001). Basophils and eosinophils are derived from a common bone marrow 

derived progenitor and are most noted for their roles in allergic inflammation. 

However, they also function beneficially during extracellular parasite infection 
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(Falcone eta/., 2000; Rothenberg and Hogan, 2006). More recently eosinophils 

have been shown to be involved in a wider variety of anti-pathogen and 

homeostatic functions including antigen presentation, estrus cycling and 

neoplasia recognition (reviewed in (Rothenberg and Hogan, 2006)). Similar in 

function to basophils, mast cells are long-lived sentinel granular myeloid cells 

from a committed mast cell progenitor that mature and reside in the tissues (Galli 

.eta/., 2005). They are front-line defenders that work in concert with the 

basophils and eosinophils (Gurish and Boyce, 2006). As lgE receptor containing 

cells, both basophils and mast cells generate and secrete histamine, the 

molecule most noted for causing seasonal allergy symptoms (Falcone eta/., 

2000). Eosinophils are recruited by mast and T cells, and their secreted 

products, especially leukotrienes, are thought to be the major mediator of 

bronchoconstriction in asthma (Rothenberg and Hogan, 2006). Also from the 

same progenitor as granulocytes, monocytes reside in the bloodstream and enter 

into the tissues and differentiate into resident macrophages with unique tissue

dependent characteristics (discussed below). Dendritic cells (DC) are also 

thought to be derived from both early and late stage myeloid progenitors in the 

thymus and spleen and it has been suggested that even monocytes can give rise 

to dendritic cells (Traver eta/., 2000; Liu eta/., 2001 ). More recently, it has been 

shown that there is an independent DC progenitor that is incapable of lymphoid 

or myeloid differentiation as well as a myeloid bone marrow progenitor that is 

specific for monocytes, several macrophage subsets, and resident spleen DCs 



(del Hoyo et at., 2002; Fogg et at., 2006). These new reports demonstrate that 

there is more plasticity in immune cell differentiation than previously thought and 

that immune cell functions overlap extensively. Most infectious agents and 

allergens are met by cells of the innate immune system such as macrophages, 

polymorphonuclear leukocytes, mast cells and dendritic cells which can manage 

an infection and/or initiate the adaptive immune response. Adaptive immune 

system antibody generating B and T cells, and cytotoxic T cells which kill virus 

infected host cells, are all activated, recruited and arrested by cells or cell 

products of the innate immune system (Medzhitov and Janeway, 1998; Iwasaki 

and Medzhitov, 2004; Raulet, 2004; Kawai and Akira, 2006). 

7 

The immune system also includes a set of small plasma proteins, known as 

complement, that aid both the innate and adaptive immune system (Carroll, 

2004). The complement system consists of over 20 specialized molecules that 

facilitate the removal of dead cells, foreign bodies and pathogens (Roozendaal 

and Carroll, 2006). Complement proteins are primarily generated by hepatocytes 

of the liver but are also synthesized by monocytes and macrophages. 

Complement mediated effects occur in conjunction with an antibody-antigen 

complex or by direct activation and attachment to a pathogen. A key task of 

complement factors C3b and C4b is the opsonization of pathogen for recognition 

by phagocytes such as macrophages (Carroll, 2004). Factor C5a has 



pleotrophic effects that include activation of local mast cells which produce 

chemotractants to recruit other immune cells (Janeway, 2001; Galli eta/., 2005). 

II. Macrophages: Gateway To Inflammation 

8 

Macro phages are central to the inflammatory response and have key functions in 

the initiation, course and termination· of inflammation (Morrissette eta/., 1999). 

Initially characterized by their ability to engulf (phagocytose) bacteria 

(Metschnikoff, 1884), macrophages are the first ·line 'of defense against invading 

microbes and are vital to wound repair. Macrophages are thought to originate 

from stem cells in the bone marrow as monoblasts, enter into the blood stream as 

monocytes and finally move into the tissue and differentiate into resident 

macrophages (reviewed by (Hume, 2006)). Macrophages are highly distributed 

throughout the body in the lymphoid organs, liver, lung, gastrointestinal tract, 

central nervous system, serous cavities, bone, synovium and skin. Noted 

macrophages include alveolar macro phages in the lungs, Kupffer cells of the 

liver, bone remodeling osteoclasis, microglia in the brain and mesangial 

macrophages of the kidney. These sentinels and others like them contribute to 

normal homeostasis and fight off invading pathogens (Hume eta/., 2002). 

Macro phages are the housekeeping cells of the body and clean up cell debris 

during wound repair and controlled cell death (apoptosis) of old or diseased cells 

(Henson eta/., 2001 ). They can both prevent and contribute to tumor 

progression by recognizing and destroying some types of tumor cells or by being 



. transformed by the tumor into cancer sustaining participants (Dirkx eta/., 2006). 

Macrophages innately detect pathogens such as bacteria, fungi, protozoa and 

helminths as well as virus-infected host cells through a diverse set of receptors 

for microbial components and host opsonizing factors (Sasmono and Hume, 

2004). The highly conserved molecular patterns of microorganisms, collectively 

called pathogen-associated molecular patterns (PAMPs), are not present in the 

host organism and include bacterial lipopolysaccharide, peptidoglycan, 

lipoteichoic acids, mannans, bacterial DNA, double-stranded RNA, and glucans 

(Medzhitov and Janeway, 2000). After engaging a pathogen through a PAMP 

receptor or host opsonin receptor, macrophages engulf it and produce cytotoxic 

nitric oxide, reactive oxygen species and lysozymes which facilitate pathogen 

destruction (Figure 1 ). They also secrete cytokines and chemokines which 

activate and recruit other immune cells including neutrophils (Nagy, 2003). To 

facilitate this process, cytokines induce activation of the endothelium and cause 

upregulation of surface adhesion molecules such as selectin and intercellular 

adhesion molecule (ICAM). 

Circulating neutrophils and later monocytes are slowed by selectin molecules 

and subseql!ently adhere to endothelial I CAMs by their chemokine-activated 

surface integrins (Janeway, 2001). The cells transmigrate through the 

endothelial monolayer and basement membrane and follow the chemoattractant 

gradient to the site of infection. 

9 
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Figure 1. Resident Macrophages Initiate the Inflammatory Response. 

Macrophages recognize, engulf and destroy invading microbes such as bacteria 

and (1) generate cytokines and chemokines that (2) recruit and activate other 

phagocytes (e.g. neutrophils and monocytes) which (3) migrate to the site of 

infection. 
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In addition to recruiting neutrophils, monocytes and other leukocytes, 

macrophages can process and present pathogens as antigens to T cells of the 

adaptive immune system (Medzhitov and Janeway, 1998). During the course to 

resolution of inflammation, macrophages not only upregulate both the innate and 

adaptive immune responses but they also orchestrate their down regulation 

(Wilson, 1997). As long as pro-inflammatory stimuli are present, macrophages 

continue to generate factors that break down the extracellular matrix (ECM) and 

chemoattract other leukocytes. During the late stages of infective inflammation, 

macrophages facilitate the conversion from an anti-microbial response to a tissue 

repair mode (Ayala eta/., 2003). They generate factors that prevent further 

breakdown of the ECM and new neutrophil influx. Apoptosis of previously 

recruited neutrophils occurs and phagocytosis of their apoptotic bodies triggers 

macrophages to generate anti-inflammatory and pro-repair factors. As T-cells 

undergo apoptosis, they contribute additional anti-inflammatory cytokines such 

as IL-1 0. The site returns to its pre-injured state. 

A. Mechanisms Of Macrophage Phagocytosis 

Macrophages phagocytose microorganisms, necrotic or apoptotic cell debris and 

environmental particulates via a variety of promiscuous surface receptors 

including complement receptors (e.g. CR3 .and CR4) antibody receptors (e.g. 

FcyR), mannose receptor, scavenger receptors and phosphatidylserine receptor 

(PSR) (May and Machesky, 2001; Taylor eta/., 2005). CRs can recognize 
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bacteria and fungi opsonized by C3 fragments C3b, C3bi and C3d, C4b, 

mannan-binding lectin as well as naked pathogen surface molecules such as 

lipopolysaccharide (LPS), glutenin and ~-glucan (Ross and Vetvicka, 1993; 

Ghiran eta/., 2000). In addition to binding immunoglobulin G (lgG) coated 

pathogen, FcyRs also recognize C-reactive protein opsonized yeast (Marnell et 

a/., 2005). Macrophages have numerous receptors that can recognize apoptotic 

cells and facilitate their removal. Such receptors include PSR which recognizes 

exposed phosphatidylserine (Fadok eta/., 2000), a hallmark of apoptotic cells, as 

well as Mer, CD14, CD36, CD68, av~s and av~3 (Pittoni and Valesini, 2002). 

Although specifics of phagocytosis vary by mediating receptor, all mechanisms 

involve ligand recognition, receptor clustering below the particle, extensive 

cytoskeletal remodeling, particle engulfment into phagosomes, and fusion with 

lysosomes (Niedergang and Chavrier, 2004). Once digested, the components 

are exocytosed or processed for antigen presentation to lymphocytes. 

Complement Receptor Initiated Phagocytosis 

The complement system cascade is initiated by three different pathways 

(Gasque, 2004). The so-called "Classical Pathway" is initiated when a three 

molecule C1 complex binds to pathogen-engaged antibody and leads to the 

generation of C3-convertase, an enzyme that cleaves C3 into its active C3a and 

C3b fragments. The "Alternative Pathway" does not rely on an antibody 

complex, but instead commences when C3 spontaneously hydrolyzes and C3b 
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deposits on (opsonizes) the surface of a pathogen. Similar to the classical 

pathway, the mannan-lectin pathway initiates the cascade when mannan-binding 

lectin binds to mannose or other sugar residues on a pathogen. Regardless of 

the pathway of activation, the first activated complement tags the next in a 

response known as the "complement cascade" that converges on C3 cleavage 

and culminates in three important events: pro-inflammatory C3a and C5a 

mediated mast cell degranulation; C3b pathogen opsonization; and the formation 

of a C3b mediated C5b, C6, C7, C8, and C9 membrane attack complex which 

kills the pathogen by lysing its cell membrane (Walport, 2001 ). Inactivated C3b 

(C3bi) deposited on the surface of pathogen is recognized by phagocytic 

receptor CR3, an aMP2 integrin {also called CD11 b/CD18 or Mac1) (Ehlers, 

2000). Since the CR3-mediated phagocytosis is not constitutively active, it 

requires chemokines or cytokines to prime CR3 (Wright and Griffin, 1985; 

Newman eta/., 1991; Ross eta/., 1992; Allen and Aderem, 1996; Aderem and 

Underhill, 1999; Ehlers, 2000). In the event of a bacterial infection, these 

chemokines could have been generated by LPS-induced gene expression 

(discussed below) (Walport, 2001 ). Alternatively, co-ligation of the CR3 lectin 

site by microbial surface polysaccharides may be sufficient to prime CR3 for iC3b 

induced phagocytosis {Ehlers, 2000). CR3 is activated in an inside-out manner 

that involves GTP-binding protein Rap1. Once a C3bi opsonized particle has 

engaged primed CR3, filamentous actin (F-actin) gathers underneath in foci 

similar to those of adherent cells (Allen and Aderem, 1996). Complement 
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opsonized particles induce CR3 mediated activation of protein kinase C (PKC), a 

serine-threonine protein kinase, and small GTPase RhoA which leads to receptor 

clustering, actin assembly and myosin filament contractility that are necessary for 

the sinking of the particle into the cytosol (Chimini and Chavrier, 2000). RhoA is 

thought to be necessary for actin filament assembly as well as for the myosin 

filament formation and contractility that facilitate the early formation of the 

phagosome. RhoA activates its effector Rho-kinase (ROK) leading to 

phosphorylation of target myosin II, assembly of the Arp2/3 complex and actin 

nucleation into filamentous actin (F-actin) (Oiazabal eta/., 2002). It has also 

been suggested that ROK phosphorylation of LIMK and subsequent cofilin 

phosphorylation might also play a role in actin filament dynamics (Matsui eta/., 

2002). 

FeR Mediated Phagocytosis 

Pathogen specific antibodies such as those in the lgG class are generated by B 

cells as part of the adaptive immune response and are recognized by FcyR on 

macrophages (Swanson and Hoppe, 2004). FcyRs cluster in response to bound 

lgG opsonized particles and the phagocytic signal is mediated through two Rho 

family GTPases, Rac1 and Cdc42 (Niedergang and Chavrier, 2005). FcyR have 

cytoplasmic immunoreceptor tyrosine-base activation motifs (!TAMs) that are 

phosphorylated by Src family tyrosine kinases upon aggregation and bind Src 

homology 2 (SH2) containing proteins such as tyrosine kinase Syk (Korade-
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Mimics and Corey, 2000). Src phosphorylates and activates associated Syk 

which in turn activates phosphatidylinostitol-3 kinase (PI3K) and other essential 

phagocytic proteins (Cox eta/., 1996). Syk phosphorylation as well as 

accumulation of PI3K product phosphatidylinositol 3,4,5-trisphosphate (PIP3) are 

thought to activate Vav, a guanine nucleotide exchange factor (GEF). Together, 

PI3K, Vav, and Rac1 are thought to induce phagocytic arrn (pseudopod) 

formation, but do not seem to be involved in initial cytoskeletal assembly at the 

phagosome (Cox eta/., 1999). More recently, it has been shown in primary 

macrophages that Vav is a dispensable GEF in phagocytosis and that there is 

another yet unknown GEF activating Rac1 (Hall eta/., 2006). The formation of 

the phagocytic cup occurs quickly after FcyR ligation and also involves Cdc42; 

however, upstream GEF(s) have not been determined (Lee eta/., 2000; 

Niedergang and Chavrier, 2005). Both the de novo actin synthesis and 

subsequent remodeling are reliant upon effectors downstream of both GTPases 

and include the Wiskott-Aidrich syndrome protein (WASP), Arp2/3, Pak1, LIMP, 

PIP5K and cofilin (Niedergang and Chavrier, 2005). Other proteins may play a 

role in cytoskeletal remodeling. Upon FcyR clustering, a complex of adaptor 

proteins Fyb/SLAP, SLP-76, Nck, vasodilator-stimulated phosphoprotein (VASP) 

and WASP forms at the phagocytic cup (Coppolino eta/., 2001 ). Pseudopod 

extension and phagosome movement require contractile apparatus and likely 

involve actinomyosin motors. Since Rac1 has been shown to directly activate 

Pak1, which phosphorylates myosin light chain kinase (MLCK) in other cells, it 
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has been suggested that Rac1/Pak1 could be involved in phagosome contractility 

through myosin II (Sanders eta/., 1999; Sells eta/., 1999; Niedergang and 

Chavrier, 2005). However others suggest that phagosome-localized myosin X is 

a direct target of PI3K, owing to its PH domain that binds PIP3 (Cox eta/., 2002). 

Opsonin-Independent Phagocytosis 

YeastS. cerevisiae is taken up by CR3, mannose receptors, and Dectin-1 (Ross 

eta/., 1985; Ezekowitz eta/., 1990; Giaimis eta/., 1993; Herre eta/., 2004; 

McCann eta/., 2005). Several Rho GTPases are involved in the different CR3 

initiated pathways of phagocytosis. Rae and Cdc42 may play a role in CR3 

mediated uptake of unopsonized zymosan, and differs from uptake of iC3b 

opsonized yeast which involves RhoA (Le Cabec- eta/., 2002). 

Apoptotic cells are taken up via a variety of mechanisms that ideally do not lead 

to an inflammatory response or respiratory burst (Fadok and Chimini, 2001 ). 

Several Rho GTPases are involved in av~3 mediated uptake of apoptotic bodies 

with opposing effects (Tosello-Trampont eta/., 2003; Nakaya eta/., 2006). RhoA 

and ROK have been shown to negatively regulate phagocytosis through an 

unknown mechanism and Rac1 and RhoG are essential for the process. Similar 

to other phagocytic pathways, activated Rac1 leads to the Arp2/3 complex and 

actin assembly. PSR has been identified but its mechanism is not well

characterized, however it is believed to be similar to others involved in apoptotic 



18 

cell removal (Fadok eta/., 2000). Phagocytosis of apoptotic bodies 

downregulates the immune response through the release of anti-inflammatory 

mediators transforming growth factor p (TGF-p), IL-10, and prostaglandin E2 

(PGE2), even though receptors common to pro-inflammatory pathways are 

involved (McDonald et at., 1999; Fadok and Chimini, 2001; Henson et at., 2001; 

Huynh eta/., 2002). Notably endotoxin recognizing surface protein CD14 also 

tethers apoptotic thymocytes, yet does so without inducing inflammation 

(Hoffmann eta/., 2001). 

B. Macrophage Cytokine And Chemokine Expression. 

Concomitant with infection-induced macrophage activation or phagocytosis is 

respiratory burst and generation of cytokines and chemokines (Nau et at., 2002; 

Ma eta/., 2003; Swanson and Hoppe, 2004). Macrophages become especially 

activated in response to bacterial components such as LPS through their surface 

receptors CD14 and signaling toll-like receptors TLR2 and TLR4 (Guha and 

Mackman, 2001). Once engaged, these receptors initiate a cascade of events 

that culminates in the de novo synthesis and release of cytokines, chemokines, 

reactive oxygen and nitrogen species (respiratory burst). This innate pathway is 

enhanced with co-stimulation by interteron-y (IFN-y) as part of the regulated 

immune response. Known as the "classical pathway" of macrophage activation, 

IFN-y primed microbe-triggered macrophages generate TNF-a., IL-1 and !L-6 

during the early phases of activation. Macrophages can be alternatively 
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activated by IL-4 or IL-13 that has been generated by type 2 helper T cells (TH2) 

during an allergic response or parasitic infection (Ma eta/., 2003). Macrophages 

are also modulated by IL-10, which functions as a deactivator and pro

inflammatory cytokine suppressor (Qin eta/., 2006). IL-1 0 is produced by both T

cells and endotoxin stimulated macrophages and its major function is the 

regulation of activated macrophages. 

As a classical mediator, the LPS-inducible pathway is described below to 

illustrate cytokine expression and signaling mechanisms in macrophages (Figure 

2). Cytokine gene expression in macrophages is regulated by several pathways, 

but one that is central to most pro-inflammatory mediators is activation of 

nuclear-transcription factor kappa B (NF-KB) (Rhee and Hwang, 2000; Hanada 

and Yoshimura, 2002; Takeda and Akira, 2004). NF-KB is considered a key pro

inflammatory cytokine transcription factor. NF-KB is typically a dimer of the p50 

and p65 monomers and is sequestered in the cytosol when coupled to an 

inhibitor of kappa B (IKB). The NF-KB family of transcription factors.also includes 

p52, ReiB, and c-Rel. All members of the family contain a nuclear translocation 

sequence (NLS), however only p65, c-Rel and ReiB contain transactivation 

domains (Caamano and Hunter, 2002). Homodimers of p50 or p52 act as 

suppressors of gene expression. However, p50 and p52 contain the NLS and 

heterodimers of these components with the transcriptionally active family 

members help target the dimer to the KB site on pro-inflammatory genes. 
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Inhibitors of the transcription factor, such as IKBa and IKB~ contain a nuclear 

export sequence (NES) that constantly shuttles the dimer out of the nucleus to 

prevent its activity. TLR4 initiates gene expression through NF-KB in both early 

and late phase pathways downstream of two adapter proteins (Kawai et at., 

1999; Yamamoto eta/., 2003). During the early phase, TLR-associated myeloid 

differentiation factor 88 (MyD88) initiates a kinase cascade through the IL-1R 

associated kinase (IRAK), TRAF6 (TNF receptor-associated factor 6) and TAK1 

that results in the activation of scaffolding protein NF-KB essential modulator 

(NEMO). NEMO recruits two catalytic subunits and together forms the IKB 

kinase (IKK) complex (Palsson-McDermott and O'Neill, 2004). IKK 

phosphorylates IKB which results in its ubiquitination and the release of NF-KB. 

The p50/p65 dimer translocates to the nucleus and homes to the Rei domain of a 

gene where it facilitates transcription. During a slightly later phase, TLR 

signaling activates TRAF6 throug~ adapter protein Toii/IL-1 R domain-containing 

adaptor-inducing IFN-beta (TRIF) which results ir:t the similar formation of the IKK 

complex and release of NF-KB (Yamamoto eta/., 2003). TRIF also contributes to 

p65 mediated gene transcription of interferons through activation of interferon 

regulatory factor 3 (IRF3) (Wietek et at., 2003). TANK binding kinase 1 (TBK1) 

phosphorylated IRF3 and its co-activators CREB-binding protein (CBP) and p300 

translocate to the nucleus (Fitzgerald eta/., 2003; Sakaguchi eta/., 2003) where 

the IRF3 complex and p65 work cooperatively at the interferon-sensitive 

response element in the promoter region of IFN-~ (Wietek eta/., 2003). 
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Figure 2. LPS-induced Cytokine Gene Expression Pathways. LPS can induce 

early gene expression through TLR4, My088, and TRIF, as well as through 

secondary cytokine induced JAKISTAT pathways. Induced transcription factors 

are shown in dotted line ovals. (See text for details and abbreviations.) 
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LPS induction of TLR4/MyD88 signaling also results in activation of MAPKs and 

the activation or induction of other transcription factors (Kawai eta/., 1999; 

Cuschieri eta/., 2004; Lee eta/., 2005}. p38 MAPK modulates cytokine 

expression and protein secretion in several ways (Lim et a/.,_2004}. Recent p38 

functional research indicates that although some of its effects on gene 

expression are at the transcriptional level (e.g. through activation of CREB and 

ATF-1 ), its major role appears to be at the translational level (Birrell eta/., 2006}. 

Cytokine mRNA is inherently unstable due to its AU-rich elements (AREs) on the 

3' end (Dean eta/., 2004}. ARE-binding proteins (ARB) can either block 

translation by promoting mRNA degradation through deadenylation or they can 

promote transcription by preventing decay of deadenylated mRNA (Chen eta/., 

2006b; Lin eta/., 2006; Rajasingh eta/., 2006). p38 MAPK is thought to act 

synergistically with NF-KB by either promoting its association with DNA, 

activating co-transcription factors or by activating stabilizing ARBs or marking 

destabilizing ARBs for ubiquitination (Saccani eta/., 2002; Lim eta/., 2004; Birrell 

eta/., 2006; Chen et al., 2006b; Kim eta/., 2006}. 

Many cytokines are also under the regulation of other transcription factors such 

as AP-1 (Guha and Mackman, 2001 ). Activation of MAPKs ERK1/2 or c-Jun N

terminal kinase (JNK) results in the upregulation of AP-1 component genes c-Fos 

or c-Jun respectively (Sanghera eta/., 1996; Yang eta/., 2000). Moreover, JNK 

phosphorylates and activates c-Jun to induce its dimerization with c-Fos to form 

an active AP-1 complex (Hambleton eta/., 1996). Macrophage gene expression 
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is also modulated through other receptors and pathways in response to cytokines 

or other mediators. Notably LPS-induced intermediate cytokines interferon p 

(IFN- p), IL-6, and IL-1 0 activate Janus kinase 1 (JAK1) and signal transducer 

and activator of transcription 1 (STAT1) and ST AT3 respectively (Deng eta/., 

1996; Ohmori and Hamilton, 2001; Thomas eta/., 2006). STAT1 supports iNOS 

and Cxci10/IP-10 expression in a cooperative role with NF-KB (Lee eta/., 2005; 

Thomas eta/., 2006). IL-6 and IL-10 signaling through Jak1/STAT3 results in 

negative regulation of inflammatory mediators (Niemand eta/., 2003). 

Ill. Protein Kinases 

The challenge of designing anti-inflammatory drugs is the identification of a target 

that will mitigate the undesirable processes without disrupting normal host 

defense. Targeting specific elements of signal transduction pathways known to 

be involved in disease has become a recent approach in drug development 

(Cohen, 2002). This requires identifying the pathway responsible for the 

pathological inflammation and the intervention at the appropriate step of the 

pathway. Cell signaling pathways are comprised of ligands, receptors and 

numerous protein kinases which activate or inhibit their downstream partners by 

phosphorylation of regulatory serine, threonine, or tyrosine residue(s). Protein 

kinases are considered one of the two most important drug targets in 

pharmaceutical research today (the other being G-protein coupled receptors) 

(Cohen, 2002; Force eta/., 2004). These enzymes mediate numerous cell 
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functions and fall into several families with varying target specificity. Receptor 

tyrosine kinases (RTKs) or receptor associated tyrosine kinases phosphorylate 

tyrosine molecules on downstream signaling molecules, often in response to 

growth factors but also in response to insulin, antibodies and cytokines (Arslan et 

at., 2006; Haan eta/., 2006). Recently approved tyrosine kinase inhibitors that 

act as anti-cancer drugs include gefitinib, erlotinib, imatinib, sorafenib, and 

sunitinib (O'Neill, 2006). Other cancer-combating kinase inhibitors that have 

entered clinical trials target the IGF-1 receptor or numerous serine/threonine 

kinases such as PKC, CDK, RAF, MEK1/2, and mTOR (Arslan eta/., 2006). As 

their name suggests, serine/threonine kinases phosphorylate serine and 

threonine residues and include the mitogen activated protein kinase (MAPK) 

family as well as numerous others (Hardie and Hanks, 1995). Several inhibitors 

of p38 MAPK have been investigated as putative anti-inflammatory drugs and 

went into clinicall/11/111 trials with mixed success (Kumar eta/., 2003). Toxicity 

issues were the main concern with p38 MAPK inhibitors and it has been 

suggested that upstream kinases in this pathway might make better targets 

(Force eta/., 2004), In light of the successes of kinase inhibitors in cancer 

treatments, the investigation of kinases as drug targets in inflammation is 

promising and expands our therapeutic options against debilitating chronic 

inflammatory diseases. 
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IV. Nitric Oxide And cGMP Dependant Protein Kinase 

Macrophage-derived nitric oxide (NO) is so prevalent during the inflammatory 

response that it is considered a hallmark of inflammation (MacMicking eta/., 

1997; Chen eta/., 2003; Wahl eta/., 2003; Mulrennan and Redington, 2004; 

Salonen eta/., 2006}. Although the production of NO is a biomarker of 

inflammatory disease, its functions and effectors are not fully understood (Secco 

eta/., 2003; Wahl eta/., 2003; Mulrennan and Redington, 2004). NO is directly 

toxic to some fungal, helminthic, protozoal and bacterial pathogens and is known 

to have diverse functions in host cells (Nathan and Hibbs, 1991; Schlossmann et 

a/., 2003). It has long been established that chronic inflammation is correlated 

with cancer and nitrative DNA damage is one contributing factor (Kawanishi et 

a/., 2006}. One of the current debates is whether NO is pro- or anti-inflammatory 

(Wahl eta/., 2003; Mulrennan and Redington, 2004). NO levels are elevated in 

the lungs of patients with asthma but lowered in the endothelium of persons with 

hypertension and arteriosclerosis (Kanazawa eta/., 1998; Boos and Lip, 2006). 

Nitric oxide has been administered therapeutically for asthma due to its 

bronchodilator and bronchoprotective properties, however endogenous NO may 

contribute to increased inflammation through vascular permeability and increased 

leukocyte infiltration (Mulrennan and Redington, 2004}. 

The NO pathway is well characterized in the vasculature, and owing to its effect 

on smooth muscle cells the molecule was initially referred to as endothelium-
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derived relaxing factor (EDRF). NO is generated from L-arginine by any qf the 

three nitric oxide synthases (NOS): constitutively expressed neuronal or 

endothelial NOS (nNOS/NOS1 and eNOS/NOS3, respectively) or inducibly 

expressed NOS (iNOS/NOS2). NO is involved in S-nitrosylation of proteins, and 

is the activator of the heme enzyme soluble guanylate cyclase (sGC). Activated 

guanylate cyclase generates cyclic guanosine monophosphate (cGMP) from 

guanosine triphosphate (GTP) and it exerts physiological effects by allosterically 

binding to cellular proteins such as cyclic nucleotide dependant kinases, cGMP

binding phosphodiesterases and cyclic-nucleotide gated ion channels (Francis et 

a/., 2005). Its most notable effector protein is cGMP-dependent protein kinase. 

Since its discovery in 1970 in lobster tail muscle, cGMP-dependent protein 

kinase (PKG) has emerged as an important signal transduction mediator 

(Lohmann eta/., 1997). PKG is the central effecter of the nitric oxide pathway 

and is involved in numerous physiological responses (Schlossmann eta/., 2005). 

It is most noted for its role in relaxation of vascular smooth muscle, as well as 

long-term potentiation in neurons, inhibition of platelet activation, and apoptosis 

(Pfeifer eta/., 1998; Kleppisch eta/., 1999; Feil eta/., 2003; Li eta/., 2004; 

Deguchi eta/., 2005; Li eta/., 2006; Rice eta/., 2006). PKG affects processes by 

regulating a wide variety of molecular pathways. PKG phosphorylates 

phosphodiesterases, GTPases, transcription factors, ion channels and 



cytoskeletal proteins (Figure 3). In addition to being activated by cGMP, PKG 

can also be directly activated by PKC (Hou eta/., 2003). 
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There are three isoforms of cGMP-dependent protein kinase: cGMP-dependent 

protein kinases I (PKG), a soluble form of which there are two 76 kDa splice 

variants; and cGMP-dependent protein kinase II (PKG II), a membrane bound 

form which is larger (85 kDa) and is most noted for its requirement in the cystic 

fibrosis transmembrane conductance regulator (CFTR) in the intestine (Lohmann 

eta/., 1997). PKG II is mentioned for completeness and this work will focus 

solely on the splice variants PKG1 u and PKG1 p, collectively referred to as PKG. 

A. PKG Structure And Activation 

PKG is generally accepted to be a homodimer with a predominant isoform in 

many cells or tissues (Keilbach eta/., 1992; Soff eta/., 1997; Huber eta/., 1998; 

Feil eta/., 2002; Schmidt eta/., 2002; Feil eta/., 2005). PKG 1 u and 1 p isoforms 

are transcribed from the same section of DNA and have the same key features 

on each monomer (Figure 4). There are three separate segments: an acetylated 

amino-terminal domain, a reg·ulatory domain and a catalytic region (Wall eta/., 

2003). The human PKG1 u and PKG1 p isozymes differ only by their respective 

89 and 1 04 residues in their amino:terminal ends which contain their dimerization 

and autoinhibitory domains (Orstavik eta/., 1997). 
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Figure 3. Signaling By PKG. PKG is activated downstream of NOS generated 

NO from within or from neighboring cells. It can also be directly activated by 

PKC and has many molecular targets that are 'effectors for ion flux, cytoskeletal 

· remodeling and gene transcription and expression. Circle-enclosed "P" indicates 

phosphorylation, red elides indicate PKG phosphorylated substrate. Red "?" 

indicates PKG substrate in this pathway is unknown . . 

•' :; 
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Figure 4. PKG Amino Acid Sequence And Structure. (A) PKG1 isoform-specific 

amino-terminal ends containing the leucine zipper and autoinhibitory domains 

followed by common sequence containing the cGMP binding sites and catalytic 

domain. Residues of the leucine zipper motif are in red, autophosphorylated 

residues in blue, pseudosubstrate sequences are underlined, key lysine in A TP

binding site in orange (Richie-Jannetta et. a/., 2006). (B) Location of the 

functional domains on a PKG1 monomer. 
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This difference prevents heterodimerization and assigns separate function and 

sub-cellular localization to the two isoforms as well as different binding affinity for 

cGMP. The homodimers bind via a leucine zipper motif and isoform-specific 

associating proteins have been shown to interact in this region (Richie-Jannetta 

eta/., 2003). The autoinhibitory region of each monomer contains several 

isoform-specific autophosphorylation sites. A hinge region connects the amino

terminal to the common section of the regulatory domain that contains the cyclic 

nucleotide binding regions followed by the catalytic domain. The common 

regulatory domain of each subunit contains two cGMP binding sites whose 

cooperative occupancy induces activation of the kinase through a conformational 

change (Pinkse eta/., 2004; Richie-Jannetta eta/., 2006). Inside the 

autoinhibitory domain is a pseudosubstrate sequence which rests in the catalytic 

domain in the absence of bound cGMP. It is thought that the binding of cGMP 

causes the protein to unfold at the hinge region and this molecular elongation 

disrupts the pseudosubstrate/catalytic domain association, thus allowing activity 

with substrate proteins (Chu eta/., 1997; Wall eta/., 2003). Although the cGMP 

binding site amino acid sequences are identical in both isoforms, they do not 

have the same binding constants. The amino-terminus controls the binding 

affinities of the two cGMP sites and as this differs between the two isoforms, so 

do the binding kinetics. PKG1 p (KA = 1.3f!M) has a greater than 1 0-fold lower 

affinity for cGMP than its splice variant PKG1 a (KA = 0.1f!M). The two sites have 

different binding affinities (Ko) for cGMP, and have been termed slow and fast 
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sites to describe their exchange rate. The more amino terminal site A is the slow 

site due to its high affinity for cGMP and therefore low turnover rate, whereas the 

more carboxy end site 8 is the fast site and has a lower affinity for cGMP. The 

ATP binding site as determined by 5'-p-FiuorosulphonyiC 4CJbenzoyladenosine 

(FS02BzAdo), an affinity labeling analogue of ATP, lies to the carboxy side of the 

cGMP binding region (Hashimoto eta/., 1982). FS02BzAdo labeled a lysine 

residue in this region (Figure 4). As with all protein kinases, PKG requires a 

· metal ion to properly position and transfer they-phosphate from ATP to a 

substrate. Like other serine-threonine protein kinases, Mg2
+ accompanies ATP 

into the pocket (Pinkse eta/., 2004). Activation of PKG also leads to 

autophosphorylation which maintains activation of the kinase after cGMP has 

ebbed. PKG preferentially autophosphorylates when only its slow sites are 

occupied by cGMP and maximal heterophosphorylation occurs when all cGMP 

sites are filled (Smith eta/., 2000). Recently protein kinase C (PKC) has been 

shown to directly phosphorylate and activate PKG1 a by phosphorylation of 

threonine 58 (Hou eta/., 2003). 

B. PKG Expression And Function 

PKG is thought to be expressed in most if not all mammalian cell types although 

it is most abundant in vascular smooth muscle. PKG is highly expressed in 

neurons, platelets, and vascular and intestinal smooth muscle and is expressed 

at low levels in cardiac muscle, vascular endothelium, and most immune system 
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cells including neutrophils, macrophages, dendritic cells, natural killer cells, and 

B- and T- lymphocytes (Sadighi Akha eta/., 1996; Holmgreen eta/., 1997; 

Kamisato eta/., 1997; Loweth eta/., 1997; Libersan eta/., 2003; Werner eta/., 

2005; Giordano eta/., 2006). PKG function has been demonstrated by 

pharmacological inhibitor and activators as well as null mutation. Although 

viable, PKG·/- mice are hypertensive and ultimately short-lived owing to severe 

gastrointestinal dysfunction (Schlossmann eta/., 2005). The Cre/lox system has 

also been used to selectively delete PKG in hippocampal and cerebellum specific 

cells and demonstrated that PKG has roles in numerous neural functions and 

developmental events (Kieppisch eta/., 1999; Feil eta/., 2003). Similarly, the 

effects of PKG on arteriosclerosis and cardiac response were investigated 

(Wolfsgruber eta/., 2003; Schlossmann eta/., 2005). PKG expression in primary 

leukocytes and cultured cells has been inferred through functional assays with 

pharmacological activators and inhibitors (Kamisato eta/., 1997; Wanikiat eta/., 

1997; Elferink and de Koster, 1998; Lawrence and Pryzwansky, 2001; Yoshioka 

eta/., 2003; Chen eta/., 2006a; Oh eta/., 2006). However, the efficacy of a 

widely-used PKG inhibitor (KT5823) has come into question (Burkhardt eta/., 

2000). Owing to low levels of expression in many cell types, immunological 

techniques have produced contradictory results. Although PKG expression is 

documented in human monocytes and alveolar macrophages by Western blotting 

or immunostaining, Western blots indicated no PKG expression in rat and guinea 

pig peritoneal macrophages (Pryzwansky eta/., 1995a; Kobialka eta/., 2003). 
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Although it is documented that PKG isoform expression varies by cell type, 

isoform identity has not been shown in macrophages. PKG expression can 

change based on cell culture conditions, passage number, disease state, and 

long-term exposure to cytokines in several cell types although the mechanisms 

are not known (Cornwell eta/., 1994a; Fischer eta/., 2001; Browner eta/., 2004b; 

Zanetti eta/., 2005). Additionally some common peritoneal macrophage isolation 

techniques utilize inducers that may activate the cells and might change PKG 

expression (Kobialka eta/., 2003; Tsatsanis eta/., 2006). These factors could 

contribute to the debate seen across published works. 

Smooth Muscle Cell Relaxation 

PKG has been shown to mediate vasorelaxation through various effector 

substrates (Figure 3). PKG1 p inhibits calcium release through inositol 1 ,4,5-

trisphosphate receptor I (IP3RI)-associated protein (I RAG) as was shown by n

terminal deletion and disruption of association with IP3RI (Geiselhoringer eta/., 

2004). Direct phosphorylation of potassium channel BKca was demonstrated 

through inhibition of PKG by KT5823 on whole cell patch clamp experiments as 

well as through point mutation of a PKG consensus sequence on BKca (Fukao et 

a/., 1999; White eta/., 2000). PKG also causes calcium desensitization by 

preventing inhibition of myosin light chain phosphatase by a competing kinase as 

shown by in vitro assay with P!<G (Wooldridge eta/., 2004). PKG · 

phosphorylates the targeting subunit of myosin light chain phosphatase (MLCP) 
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at S-695, thus sterically hindering its association with Rho kinase. PKG also 

prevents or mitigates vasoconstriction by its activity with regulator of G-protein 

signaling 2 (RGS-2) {Tang eta/., 2003). Not only does PKG phosphorylate and 

activate RGS-2, the leucine zipper region of PKG1a was also shown to 

translocate it to the cell membrane so that it could inhibit a Gq-protein coupled 

receptor. 

Cytoskeletal Remodeling 

PKG has been shown to be involved in the activation and inhibition of a family of 

Rho GTPases that are well-documented as mediators of numerous cytoskeletal 

remodeling events (Hall and Nobes, 2000; Wojciak-Stothard and Ridley, 2002; 

Murthy eta/., 2003; Hou eta/., 2004). PKG has been shown to work both 

upstream and downstream of RhoA (Gudi eta/., 2002). In arterial smooth 

muscle, PKG mediates expression of HhoA (Sauzeau eta/., 2003). PKG has 

been shown to phosphorylate and inhibit RhoA to facilitate vascular smooth 

muscle relaxation (Sawada eta/., 2001 ). This lab has recently shown that 

PKG1 a can indirectly activate Rac1 and the Pak1/p38 MAPK pathway in HEK293 

cells (Hou eta/., 2004). Another lab has found that PKG co-localizes with and 

directly activates Pak1 and is involved in endothelial cell motility (Fryer eta/., 

2006). Additionally, through yeast two hybrid screen and glutathione S

transferase pull-down experiments, formin homology (FH) domain-containing 
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protein 1 (FHOD1), a protein that modulates Rac1 activity, was found to bind to 

and be phosphorylated by PKG1 a in VSMC (Wang eta/., 2004). 

PKG has been shown to affect cytoskeletal events in numerous cell types, 

including vascular smooth muscle cells, neutrophils and monocytes (Lincoln et 

a/., 1993; Pryzwansky eta/., 1995a}. In chemotactic peptide stimulated 

neutrophils, PKG transiently co-localizes and phosphorylates vimentin during 

adhesion (Wyatt eta/., 1991 ). PKG phosphorylation of vimentin also leads to 

neutrophil intermediate filament assembly and degranulation (Wyatt eta/., 1993; 

Pryzwansky eta/., 1995b; Pryzwansky and Merricks, 1998) and PKG knockout 

mouse studies found that neutrophil granule packaging and secretion is 

dysfunctional (Werner eta/., 2005). Additionally, PKG is suggested to have a 

role in the spreading and chemotaxis of neutrophils through its phosphorylation 

of VASP (lawrence and Pryzwansky, 2001 ;. Werner eta/., 2005). 

C. PKG-Mediated Gene Expression 

The role of PKG in granulocyte gene expression is unclear, however endogenous 

PKG has been shown to translocate to or co-localize with the nucleus in cells 

including neutrophils and monocytes but not in primary VMSC and HEK293 

(Wyatt eta/., 1991; Pryzwansky eta/., 1995a; Browning eta/., 2001; Feil eta/., 

2002}. PKG has been documented to effect gene expression downstream of 

various transcription factors (Pilz and Broderick, 2005). PKG has been 
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demonstrated to phosphorylate cAMP-responsive element (CRE)-binding protein 

(CREB) on serine-133 in neuronal, VSMC and in PKG transfected Baby Hamster 

Kidney cells independently of ERK1/2 or p38 MAPK activation (Gudi eta/., 2000; 

Ciani eta/., 2002). In transfected cells, activation of PKG1 p results in nuclear 

translocation, CREB phosphorylation and transactivation of the c-fos promoter 

(Gudi eta/., 1996; Gudi eta/., 1997). PKG also increases transcription factor 

C/EBPbeta DNA binding in osteoclasis by inhibiting glycogen synthase kinase-3p 

(GSK-3P) (Zhao eta/., 2005). In C2CI2 myoblasts and COS? cells PKG1 p has 

been shown to co-immunoprecipitate with ·and directly phosphorylate TFII-1, a 

transcriptional regulator that interacts with numerous transcription factors (Roy, 

2001; Casteel eta/., 2002; Casteel eta/., 2005). As such, PKG may have an 

indirect role in AP-1 mediated gene expression in some cell types. PKG has also 

been shown to interact with nuclear transcription factor NF-KB and p38 mitogen 

activated protein kinase (p38 MAPK), which are both important for cytokine gene 

expression through independent pathways (Vanden Berg he eta/., 1998; Guha 

and Mackman, 2001; Lim eta/., 2004; Chen eta/., 2006a). Evidence suggests 

that PKG regulates NF-KB transcription activity however, its effect and mode of 

action remain unclear {Zhong eta/., 1997; Zhong eta/., 1998; Zhong eta/., 2002; 

He and Weber, 2003). PKG has been reported to promote gene expression 

through direct phosphorylation of DNA binding domains of NF-KB, or by direct or 

indirect (via CREB) phosphorylation of its inhibitor, IKB, to allow migration of NF

KB to the nucleus (Kalra eta/., 2000; He and Weber, 2003; Chang eta/., 2004 ). 
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PKG has been demonstrated to phosphorylate the p50, p49/52 and p65 subunits 

in T-lymphocytes (He and Weber, 2003). PKG1~ has also been shown to inhibit 

NF-KB induced interleukin 2 {IL-2) production in T-cells (Fischer eta/., 2001 ). 

Others report that PKG has no role in cGMP mediated inhibition of NF-KB 

dependent cytokine gene transcription in VSMC (Aizawa eta/., 2003). 

PKG may be anti-fibrogenic by mitigating TGF-~ induced gene expression of 

extracellular matrix components during chronic hypoxia as in pulmonary 

hypertension (Li eta/., 2007). Atrial natriuretic peptide (ANP), an activator of 

membrane-bound guanylyl cyclase, was shown to prevent expression of TGF-~ 

induced ECM components in rat pulmonary smooth muscle cells. ANP and 

cGMP prevented nuclear translocation of phosphorylated Smad2 and Smad3 in a 

PKG-dependant manner. This exact mechanism is not known but ANP-cGMP

PKG appears to act independently and downstream of the TGF-p pathway since 

Smad2/3 phosphorylation is not abrogated. The role of PKG on ECM is not 

clear. Other researchers have shown that PKG may enhance matrix 

metalloprotease 13 expression through activation of raf-1 and ERK1/2 MAPK in 

vascular endothelial cells (Zaragoza eta/., 2002). 

PKG also mitigates cell proliferation through several mechanisms. Researchers 

found that PKG suppresses cyclin E expression in mesangial cells and renal 

fibroblasts without altering ERK1/2 activity (Hanada eta/., 2001; Chuang eta/., 

2006). In smooth muscle cells VASP phosphorylation at serine 239 is involved in 
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the growth inhibitory effects of NO (Chen eta/., 2004). It also suppresses 

activation of JAK2/STAT5 and cyclin 01 in normal rat kidney fibroblasts (Huang 

eta/., 2005) and may be involved in STAT1, 3, and 5 mediated gene expression 

in chromaffin cells (Ishii eta/., 2001 ). 
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HYPOTHESIS: Cyclic-GMP dependent protein kinase I (PKG) has roles in 

macrophage function. 

SPECIFIC AIMS: Macrophages provide the primary defensive functions against 

microbial infection in the body, however abnormal macrophage regulation is 

thought to cause or exacerbate a multitude of autoimmune and inflammatory 

diseases. As such, a detailed understanding of macrophage regulatory 

mechanisms is essential for the development of effective therapeutic strategies 

to combat numerous inflammatory diseases. Although nitric oxide is abundantly 

produced during inflammation and PKG is a major effector, the roles of PKG in 

macrophage function have not been fully investigated. The objective of this 

thesis is to establish PKG expression in macrophages and investigate the role of 

PKG in two important macrophage functions: phagocytosis and gene expression. 

This objective will be accomplished by experiments addressing these specific 

aims: 

1. To investigate PKG expression in macrophages. 
1.1. Show expression of PKG in macrophages. 
1.2.1nvestigate PKG expression after chronic activation. 

2. To investigate the role of PKG in phagocytosis by macrophages. 

3. To determine the effect of PKG activation on inflammatory gene 
expression in macrophages. 



CHAPTER II: MATERIALS AND METHODS 

I. Materials 

All tissue culture reagents unless specified were from Mediatech, Inc. (Herndon, 

VA). Fetal bovine serum is from Invitrogen (Logan, UT). Unless otherwise 

stated, cell lines were obtained from the American Type Culture Collection 

(Manassas, VA). The PKG inhibiting peptide DT-2, described previously 

(Dostmann et at., 2000), is a generous gift from Dr. Wolfgang Dostmann 

(University of Vermont). [y-32P]ATP (cat. # AA0018-500UCI) and [u-32P]-dCTP 

(cat. # AA005-250UCI) were obtained from Amersham Biosciences (Piscataway, 

NJ). Expression vectors: PKG isoforms were previously cloned in pCDNA3.1 or 

pEGFP-N1 (Browning et at., 1999; Browning et at., 2001 ). Empty pEGFP-N1 

vector is from Clonetech, (Palo Alto, CA) and cmv-p-galactosidase is from 

Promega (Madison, WI). The murine FLAG epitope-tagged VASP protein was a 

gift from Dr. Michael Uhler (University of Michigan) and was used previously 

(Browning eta/., 2001 ). Western blotting materials were from Bio-Rad 

Laboratories (Hercules, CA). RNase/DNase free deionized water and Trizol® 

Reagent are from Invitrogen (Carlsbad, CA). C57BI/6 mice are from Harlan 

(Indianapolis, IN), and crosses with Balb/c or CBA are from in-house breeding 

stock. lmageQuant 5.2 software is from Molecular Dynamics (now Amersham 
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Biosciences). Lipopolysaccharide (Salmonella minnesota Re 595), cyclic 

nucleotides, KT5720, KT5823 (and similar activating or inhibitory drugs) are from 

·Calbiochem (La jolla, CA). Cytokines (11-1 p, TN F-a, etc.) are from Peprotech 

(Rocky Hill, NJ). All other reagents unless specified are from Fisher Scientific 

(Fairlawn, NJ). 

II. Preparation Of Standard Solutions 

10x Phosphate Buffered Solution (PBS): 80 g sodium chloride, 2 g potassium 

chloride, 2.1 g monobasic sodium phosphate, 14.4 g dibasic sodium phosphate, 

distilled water (diH20) to 1 L, adjusted to pH 7.3-7.4. 

4x Lower Aery/amide Gel Buffer pH 8.8: 90.85 g Tris base, 20 ml 10% (w/v) 

sodium dodecyl sulfate (SDS), diH20 to 500 ml, adjusted to pH 8.8. 

4x Upper Aery/amide Gel Buffer pH 6.8: 30.3 g Tris base, 20 ml 1 0% (w/v) 

SDS, diH20 to 250 ml, adjusted to pH 6.8. 

5x Protein Gel Loading/Sample buffer (PAGE buffer): 625 mM Tris, pH 6.8, 

1 0% SDS, 25% glycerol, 0.015% bromophenol blue, 5% p-mercaptoethanol. For 

5 ml: 3.13 mi1M Tris, pH 6.8, 0.5 g SDS, 1.25 ml glycerol, 0.75 mg bromophenol 

blue, 0.25 ml p-mercaptoethanol, aliquoted and stored at -20 oc. 



45 

Cell Lysis Buffer: 50mM Tris-HCI pH 8.0, 1 mM EDTA, 1% NP-40, 150 mM 

NaCI, 0.25% deoxycholate. For 100 ml: 5 ml 1M Tris-HCI pH 8.0, 0.2 ml 0.5 M 

EDTA, 10 ml10% NP-40, 3 mi5M NaCI, 0.25 g, sodium deoxycholate, diH20 to 

100 ml, filter sterilized, aliquoted and stored at -20 °C. Protease and 

phosphatase inhibitor cocktails (Calbiochem) were added to thawed lysis buffer 

just prior to use. 

10x Phosphate Buffered Tween Solution {PTS}: 0.55 g monobasic sodium 

phosphate, 1.65 g dibasic sodium phosphate, 90 g NaCI, 2.5 g sodium azide, 5 

ml Tween-20, diH20 to 1 L. 

1x Western Blot Blocking Buffer (5% BSA in 1x PTS): 5 g (cold ethanol 

precipitated, Biotech grade) Bovine Serum Albumin Fraction V (BSA) in 100 ml 

1 x PTS. Sterile filter and store at 4 oc. 

1x Kinase Assay Buffer: 20 mM MOPS pH 7.2, 25 mM p-glycerophosphate, 5 

mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 600 nM KT5720 (a 

PKA inhibitor). For 100 ml: 2 ml 1M MOPS, 2.5 ml 1M p-glycerophosphate, 1.25 

ml 1M EGTA, 100 IJL sodium orthovanadate, 100 IJL 1M dithiothreitol, 600 nM 

KT5720. 

10x p-galactosidase ONPG Substrate/Lysis Buffer: 100 IJL Triton X-1 00, 10 

IJL NP-40, 100 IJL 1M MgCI2, 350 IJL p-mercaptoethanol, 1 11111 M HE PES pH 7.2, 
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8.44 ml diH20, 66.5 mg o-Nitrophenyi-D-galactopyranoside (ONPG). Store at -80 

oc, dilute 1:10 in diH20 for use. 

Ill. Cell Culture 

RAW264.7, U937, HL-60 and primary murine peritoneal macrophages were 

grown in a standard tissue culture media (RPM I 1640 containing 10% v/v fetal 

bovine serum, 200 IJM L-glutamine, 10 IU/ml penicillin, 10 IJg/ml streptomycin). 

Cells were maintained in vent cap tissue culture flasks or dishes at 37 oc in 5% 

C02 in a humidified tissue culture incubator. Primary bovine arterial endothelial 

cells (BAEC) (Vascular Biology Center/MCG, Augusta, GA) were maintained in 

M199 (Sigma or Invitrogen) with 10% v/v FBS, 5% v/v fetal calf serum (FCS) + 

iron (Hyclone #SH30072.03 ), 16 mg/L thymidine (Sigma), 10 IU/ml penicillin and 

10 IJg/ml streptomycin. HMEC-1, an SV40-immortalized dermal microvascular 

cell line (CDC, Atlanta, GA), were grown in MCDB 131 (from Invitrogen or 

Mediatech), 10% v/v FBS, 10 ng/ml Epidermal Growth Factor (Peprotech), 1 

Jlg/ml hydrocortisone (Sigma), 10 IU/ml penicillin and 10 IJg/ml streptomycin on 

0.1% gelatin-coated plates. L-glutamine was added if Mediatech media was 

used. Adherent cells were split using 0.25% trypsin/EDT A followed by quenching 

in an excess of serum-containing media or by scraping into media with a cell 

scraper. Cells were spun down (1500 rpm, 5 min, 4 °C) and resuspended in 

fresh media and seeded into new tissue culture flasks. Suspension cells were 
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split by spinning down {1500 rpm, 5 min, 4 °C) an aliquot followed by 

resuspension in fresh media and seeding into a new tissue culture flask. 

Gelatin Coated Plates: Plates were incubated with 50 !JL {96-well plate) or 500 

!JL {6-well plate) 0.1% w/v gelatin in sterile 1 x PBS for 30 min at 37 ac. Excess 

gelatin was aspirated off and cells were immediately seeded onto the plates. 

A. Cell Transfection 

Transfection by Upofectamine: Transient transfection was performed using 

Lipofectamine and Plus Reagent {Invitrogen). RAW264.7 and HEK293 cells 

were split and plated the night before to grow to approximately 50-70% 

confluence by the next day. Cell density was· predicted by assuming doubling of 

cells overnight. Just prior to transfection, the media was removed and replaced 

with a half volume of Optimem I (e.g. 1 ml in a 6-well plate) and returned to 

incubate at 37 ac, 5% C02. For transfection in a 6-well tissue culture plate a 

total of 1 !Jg plasmid DNA was used per well and duplicate reaction mixtures 

were pooled to ensure equal treatment across samples. Reaction mixtures were 

mixed in the follol'{ing manner and proportions: in one tube, 4 !JL Lipofectamine 

was diluted in 100 !JL Optirnem I. In a separate microcentrifuge tube, 1 !Jg DNA 

was gently mixed and pre-incubated with 6 !JL Plus Reagent in 100 !JL Optimem I 

for 5 minutes at room temperature followed by addition of the diluted 

Lipofectamine. The mixture was incubated at room temperature for 15 min. A 

200 !JL aliquot was added dropwise to each well containing cells in 1 ml Optimem 
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I. After 3-6 .hours (HEK293), 1 ml of 20% FBS media (RPMI 1640 containing 

20% v/v fetal bovine serum, 200 iJM L-glutamine, no antibiotics) was added and 
~ 

cells continued to incubate overnight under standard conditions. RAW264.7 

were incubated overnight with an additional 1 ml Optimem I instead of 20% FBS 

media. The media was replaced with standard tissue culture media the following 

morning and the cells were allowed to recover for 2 hours to overnight prior to 

experimental treatment. Empty pcDNA3 vector was used to make 1 IJg DNA, 

final. Similarly, 12-well plates were transfected: 0.71Jg DNA per well pre-

incubated in 50 iJL Optimem I and 5 iJL Plus Reagent followed by 2 IJL 

Lipofectamine in 50 IJL Optimem I; dropwise added to cells in 0.5 ml Optimem I 

followed by addition of 20% FBS media or Optimem I. In a 10 em dish: 4 IJg 

DNA, 20 iJL Plus Reagent, 750 IJL Optimem I and 30 iJL Lipofectamine in 750 iJL 

Optimem I, added to cells in 5 ml Optimem I followed by addition of 5 ml 20% 

FBS media or Optimem I. 

Transfection by Electroporation: RAW264.7, U937, HL60 and BAEC (< 60% 

confluent) were removed from tissue culture flasks, spun down (1200-1500 rpm, 

5 min, 4 °C}, washed in cold serum-free media or sterile 1x PBS, and counted. 

1 x1 07 cells were resuspended in cold 400 !!L Optimem I and incubated with 5-15 

l!g expression vector DNA (typically 2-5 l!g PKG DNA, 10 l!g others) for 5 min at 

room temperature. Cells/DNA were transferred to 4 mm electroporation cuvettes 

(Bio-Rad Laboratories) and electroporated (260 V, 975 !!F. exponential decay), 



49 

incubated 2-5 minutes at room temperature, transferred and resuspended in 

warm (37 °C) tissue culture media, seeded on tissue culture plates and allowed 

to recover overnight under normal culture conditions. 

IV. Preparation Of Murine Peritoneal Macrophages 

Primary peritoneal macrophages (PM) were isolated from C57BI/6, Balb/c, CBA 

or F1 crosses of these mice between the ages of 7 and 16 weeks. Mice were 

euthanized by cervical dislocation followed by harvest of macrophages by 

intraperitoneal lavage. Using tweezers and surgical scissors, the outer 

abdominal dermis was snipped and peeled back to reveal the intact peritoneum. 

While gently holding the peritoneal membrane with tweezers, 5 ml ice-cold sterile 

0.5 mM EDTA in PBS was injected into the peritoneal cavity with a 10 cc syringe 

affixed with a 26 Y2 gauge needle. The mice were gently rocked for 5-10 minutes 

at room temperature. Efflux was similarly removed using a 16 gauge needle and 

syringe. Cells were spun down (4 ac, 1200 rpf!!, 5 min), washed in cold sterile1x 

PBS, counted and resuspended (-5x105 cells/ml) in culture media. Cells were 

seeded on tissue culture plates as below and allowed to recover overnight in a 

tissue culture incubator. The following day non-adherent cells were gently 

washed from the plates with sterile 1x PBS or RPMI1640. 
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V. Quantification Of Protein Expression 

Cells were harvested by either scraping in ice-cold 1xPBS or lifting in 0.5 mM 

EDTA in PBS, followed by centrifugation at 4 oc. The pellet was resuspended in 

100-150 (12 or 6-well plate) to 500 ~L (1 0 em dish) lysis buffer containing 

protease and phosphatase inhibitor cocktails (Calbiochem, San Diego, CA). 

Alternatfvely, cells were scraped directly in lysis buffer (6-well plate and larger) 

and transferred to microtubes. The lysates were rocked for 20 min at 4 oc and 

clarified by centrifugation at 1 O,OOOxg for 1 0 min. The cleared celllysates were 

used for immunoprecipitation, Western blot or protein and kinase assays (below). 

A. Western Blot: 

Preparation of 10% polyacrylamide gels. For 2 minigel separating gels: 9.8 ml 

diH20, 5 ml 4x lower gel buffer, 5 ml 40% acrylamide/BISS 37.5:1 (Bio-Rad 

Laboratories), 100 ~L 10% ammonium persulfate, 10 ~L TEMED, poured and 

allowed to set 30 min - 1 hr, followed by addition of stacking gel and lane comb: 

6.5 'ml diH20, 2.5 ml 4x upper gel buffer, 1 ml 40% acrylamide/BISS, 100 ~L 10% 

ammonium persulfate, 10 ~L TEMED and allowed to set with comb for 1 hr at 

room temperature or overnight at 4 oc. 

Preparation of sample for Western blot. An aliquot (30-1 00 ~L) of cell lysate was 

added to 5x PAGE sample buffer, boiled for 10 min and subsequently separated 

on 10% polyacrylamide minigels (20-37 ~U lane in 15 lane minigel, 35 rnA/gel). 



Gels were gently washed in 1 x blotting buffer (25 mM Tris, 192 mM glycine pH 

8.3, 10% methanol) for 10 min and blotted (100 V for 1 hr) to 0.45 11m 
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nitrocellulose sheet (Bio-Rad Laboratories) in blotting buffer (25 mM Tris, 192 

mM glycine, pH 8.3, 10% v/v methanol). Blots were incubated in 10-20 ml room 

temperature blocking buffer (5% w/v BSA in 1x PTS) for 20 minutes, followed by 

incubation with primary antibody in blocking buffer for 1 hr at room temperature 

or overnight at 4 oc. Dilution of primary antibody depended on the individual 

sera but ranged from 1 :500-1 :2000. Dilutions on the low end (1 :500) were 

necessary for phospho-specific antibodies and most other polyclonals were 

diluted 1:1 000. Following three 5 min washes in 1 x PTS, blots were incubated for 

1 hr in fresh blocking buffer and 1 :3000 horseradish peroxidase-conjugated 

secondary antibody (Bio-Rad Laboratories). Blots were washed (3x five min in 

1x PTS), incubated for 30 seconds in chemiluminescent substrate (Pierce, 

Rockford, IL) and imaged on X-ray film. Quantitation was performed with 
I 

lmageQuant 5,2 software. 

B. Detection Of PKG By in vitro Kinase Assay 

PKG activity was assessed by phosphate transfer to PKG-specific bovine 

phosphodiesterase peptide (BPDEtide), H-Arg-Lys-lle-Ser-Aia-Ser-Giu-Phe-Asp-

Arg-Pro-Leu-Arg-OH (Calbiochem or Sigma), in the presence of (y-32P]ATP. A 

reaction (25 iJL) contained 5 iJL cell lysate ( -0.4-0.6 11g/ml total protein) and 20 

iJL kinase reaction buffer (20 mM MOPS, pH 7.2, 25 mM ~-glycerol phosphate, 5 
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mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 15 mM magnesium 

chloride, 10 11M ATP, 10 11Ci [y-32P]ATP, KT5720 (600 nM) and substrate 

(BPDEtide, 100 11M final). Specifically, each reaction contained 5 11L cell lysate, 5 

11L 1x kinase assay buffer, 4.5 11L MgCI2/ATP cocktail (75 mM MgCI2, 500 11M 

ATP in 1x kinase assay buffer) to which 0.5 11L [y-32P]ATP (10 mCi/ml stock) had 

been added, 5 11L 5x BPDEtide (500 11M BPDEtide in 1x kinase assay buffer), 

and 511L 5x inhibitor or activator (e.g. 50 11M 8-Br-cGMP or 2511M DT-2 in 1x 

kinase assay buffer) or 1x assay buffer. Reactions contained PKG activator 8-

Br-cGMP (10 11M final) or inhibitor DT-2 {5 iJM final). Reactions were incubated 

for 1 hr at 30 oc in PCR tubes, placed on ice and spotted onto numbered 

Watman P81 phosphocellulose filter slips. From each 25 11L reaction, two 1211L 

aliquots were spotted onto the slips and vigorously washed 5x five minutes in 

0.75% (v/v) phosphoric acid followed by a 5 min acetone wash. Phosphate 

transfer was measured in a scintillation counter. Total lysate protein was 

quantitated by BCA protein assay (Pierce, Rockford IL) to control for differences 

in sample cell number and was performed per manufacturer's directions. Data 

were divided by total protein and adjusted for background phosphorylation of 

lysate and peptide. Duplicate reactions were performed for each condition, and 

each experiment was repeated at least two times. Data are presented as 

phosphate transferred from ATP (fmoles)/total protein (mg). 
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C. lmmunoprecipitation Of PKG1 p 

HA-PKG1 p transfected cells from a 10 em dish were lysed in lysis buffer with 2x 

protease and phosphatase inhibitors and clarified as above. Lysates were 

incubated rotating in a microtube with 5 (JL anti-HA monoclonal antibody (Sigma) 

for 1 hr at 4 oc followed by incubating with 30 (JL Protein G Sepharose (50% 

slurry) for 1 hr at 4 oc. Samples were spun down 20 sec at maximum speed and 

washed 2x witti ice-cold1 mllysis buffer/2x inhibitors and 2x with ice-cold1 ml 1 x 

PBS. Remaining supernatant was removed and the beads were resuspended in 

100 j.JL PBS and boiled with 15 (JL 5x PAGE sample buffer for 10 min for Western 

blot. 35 j.JL samples were loaded per well on a minigel and blots were probed 

with 1 :500 phospho-antibodies as above. 

VI. Quantitation Of Phagocytosis 

Measurement by Flow Cytometry (BD FACSCalibur Flow Cytometer). Freshly 

isolated peritoneal macrophages or cultured RAW264.7 cells (106 cells/well) were 

seeded onto 6-well gelatin-coated (0.25% gelatin in 1 x PBS for 30 min at 37 °C) 

tissue culture plates overnight (PM) or 90 prior to assay (RAW264.7). Cells were 

washed and pre-incubated with 2 (JM DT-2 or 100 (JM 8-Br-cGMP in tissue 

culture media for 30 minutes. Fluorescent beads (1 (Jm, Duke Scientific) were 

diluted 10 (JUml in 37 oc full-serum media and incubated for 30 minutes. 

Rhodamine conjugated E. coli (E-2862, Molecular Probes, Eugene OR) were 

reconstituted in 1 ml diH20, sonicated 4x at half power for one second and 
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diluted 4 tJUml in warm cell culture media. Cells were incubated with 1 ml 

prepared beads, bacteria or yeast for the times indicated in the continued 

presence of DT-2 (2 tJM) or 8-Br-cGMP (100 tJM) or as indicated. Post 

incubation, plates were washed 5x in ice-cold 1x PBS and cells were gently lifted 

from the plate by floating with 0.5 ml ice-cold 0.5 mM EDTA in 1x PBS and 

quantitated in the flow cytometer. 

Measurement by F/uorimeter(Tecan Ultra). This assay was similarly performed 

with the following modifications. Cells were scraped in lysis buffer and rocked at 

4 oc for 20 min then transferred to a black 96-well plate. The phagocytic index 

was quantitated by measuring fluorescence (480 nm excitation, 535 nm 

emission). Alternatively, cells were seeded (5x105 cells/well) on a gelatin coated 

black 96-well plate, pre-incubated with DT-2 or 8-Br-cGMP as before and 

incubated with 50 11L prepared microparticles. Wells were washed 4x in 1 x PBS 

to remove excess beads and the plate was directly quantitated in the fluorimeter. 

All phagocytosis experiments had a paired control that was incubated on ice to 

account for background fluorescence from cells or residual excess beads and 

was subtracted from data. 

VII. Fluorescence Microscopy 

Cells were grown on sterile glass coverslips in tissue culture plates overnight 

(PM) or longer. Following experimental treatment, the coverslips were removed 
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·with tweezers and briefly washed in 1 x PBS followed by fixation in 3.7% 

paraformaldehyde (Electron Microscopy Sciences, Washington, PA) for 30 min at . 

room temperature. Coverslips were subsequently washed in 1x PBS, mounted 

and sealed on slides and imaged through confocal microscopy (Zeiss LSM 510 

Meta Confocal Microscope with Argon-488 and He-Neon 543 and 633 lasers). 

VIII. Measurement Of Gene Expression 

A. Detection Of TN F-a Expression By ELISA 

. PM from 4 Balb/c mice were isolated, resuspended in 8 ml media and 1 ml was 

plated on a gelatin coated (0.1% for 30 min) 12 well tissue culture plate. Cells 

adhered overnight in a tissue culture incubator (37 oc, 5% C02). Non-adhered 

cells were rinsed off 4x in warm (-37 °C) media. Duplicate wells were incubated 

in 500 J.!L fresh media in the presence or absence of DT-2 and LPS. DT-2 

treated samples were pre-incubated with 5J.1M DT-2 for 30 min. Samples were 

then incubated +1- 4 J.Jg LPS for 6 hours in the continued presence or absence of 

DT-2. Cell supernatants were analyzed for TN F-a expression by ELISA (BD 

OptEIA mouse TN F-a ELISA Kit II, cat# 559732). Kit reagents were mixed per 

manufacturer's directions for 8 test samples plus 8 known standard samples (17 

reactions including error). Standard samples were made from 2000 pg/ml stock 

standard by serial dilution as follows: 300 J.JL standard/sample diluent (included) 

was added to six 2m I microcentrifuge tubes labeled 1000 pg/ml, 500 pg/ml, 250 
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pg/ml, 62.5 pg/ml and 31.5 pg/ml. Serial dilutions were performed by taking 300 

·11L of each standard (starting with 2000 pg/ml stock) to the next tube in the 

dilution, vortexing and repeating. The undiluted sample (2000 pg/ml) is the high 

sample and the zero standard is the standard/sample diluent. 50 iJL 

standard/sample diluent was added to each of 16 wells from the kit test strips 

(96-well format). To each well, either 50 iJL standard from the serial dilutions or 

50 iJL cell supernatant was added. The plate was sealed and incubated for 2 

hours at room temperature. After the incubation, cell supernatants were 

aspirated and wells were washed 5x with 300 iJL prepared wash buffer from the 

kit. The plate was blotted on absorbent paper and 100 iJL of included detection 

antibody was added to each well, and the plate was covered and incubated at 

room temperature for 1 hour. Enzyme working reagent was prepared from kit 

components by mixing 8.5 iJL 250x enzyme concentrate with 2.125 ml enzyme 

diluent in a 15 ml conical tube. The wells were aspirated, washed and blotted as 

previously described followed by the addition of 1 00 iJL working reagent and 

incubation at room temperature for 30 minutes. The wells were aspirated, 

washed 7x for 30-60 seconds and blotted. Kit one-step substrate buffer (1 00 iJL) 

was added to each well and the plcite was incubated in the dark for 30 minutes at 

room temperature, followed by the addition of 50 iJL kit stop solution. 

Absorbance of standards and samples was immediately read by plate reader 

(00450). To determine the TNF-cr concentration of the test samples, the 
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standards' ODs were plotted and the TNF-u concentration as a function of optical 

density was calculated by linear least squares regression. 

B. Isolation Of mRNA 

Following experimental conditions, media was removed from tissue culture plates 

and the cells were washed in 1 x PBS. Trizol® reagent (1 ml) was directly added 

to the plates and the cell lysate was scraped and transferred to a microtube. 200 

!JL chloroform was added followed by vortex and spindown (4 oc, 14000 rpm for 

20 min). The aqueous (top) layer was carefully removed by pipette to a clean 

microtube and briefly vortexed with 500 !JL isopropanol followed by 10 min 

incubation at room temperature or overnight at -80 oc. Samples were spun down 

as above and the RNA pellets were washed in 75% ethanol, and spun down 

again (5000 rpm, 5 min). The ethanol was removed by aspiration and the 

samples were briefly spun down at room temperature. Residual ethanol was 

aspirated off and pellets were resuspended in 10-20 !JL deionized RNase free 

water. 1 !JL was diluted 1 :100 in water and total RNA concentration was 

quantitated by spectrophotometer (OD2so). 

C. Detection Of Cytokine Gene Expression By eDNA Array 

Gene transcription was assessed using a murine cytokine eDNA array 

(Super Array Bioscience Corp, Frederick MD; cat # MM-015) and radiolabeled 

eDNA (SuperArray's Truelabeling kit (cat# L-02). Peritoneal macrophages from 
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10 week old C57BI/6 mice were prepared, pooled and seeded on 1 0 em tissue 

culture dishes (5x1 06 cells/dish) overnight as above. The following morning each 

plate was washed 5x in 37 oc 1 x PBS and allowed a 2 hour recovery in 5 ml 

fresh media. DT-2 experimental samples were pre-incubated for 30 minutes (5 

~M DT-2 in 37 oc media). Samples were incubated +1- 1 11g/ml LPS and 100 ~M 

8-Br-cGMP for 4.5 hours in a tissue culture incubator. Cells were harvested and 

RNA was isolated as before. 

Generation of radiolabeled eDNA. Total RNA was amplified and radio-labeled 

using SuperArray's Truelabeling kit. An annealing mixture was prepared by 

adding 2.5 - 5.0 ~g total RNA, 3.0 ~L of buffer A (from GEArray kit), and RNase 

free H20 to a final volume of 10 ~L in separate to 200 ~L PCR tubes. After 

mixing by inversion and a brief centrifugation, the mixtures were incubated at 

(70~·C for 3 min followed by cooling to 42° C for 2 min. The RT cocktail (final 

volume of 40 ~L) was prepared by mixing 16 ~L Buffer B, 12 ~L [u32P]-dCTP, 4 

~L RNase free diH20, 4 ~L RNase Inhibitor (RI) and 4 ~L Reverse Transcriptase 

(AE). The RT cocktail was warmed at 42° C for 1 min and 9 ~L was added to 

each of the tubes containing the annealing mixture. The samples were 

incubated/denatured at 42° C for 90 min, 94° C for 5 min and quickly chilled on 

ice. 
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Array Hybridization. The arrays were precwetted by adding roughly 5 ml of 

deionized water to the.hybridization tube and allowing the tube to sit inverted 

while preparing the GEAprehyb. 120 iJL heat-denatured (1 00° C for 5 min, 

immediately chilled on ice) salmon sperm DNA was added to pre-warmed (60° C) 

GEAprehyb hybridization solution (final concentration of 1 001-Jg/ml sperm, 3ml for 

each array) and the GEAprehyb was maintained at 60° C. The deionized water 

was discarded from the hybridization tube and 2 ml GEAprehyb solution was 

added followed by gentle vortex "tor 2-3 seconds. The tubes were placed in a 

standard hybridization cylinder (ID x L = 35 x 150 mm) and incubated in a 

hybridization oven at 60 ° C for 1 to 2 hours with continuous agitation at 5 to 10 

rpm. GEAhyb was prepared by mixing 0.75ml of the warmed (60° C) 

GEAprehyb/sperm DNA and the complete volume of radiolabeled eDNA probe in 

a 1.5 ml microcentrifuge tube and maintained at 60° C. The GEAprehyb was 

discarded from the hybridization tubes and replaced with the GEAhyb mixture. 

Arrays were hybridized overnight at 60° C with continuous agitation at 5 to 10 

rpm. The following day the GEAhyb was pipetted from the tubes and the arrays 

were washed twice by adding 5 ml of prepared wash solution 1 (1 OOml 20x SSC 

and 50 ml 20% SDS per liter) and incubating at 60° C with 20 to 30 rpm agitation 

in the hybridization oven for 15 minutes. Tubes were gently vortexed with each 

wash. The arrays were further washed twice in prepared wash solution 2 (5ml 

20x sse and 25 ml 20% SDS per liter) as before. The array membranes were 

blotted on a piece of filter paper to remove excess wash solution and carefully 
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sealed in plastic sheet protectors, smoothing out to prevent air bubbles. Arrays 

were incubated at room temperature overnight on a phosphor imager screen and 

results were imaged by a phosphor imager and quantitated using lmageQuant 

5.2 software. 

D. Detection Of Gene Expression By RT-PCR 

eDNA was generated from 0.25-11-Jg mRNA (GeneAmp kit, cat. # N8080143, 

Applied Biosystems, Branchburg, NJ). Each 20 IJL reaction contained up to 1 IJg 

mRNA plus DEPC treated water to 2 IJL and the following kit components: 4 IJL 

25 mM MgCb, 21JL10x PCR Buffer II, 21-JL each of dGTP, dATP, dTTP, dCTP, 1 

IJL RNase Inhibitor, 1 IJL MuLV Reverse Transcriptase, 1 IJL Random Hexamers, 

1 IJL Oligo d(T),s. Samples were mixed in PCR tubes and incubated at 42 oc for 

15 min, 99 oc for 5 min, and 5 oc for 5 min and held at 4 oc until use. PCR 

product was generated by Taq DNA polymerase reaction (cat.# R001A, Takara 

Bio Inc., Japan). Mixed on ice, each 25 IJL PCR reaction contained 11-JL eDNA 

diluted in 9 IJL RNase free diHzO, to which 0.5 IJL 1 0-20 mM forward primer and 

.5 IJL 10-20 mM reverse primer was added in 9 IJL RNase free diHzO, followed by 

addition of the Taq reaction mixture: 0.3 IJL RNase free diH20, 2.5 IJL 1 Ox PCR 

buffer, 2 IJL dNTP mixture, and 0.2 IJL Taq polymerase. Reactions were 

performed in a programmable therm1:\l cycler (94 oc 3:00 min, followed by 25-35 

cycles: 94 oc 1 :00 min, primer set PCR annealing temp 1 :00 min, and 72 oc 1 :00 

min; finished at 72 oc 1 0;00 min and 4 oc indefinitely). 1 0 IJL of PCR product 
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was mixed with 3 J.IL 6x loading dye (Promega) and loaded onto 1.5% agarose 

gel containing 0.5 J.Jg/ml ethidium bromide. Bands were imaged by CCD camera 

and quantitated by lmageQuant 5.2 software. 

PGR Primer Design 

Forward and reverse primers were generated for murine cytokines and PKG 

isoforms. Sequences and PCR conditions are in Table I. 

Table I. PCR Primers. 

Anneal · PCR Product 
For/ Length Temp Temp Length 

Name Rev Seguence !5' to 3'} ~be! ~oC! ~oC! cxcles ~bel 

Cxcl2 F CACCTGCCGGCTCCTCAGT 19 66.64 66 30 243 
R CAGGGGGGCTTCAGGGTCA 19 66.64 

IL-1P F TCCATGAGCTTTGTACAAGGAG 22 60.81 62 25 323 
R CACAGATTCCATGGTGAAGTCA 22 60.81 

IL-6 F GATGGATGCTACCAAACTGGA 21 60.61 61 25 395 
R GACCACAGTGAGGAATGTCCA 21 62.57 

TN F-a F CAGCGCGCCAACGCCCTCC 19 70.95 63 25 326 
R CTTGGGCAGATTGACCTCAGC 21 64.52 

Ccl5 F TCTCTGCAGCTGCCCTCACC 20 66.55 60 30 326 
R GCTCATCTCCAAATAGTTGATG 22 58.94 

PKG1 F GTTGCGATAGCCTTGCTTTGC 21 62.60 55 32 294 
R CTCAGAAACATCTAGCACTGG 21 60.60 

PKG1a F GAGCGAACTGGAGGAAGAC 19 62.32 60 35 474 
R GGTGCAGAGCTTCACGCC 18 64.46 

PKG1P F GGGCACCCTGCGGGATTT 18 64.46 60 35 519 
R GGTGCAGAGCTTCACGCC 18 64.46 

PKG2 F CTGGATGCCGATGGCTACCT 20 64.50 60 32 467 
R GCTGTGATCTATGGGGCCAC 20 64.50 

HPRT F GCGTCGTGATTAGCGATGATGAAC 24 60 25 156 
R CCTCCCATCTCCTTCATGACATCT 24 

PCR was run using the experimentally-determined annealing temperature (PCR Temp) for the number of 
c cles indicated. 



IX. PKG1 p Phospho-specific Antibody Generation 

Polyclonal antibodies were generated against 10-12 residue peptides which 

included a phosphorylated residue and a cysteine/alanine amino-terminal end. 

Peptides were generated by the MCG molecular biology core facility and 

antibody sera was generated by Cocalico Biologicals Inc. (Reamstown, PA). 

Peptides were conjugated for greater immunogenicity. 
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KLH conjugation: Peptides were keyhole limpet hemocyanin (KLH)-conjugated 

via disulphide using an amino terminal cysteine residue. The lmject Maleimide 

Activated mcKLH kit (Pierce) was used per manufacturer's directions. For each 

reaction: A vial of maleimide activated mcKLH was reconstituted in 200 11L 

filtered, sterilized diH20 (to 10 mg/ml). Antigen peptide (2 mg) was dissolved in 

200 11L conjugation buffer (included in kit as: 83 mM sodium phosphate buffer, 

0.1 M EDTA, 0.9 M NaCI, 0.02% sodium azide, pH 7.2), mixed with the KLH 

suspension and incubated at room temperature for 2 hours. Conjugates were 

subsequently separated from unbound peptide by size-exclusion 

chromatography using the included desalting columns and purification buffer 

(0.083 M sodium phosphate, 0.9 M NaCI, pH 7.2 in degassed ultrapure water). 

0.5 ml fractions were collected and measured (O.D. at 280 nm). The three 

fractions with the highest protein concentration were pooled together and yielded 

a -1.5 mg/ 3ml concentrated sample. The sample was filter sterilized and 

shipped to Cocalico. 
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/nnoculation and antibody titer specificity by ELISA. A pre-immune titer was 

collected from the rabbits prior to innoculation. The rabbits were inoculated on 

day 0, 14, 21 & 49 and sacrificed on day 56. The test titer was taken on day 35. 

The test titer and pre-immune titer sera were assessed for specificity against the 

generating peptides as described previously (Cooper and Paterson, 2001 ). 

Briefly, peptide was diluted 4 iJg/ml in coating buffer (0.1 M NaHC03, pH 8.6) and 

50 iJL was added to a well of a high-binding 96-well RIA/EIA plate 

(Corning/Costar). Plates were covered with parafilm and incubated at 4 oc 

overnight, washed 2x 5 min in 100 iJL diH20 and blocked in 100 ~L blocking 

buffer (5% BSA in PTS) for 1 hour at 37 °C. Sera were diluted 1/50, 1/125, 

1/625, 1/3.1x103
, 1/1.6x104

, 1/7.8x104
, and 1/3.9x105 in 3% BSA/PTS. Plates 

were washed 1 Ox with diH20 and incubated with 50 iJL diluted sera for 1 hr at 37 

oc with parafilm cover. Plates were washed 1 Ox in diH20 and incubated with 50 

iJL goat anti-rabbit lgG alkaline phosphatase conjugated secondary antibody 

(diluted 1 :5000 in 3% BSA/PTS) for 1 hr at 37 oc with parafilm cover. Plates 

were washed 1 Ox followed by addition of 40 iJL substrate. Substrate was 

prepared in by adding two p-nitrophenyl phosphate tablets (Sigma cat # 1 04-1 05) 

to 10 ml diH20. Absorbance was read at 405 nm after 30 min incubation at room 

temperature. 



64 

X. Quantitation Of Cellular Adhesion 

RAW264.7, HL60 or U937 cells were cultured to 5x105-1x106 cells/ml prior to 

transfection. Cells (1 x1 07
) were transfected/co-transfected with 10 11g cmv-p

galactosidase +1- 2 !Jg PKG expression vector by electroporation. Cells were 

resuspended in 10-15 ml of warm (37 °C) full serum media and allowed to 

recover overnight. Adherent cells were scraped (RAW264.7), spun down (1500 

rpm, 5 min), and resuspended (1 x1 05 to 106 cells/ml) in fresh warm media. Cells 

(1 ml/well) were allowed to adhere to coated and uncoated 6-well plates in 

duplicate. Duplicate 1 ml samples were spun down in microtubes (1500 rpm, 4 

oC) to be used to calculate cell number. Plates were washed of excess cells 5x · 

in 1x PBS and lysed/assayed in a 1x p-galactosidase ONPG Substrate/Lysis 

buffer. To each well of a 6-well plate and each microtube, 150 11L ONPG/Lysis 

buffer was added (microtube pellets were additionally pipetted to resuspend) and 

incubated at 37 oc for 30-120 min followed by quenching with 150 !JL 1M calcium 

carbonate. Samples were clarified by centrifugation (14000 rpm, 10 min) and 

200 !JL aliquots were loaded into individual wells of a clear 96-well plate. 

Absorbance was measured at 405 nm. Data are presented as number of 

adherent cells. 

XI. Neutrophil Recruitment Assay 

Ten to sixteen week old C57BI/6 mice were intraperitoneally injected with 0.5 ml 

37 oc ligand in sterile 1x PBS (1"1Jg/ml LPS, 100 !JM 8-Br-cGMP, or 2 !JM DT-2) 
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and returned to cages for 5 hours. Mice were euthanized and peritoneal 

exudates were collected by intraperitoneal lavage as before. Exuded cells were 

spun down (1500 rpm, 4 oc, 5 min) and resuspended in 0.5 ml blocking buffer 

(5% FBS in 1x PBS). Cell suspensions were incubated on ice with 5 J.JL (1 J.Jg/ml 

final) FITC-conjugated 7/4 anti-mouse neutrophil antibody (Cat. # CL8993F, 

Cedarlane, Ontario Canada) for 30 min while being protected from light (under 

foil). Following spin down (1200 rpm, 5 min) and rinse in 1 ml fresh blocking 

buffer, cells were spun down again and resuspended in 1 ml 0.5% bovine serum 

albumin (BSA) in 1 x PBS. Samples were either immediately analyzed by flow 

cytometry or fixed by adding 1 ml of 1% formaldehyde in PBS and kept protected 

from light overnight at 4 oc for next day analysis. 

XII. Vertebrate Animals 

Mice were obtained from Harlan (Indianapolis, IN), Jackson Laboratory (Bar 

Harbor, Maine) or breeding colonies on site. All mice were housed and cared for 

in compliance with MCG Laboratory Animal Services standards under the 

principal investigator's protocol. Since PKG expression in cell lines is not 

equivalent to that in primary cells, animals had to be used for select experiments. 

All mice were humanely euthanized by cervical dislocation prior to harvest of 

peritoneal macrophages. 
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XIII. Statistical Analysis 

Statistical analysis was performed using Microsoft Excel 2003 SP2 Analysis 

TooiPak. Multiple replicate data are expressed as the mean +1- standard error 

(SE) unless presented as a representative experiment performed in duplicate in 

which case they are expressed as the mean +1- standard deviation(SD). 

Student's t test was performed to assess the differences between the two 

treatments and one way analysis of variance (AN OVA) was used for multiple 

treatment comparisons. Differences were considered significant at a p value less 

than 0.05. Figures and graphs were drawn using Microsoft Powerpoint 2003, 

Microsoft Excel 2003 or Adobe Illustrator CS2. 



CHAPTER Ill: RESULTS 

I. PKG Expression In Macrophages 

Cyclic-GMP dependent protein kinase I is widely studied in smooth muscle cells 

and platelets due to high levels of expression in the~e cells (Komalavilas and 

Lincoln, 1996; Anderson eta/., 2000; Libersan eta/., 2003; Murthy eta/., 2003; 

Begonja eta/., 2006). Western and Northern blotting have demonstrated PKG 

expression in a wide variety of mammalian tissues and in invertebrates, 

suggesting ubiquitous expression of the kinase (Orstavik eta/., 1997; Kumar et 

a/., 1999; Cornwell eta/., 2001; Stansberry eta/., 2001; Kurowska eta/., 2002). 

However, PKG levels vary between tissues and the relative expression in the 

different cell types has not been thoroughly investigated. Although several 

laboratories have detected PKG in neutrophils by immunocytochemistry, Western 

blotting and RT-PCR, the expression of PKG in leukocytes remains understudied 

(Wyatt eta/., 1991; Pryzwansky eta/., 1995b; Ciuman eta/., 2006). Only a few 

studies are reported on PKG expression in mononuclear leukocytes. PKG was 

found in human monocytes, monocyte-derived macrophages, alveolar 

macrophages, and human and avian osteoclasis, however it was minimally 

expressed in the rat C6-glial cell line, and was not found in rat and guinea pig 

67 
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peritoneal macrophages (Van Epps-Fung eta!._. 1994; Pryzwansky eta/., 1995a; 

Gudi eta/., 2002; Kobialka eta/., 2003; Yaroslavskiy eta/., 2005; Witwicka eta/., 

2007). The expression of PKG in macrophages remains unclear. Most PKG 

signaling studies in macrophages measured PKG substrate phosphorylation (e.g. 

phospho-VASP) or other functions in the presence of inhibitors or acti~ators of 

PKG (Lorenz eta/., 1994; Hichami eta/., 1996; Kamisato eta/., 1997; Uemura 

and Okamoto, 1997). PKG-dependent and independent functions have been 

reported in these pharmacological studies, however these works did not directly 

measure PKG expression or activation. Furthermore, few studies have looked at 

PKG expression in primary macrophages. Most s.tudies have been performed in 

murine leukemic cell line RAW264.7 using high concentrations of cell permeable 

cGMP analogs (e.g. 8-Br-cGMP, 8p-CPT-cGMP) or inhibitor KT5823 (Yoshioka 

eta/., 2003; Chen eta/., 2006a; Oh eta/., 2006). In addition, the KT5823 

compound is not a specific inhibitor of PKG since it can block the activity of many 

kinases; some such as GSK3 more potently than PKG, as well as kinases such 

as PKA which act on the same substrates (Davies eta/., 2000; Bain eta/., 2003). 

KT5823 is also not able to block PKG phosphorylation of VASP in all PKG 

expressing cells and can even augment activity (Burkhardt eta/., 2000). 

Therefore it is still not clear whether PKG is expressed in macrophages. In this 

work, PKG expression was studied in two representative macrophages: primary 

murine peritoneal macrophages (PM) from commonly studied B6/C57 mice and 

cell line RAW264.7. PM were harvested by peritoneal lavage with EDT A/PBS 
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and could be maintained in culture for at least 5 days (longer culture times were 

not tested). RAW264.7 cells are derived from an Abelson murine leukemia virus 

induced ascitic tumor in mouse strain Balb/c, and are reported to retain many 

macrophage-like functions and features in culture (Ralph and Nakoinz, 1977; 

Hamilton eta/., 1978; Raschke eta/., 1978; Aksamit et at., 1981 ). 

A. PKG Expression In PM And RAW264.7 By Western Blot 

PKG expression was measured by Western blot in both PM and RAW264.7 

using a previously reported anti-PKG polyclonal antibody (Hou eta/., 2003). This 

antibody was generated against a peptide sequence near the C-terminus of PKG 

and can therefore detect both the PKG1 a. and PKG1p isoforms, but not PKG2. 

By Western blotting we could see a faint band on a blot representing PM pooled 

from three mice (-6x106 cells) and incubated with anti-PKG sera overnight at 4 

ac, however in a similar experiment PKG was not detectable in even 1x107 

RAW264.7 cells (Figure SA). These low PKG expression levels as measured by 

Western blot warranted further study with more sensitive methods. 

B. Measurement Of PKG Expression By Activity 

PKG expression in PM and RAW264.7 was assessed by measuring the transfer 

rate of y-phosphate from ATP to an immobilized PKG-specific peptide substrate, 

BPDEtide, as previously published (Colbran eta/., 1992). BPDEtide was used in 
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Figure 5. PKG Expression In PM And RAW264.7. (A) PKG expression in 

macrophage (6x1 cf cells) and RAW264. 7 (1 07 cells) by Western blot probed with 

1:1000 anti-PKG antibody. Presented is a representative blot from two separate 

experiments. (B) PKG in PM and RA W264. 7 was assessed by in vitro kinase 

assay using a PKG-specific peptide substrate 'in the presence of 50 fJM 8-Br

cGMP with and without 5 fJM DT-2. Data represent two separate experiments in 

quadruplicate with standard error. (C) Comparison of PKG expression between 

porcine arterial smooth muscle, murine macrophage and RA W264. 7. 
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this in vitro kinase assay because it is phosphorylated more selectively by PKG 

than other commonly used substrates such as histones (Walton and Gill, 1981). 

However, cAMP dependent protein kinase (PKA), a serine-threonine protein 

kinase, is much more abundant than PKG and can weakly phosphorylate 

BPDEtide. Additionally, it can be cross-activated by ~ 1 0-fold concentrations of 

cGMP (Cornwell eta/., 1994a). In order to measure PKG-specific activity in the 

assay, PKA activity was blocked by inhibitor KT5720 and a highly PKG-selective 

peptide inhibitor, DT-2, provided an internal control that confirmed PKG 

specificity. To briefly describe the in vitro kinase assay, cell lysates were 

incubated with BPDEtide in the presence of magnesium, ATP andy-phosphate 

32P-Iabeled ATP ([y-32P] ATP) as well as inhibitors for proteases, phosphatases 

and PKA. The substrate was immobilized by spotting on P81 Watman paper, 

washed of excess [y-32P] ATP and quantitated by a scintillation counter in counts 

per minute (CPM). A lysate-free and a substrate-free sample were concurrently 

run to account for background phosphorylation and both were subtracted from 

experimental sample data. For every replicate, a known molar quantity of the 

ATP and [y-32P] ATP mixture was counted in order to determine radioactivity per 

mole ATP. The background-adjusted data were divided by the total protein in 

each reaction and expressed as fmoles ATP/~g total protein • minute. PKG 

activities of PM and RAW264.7 were demonstrated by increased phosphate 

transfer to the substrate after in vitro activation by 8-Br-cGMP and abrogation of 

this effect by DT-2 (Figure 58). Data were analyzed by one-way ANOVA and the 
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effect of cGMP or cGMP/DT-2 significantly increased phosphate transfer to 

BPDEtide in PM but not in RAW264.7 (p < 0.05). PM lysate incubated with 

cGMP resulted in a 4-fold increase of basal activity. The cGMP and cGMP/DT-2 

induced activity was analyzed by t-test. At concentrations previously shown to 

block PKG, DT-2 significantly (p < 0.01) abrogated the cGMP-induced kinase 

activity by over 50% in PM. Furthermore, these findings indicate that PM 

contained 7 times the amount of PKG compared to RAW264.7 cells. Since most 

PKG studies are performed in smooth muscle, for comparative purposes PKG 

activity was also measured in freshly isolated porcine pulmonary arterial smooth 

muscle cells (PMSC) (Figure SC, presented with restated PM and RAW264.7 

results). PM responded to cGMP-induced kinase activity by over 97% less than 

PSMC, and the effect in RAW264.7 was negligible compared to PSMC. Similar 

to PM, cGMP-induced kinase activity in PSMC was greater than 4-fold of basal, 

and DT-2 significantly (p < 0.05) attenuated this response by -40%. 

C. PKG Expression In Macrophages By RT-PCR 

Because in vitro kinase assays indicate PKG expression in PM (and slight 

expression in RAW264.7), we wished to confirm the results by measuring PKG 

expression by RT-PCR. Primers were designed to amplify short (200-300 bp) 

mANA sequences of PKG1, PKG2, and constitutively expressed hypoxanthine 

guanine phosphoribosyl transferase 1 (HPRT). Total RNA was isolated from PM 

and RAW264.71ysates, and from murine intestine and colon as positive controls. 
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eDNA was generated from these RNAs by reverse transcription and amplified by 

polymerase chain reaction (PCR). PCR product length was confirmed by 

agarose gel electrophoresis, and even loading was shown by measuring HPRT. 

PKG1 mRNA was detected in small intestine, colon and PM, but not in 

RAW264.7 (Figure 6). PM expressed more PKG1 transcript than intestine but 

less than colon, and PKG2 message wa~ only detected in intestine. In summary, 

three different techniques were used to measure PKG expression in PM and 

RAW264.7. These results show that PKG was present in primary peritoneal 

macrophages but it is barely detectable in cell line RAW264.7. 

D. PKG Expression In Macrophages After Chronic Stimulation 

PKG expression has been shown to be altered by cell culture conditions in 

smooth muscle cells and is most notably downregulated in response to chronic 

activation and exposure to cytokines or endotoxin (Cornwell eta/., 1994b; Soft et 

a/., 1997; Browner eta/., 2004b). Since further experiments would investigate 
' 

PKG mediated effects during inflammatory conditions, we determined whether 

bacterial lipopolysaccharide (LPS), cyclic nucleotides, or cytokines would alter 

PKG expression in PM. We therefore investigated the effect of S. minnesota 

derived LPS, TN F-a, cGMP and cAMP on PKG expression. PM were incubated 

with these agents for 65 hours and PKG expression was assessed by in vitro 

kinase assay. Two replicates were performed for all conditions and an additional 

replicate was performed on a subset of conditions (control, LPS, cGMP). 
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Figure 6. PKG11s Present In PM But Not RAW264.7. Quiescent macrophages 

and RAW264.7 were assessed for PKG transcription by RT-PCR. Murine 

intestine and colon were used as positive controls for PKG1 and PKG2 

transcription. PCR product was run on a 20% agarose gel containing ethidium 

bromide at 1 OOV for 40 minutes. Bottom row: Constitutively transcribed 

hypoxanthine guanine phosphoribosyl transferase 1 (HPRT). A representative 

result is shown for an experiment that was performed at least twice. 
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·Basal activity was similar in the control, LPS, TNF-u and cGMP pre-incubated 

samples (Figure 7). However, cGMP mediated activity ranged from a 0.6 to 2-

fold increase of basal PKG activity in these samples. There was a two-fold 

increase of cAMP-induced PKG activity compared to the control and no change 

when this sample was stimulated with cGMP in the assay. However, ANOVA 

analysis showed that these results are not significant (P < 0.05) and these 

findings indicate that PKG expression was not altered in PM stimulated with LPS, 

TNF-u, cGMP or cAMP. 

··" 
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Figure 7. Effects Of Cytokine, Endotoxin And Cyclic Nucleotide Stimulation On 

PKG Expression In PM. PM. were stimulated with 4 pg!ml LPS, 50 ng/ml TNF-a, 

100 pM 8-Br-cGMP or 100 pM 8-Br-cAMPfor 65 hr and PKG expression was 

assessed by in vitro kinase assay. Results are from two experiments as shown 

by error bars for standard deviation. 
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II. The Importance Of PKG During Phagocytosis 

PKG has been shown to be important to neutrophil motility (Wyatt eta/., 1991; 

Pryzwansky eta/., 1995a; Pryzwansky eta/., 1995b). Since we have shown that 

PKG is expressed in macrophages, it is likely to be important in macrophage 

processes that require cytoskeletal alteration. Phagocytosis is a key function of 

macrophages and is a process that requires extensive actin cytoskeletal 

changes. An earlier report had shown that rises in cGMP levels can enhance 

phagocytosis by macrophages, however the role of PKG was not investigated 

(Newman eta/., 1991 ). More recent studies have shown that PKG can inhibit 

RhoA, activate MLCP, activate Rac1/Pak1 or inhibit VASP in smooth muscle, 

endothelial cells or neutrophils (Lawrence and Pryzwansky, 2001; Murthy eta/., 

2003; Fryer eta/., 2006). Although these PKG effectors have established roles in 

macrophage phagocytosis (Coppolino eta/., 2001; Niedergang and Chavrier, 

2005), to this date PKG has not been studied in phagocytic function. 

A. The Role Of PKG In Phagocytosis By PM 

To determine whether PKG has a role in phagocytosis, in vivo functional assays 

were performed using primary macrophages and PKG-transfected RAW264.7. 

We first measured PM uptake of serum-opsonized red fluorescent polystyrene 

beads. Freshly isolated PM were allowed an overnight recovery and used in the 

phagocytosis assay the following day. Briefly, PM were incubate.d with particles, 

cells were washed of excess beads, lysed to release engulfed beads, and lysates 
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were transferred to black 96-well plates for fluorometric reading. Phagocytosis 

was assessed in a humidified 37 oc tissue culture incubator containing 5% C02. 

Controls in which uptake was blocked by incubation on ice were subtracted from 

experimental data. Three replicates were performed in duplicate and the 

adjusted fluoresc~nce measurements (480 nm excitation, 535 nm emission) were 

displayed graphically. Particle uptake in PM was measured and analyzed by 

least squares regression and occured as a nearly linear (R2 = 0.924) function of 

time (Figure 8A,: Since error was greater after longer incubations, we selected 

the 90 minute time point for further studies. To determine whether PKG activity 

was important to phagocytosis, PM were pre-incubated with increasing doses of 

DT-2 or 8-Br-cGMP prior to introduction of the beads. It was found that DT-2 

could significantly inhibit PM bead uptake by up to 40% (Figure 88). The 

inhibitory effect of DT-2 plateaued with concentrations ;;:: 2 11M which is sufficient 

to inhibit PKG without acting on PKA (Dostmann eta/., 2000). Specifically, DT-2 

is more than 1000-fold more effective on PKG (K;= 125 nM) than PKA (K;= 16.5 

11M). To further investigate a role for PKG in phagocytosis, we looked at the effect 

of a PKG activator on PM phagocytosis by performing a 0-200 11M 8-Br-cGMP 

dose curve (Figure 8C). Although stimulation with 8-Br-cGMP slightly enhanced 

the rate of phagocytosis in a dose-dependent manner up to 100 iJM and this 

effect was attenuated by higher concentrations, this effect was not significant (p < 

0.05). 
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Figure 8. PM Phagocytosis. Phagocytosis of PM was measured by quantitating 

uptake of 1pm serum-coated fluorescent beads. Excess beads were washed 

away and phagocytic index was quantitated by measuring fluorescence in a plate 

reader. Background fluorescence (paired ice control) was subtracted from the 

results. (A) PM phagocytosis timecourse. (8, C) PM were pre-incubated for 30 

min with DT-2 or 8-Br-cGMP at the indicated doses followed by incubation with 

1pm serum-coated beads for 90 min. Data with standard error is from 3 

experiments. Data were analyzed by one-way ANOVA and DT-2 had a 

significant effect but cGMP did not affect phagocytic rate (p < 0.05) 
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Previous work with neutrophils and endothelial cells suggested a role for PKG in 

integrin-mediated adhesion (Kosonen eta/., 1999; Jenei eta/., 2006). Since the 

phagocytosis assay did not discern the specific stage of phagocytosis affected by 

PKG, we examined fixed cells undergoing phagocytosis of beads or rhodamine

conjuga~ed E. coli by confocal microscopy. PM were seeded onto glass 

covers lips and incubated with beads or bacteria at 37 oc in the presence or 

absence of DT-2 or on ice. Coverslips washed of excess particles were fixed in 

paraformaldehyde and mounted on glass slides. Microscopic observations 

revealed that DT-2 almost completely abrogated particle uptake of both beads 

and bacteria (Figure 9). The cells on ice were incapable of taking up particles as 

shown by the presence of few adherent particles and even fewer that were 

internalized. There were almost no particles remaining in the areas not covered 

by cells. Both the bead and bacteria controls showed particle internalization and 

particles that remained on the outer cell membranes. However, bacteria were 

niore effectively taken up than beads and more bacteria were clearly seen inside 

the cells rather than at the surface. By contrast, the DT-2 treated cells had many 

adherent particles but few particles appeared to be internalized. This result is 

more apparent in the bead phagocytosing PM. Additionally, the DT-2 treated 

samples appeared to contain fewer associated particles per cell compared to 

control. Although not quantitative, the decreased number of cell-associated 

particles in these samples suggests that DT-2 was more effective than the 

quantitative assays indicated. 
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Figure 9. PKG Is Essential For PM Phagocytosis. PM were pre incubated for 30 

min +1- 2 pM DT-2 prior to assay. PM were incubated 1 pm fluorescent 

polystyrene b~ads or rhodamine conjugated E. coli in serum-containing media 

and DT-2 for 1 hr at 37 oc or on ice. Cells were washed of excess beads, fixed 

in paraformaldehyde, and imaged by confocal microscopy. 
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In the phagocytosis assays, the beads were likely at the cell surface or partially 

engulfed but were quantitated as being completely internalized. 

B. Effects Of DT-2 And cGMP On RAW264.7 Phagocytosis 
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To support the notion that PKG is important during phagocytosis we sought to 

examine a PKG-deficient macrophage. RAW264.7 are reported to be capable of 

phagocytosing various microbes and particles (Coppolino eta/., 2002; Welkos et 

a/., 2002; Gopinath eta/., 2006; Suzuki and Umezawa, 2006) and this study has 

determined that they express little or no PKG. To study phagocytosis in 

RAW264.7, we measured the uptake of serum-opsonized fluorescent beads as 

described in more detail above. Bead uptake by RAW264.7 cells increased 

linearly after a 15 minute lag period then started to plateau by 3 hours (Figure 

1 0). Further studies measured uptake at 90 minutes which is in a linear region of 

the curve. We measured the effect of 2 ~M DT-2 or 100 ~M 8-Br-cGMP on 

phagocytosis of beads and bacteria as similarly investigated in PM. RAW264.7 

took up beads and bacteria to approximately 20-fold and 16-fold over their 

respective ice samples (Figure 11 ). DT-2 significantly decreased bead uptake by 

over 20% of control but had little effect on phagocytosis of bacteria, where an 

insignificant reduction was observed. As was observed in PM, pre-incubation 

with 100 f!M 8-Br-cGMP did not significantly affect phagocytosis. 



Figure 10. RA W264. 7 As A Model For Phagocytosis. RA W264. 7 murine 

macrophages were incubated at 37 oc with serum-coated 1pm red fluorescent 

beads for the times indicated. Phagocytic index was quantitated by measuring 

fluorescence in a fluorimeter. Data represent two separate experiments. 
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Figure 11. Effects Of cGMP And DT-2 On Phagocytosis In RA W264. 7. Cells 

were pre-incubated with PKG inhibitor or agonist (2 pm DT-2 or 100 pm 8-Br

cGMP, respectively) for 30 minutes as noted. Cells were incubated with 

fluorescent particles in serum containing media containing activator or inhibitor 

for one hour at 37 oc or on ice. Cells were washed thrice, removed from the 

plates with dissociation buffer and analyzed by FAGS. Results from two 

separate experiments perfomed in duplicate are presented with standard error. 

Significant results as determined by T-test (p< 0.05) against control are indicated 

by asterisks. 
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C. Effects of Exogenous PKG On RAW264.7 Phagocytosis 

The lack of cGMP and DT-2 effectiveness in RAW264.7 relative to PM supported 

the PKG expression data. To confirm that PKG was important to phagocytosis, 

we expressed it in PKG-deficient cells. Constitutively expressed PKG or empty 

pcDNA3 expression plasm ids were transiently co-transfected with green 

fluorescent protein (GFP) into RAW264.7 prior to the phagocytosis assay. 

Phagocytosis of fluorescent E. coli was analyzed by FACS with a gate on the 

GFP-expressirig cells to exclude cells which had not been successfully 

transfected. It was found that phagocytosis increased in gated cells which 

expressed PKG1 u or PKG1 ~compared with those expressing GFP alone (Figure 

12). Vector and PKG transfected controls were analyzed by ANOVA. 

Expression of either PKG isoform caused a significant (p < 0.05) -20% increase 

in phagocytic rate over control cells. In order to determine whether the increased 

phagocytic rates were due to PKG activity, we also pre-incubated the samples 

with DT-2 prior to the introduction of bacteria. DT-2 reduced the phagocytic rate 

to below basal levels in all samples. In the cells expressing only GFP, DT-2 

reduced phagocytosis by over 16% of its control. However DT-2 had a 

significantly greater effect in both PKG expressing samples. Compared to their 

respective controls, 
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Figure 12. Exogenous PKG Augments Phagocytic Function In RAW264.7 Cells. 

RA W264. 7 cells were transiently co-transfected with 10 Jlg GFP vector and 3 Jlg 

of PKG or empty vector. Samples were pre-incubated in 3 JlM DT-2 for 30 

minutes and incubated with rhodamine conjugated E. coli for 90 minutes. 

Phagocytosis was measured by FAGS analysis with a selective gate for GFP. A 

control for background fluorescence of adherent beads not taken up was 

subtracted from all measurements. Results are displayed as % maximum with 

standard error and significance was determined by ANOVA (p < 0.05) 
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cells with PKG1 a responded to DT-2 with a nearly 30% decrease in phagocytic 

rate and PKG1 ~-expressing cells showed over a 26% reduction. Furthermore, 

DT-2 reduced phagocytosis in the PKG expressing samples to amounts nearly 

as low as the DT-2 treated vector transfected cells, and one-way ANOVA 

confirmed that there was no significant difference between the DT-2 treated 

samples (p < 0.05). In addition DT-2 was nearly as effective in the PKG

transfected RAW264.7 cells as it had been in the real macrophages. 

Ill. PKG And LPS-Induced Cytokine Gene Expression 
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Lipopolysaccharide (LPS) is a potent mediator that evokes a strong pro

inflammatory response in macrophages (Butchar eta/., 2006). LPS is known to 

upregulate iNOS expression and NO generation in macrophages in addition to 

generation of numerous cytokines and chemokines (Lee eta/., 2005). PKG is an 

effector of NO and multiple studies have reported that the NO pathway 

modulates transcription factors (Pilz and Broderick, 2005). LPS has been shown 

to activate p38 in a PKG-dependent manner in neutrophils (Browning eta/., 

1999) and LPS-induced p38 phosphorylation activates a variety of transcription 

factors and post-transcriptional stabilizers that regulate inflammatory gene 

in'duction and expression (Guha and Mackman, 2001; Chen eta/., 2006b). PKG 

has also been reported to either directly or indirectly phosphorylate CREB in 

vascular smooth muscle cells and retinal epithelium to increase expression of c

Fos, a component of the AP-1 transcription factor complex (Gudi eta/., 2000; 



96 

Ciani eta/., 2002). In macrophages, AP-1 is an LPS-activated transcription 

factor that contributes to regulation of pro-inflammatory gene expression. In 

addition to activating AP-1, LPS also activates canonical cytokine transcription 

factor NF-KB and both are important for the expression of pro-inflammatory 

cytokines MIP-2, IL-8 and tumor necrosis factor alpha (TN F-a) (Kim eta/., 2003; 

D'Angio eta/., 2004). PKG has been reported to activate NF-KB in cells other 

than macrophages. One study found that PKG increased gene expression in 

lymphocytes by directly phosphorylating NF-KB subunits (He and Weber, 2003), 

and others showed in cardiomyocytes that NF-KB was activated by direct PKG 

phosphorylation of its inhibitor subunit IKB-a (Kalra eta/., 2000). Furthermore, it 

has been reported that cGMP inhibits LPS induced TN F-a expression in murine 

bone marrow-derived macrophages; however, a role for PKG during cytokine 

gene expression has not been studied in macrophages and further work is 

warranted (Kiemer eta/., 2000). 

A. LPS-Mediated PKG Activation 

This work investigated the role of PKG on early_ inflammatory gene expression in 

macrophages. In order to determine PKG mediation of LPS induced gene 

expression we first looked at PKG activity in response to LPS. Activation o(PKG 

was determined by measuring in vivo phosphorylation of its well-known substrate 

VASP, as this lab and others have done (Deguchi eta/., 2002; Hou eta/., 2003). 

RAW254.7 cells were transiently co-transfected with PKG and VASP expression 
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plasmids, stimulated with LPS, and VASP phosphorylation was measured by 

Western blot. Although PKG preferentially phosphorylates S-239 whereas PKA 

prefers S-157, both kinases can phosphorylate these sites. As a control for 

VASP phosphorylation by PKA, a dominant-negative PKA plasmid was also co

transfected with the other vectors as previously described (Hou eta/., 2003). 

Transfected RAW264.7 were incubated with 4 f!g/ml LPS from S. minnesota for 

0-8 hours, or with 8-Br-cGMP for 20 minutes. cGMP-induced VASP 

phosphorylation was used to demonstrate PKG expression as well as maximum 

VASP phosphorylation for standardization purposes. Blots were probed with a 

VASP antibody specific for the phosphorylated S-239 residue and the phospho

VASP was quantitated using lmageQuant software. Replicate experiments were 

standardized on maximum VASP phosphorylation as shown by cGMP 

stimulation. Data from LPS-treated samples were analyzed for significance by 

one-way ANOVA. In PKG transfected RAW264.7, cGMP induced VASP 

phosphorylation as shown by a 3.5 fold higher than basal response and LPS 

treatment also quickly induced acute VASP phosphorylation (Figure 13). Within 

5 minutes, LPS significantly (p < 0.05) induced a nearly 3-fold phosphorylation 

rate over basal and this effect peaked between 45-60 minutes. Additionally, the 

peak LPS induced activity was approximately that of cGMP. VASP 

phosphorylation decreased to 75% of maximum by 90 minutes, and continued to 

diminish reaching a level slightly below basal by 8 hours. 



Figure 13. LPS Activates Exogenously Expressed PKG In RA W264. 7. 

Transiently co-transfected (PKG1a, VASP and dominant negative PKA) 

98 

RA W264. 7 were stimulated with 4 Jiglml LPS for the times indicated or 100 JiM 8-

Br-cGMP for 20 min. Phosphorylation of VASP residue S-239 was assessed by 

Western blot using phospho-specific sera (1 :500). Blots from two separate 

experiments were quantitated using lmageQuant software and data is presented 

as mean of% cGMP with standard deviation. Significance of LPS treatment was 

confirmed by ANOVA (p < 0.05) 
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B. PKG Effects On TNF-a Expression By ELISA 

Since results shown here suggest that LPS can activate PKG, and others have 

shown that cGMP inhibits TN F-a generation (Kiemer eta/., 2000), we 

investigated PKG function in LPS induced TN F-a expression. TNF-a is an NF-KB 

mediated cytokine which is important for the subsequent expression of numerous 

acute phase cytokines and chemokines (Nakano eta/., 1993; Bopst eta/., 1998). 

To assess the role of PKG in macrophage TN F-a expression, we measured the 

production of this cytokine in LPS-stimulated PM. PM were freshly harvested 

and allowed to adhere to 12-well plates overnight ( -5x1 05 cells/well). The next 

day, samples were washed and incubated in fresh media +1- LPS in the presence 

or absence of DT-2 for 5 hours. DT-2 treated samples had been pre-incubated 

with this inhibitor for 30 minutes prior to the addition of LPS. Sample cell 

supernatants were taken for measurement of TN F-a concentration by ELISA. 

Each of two experimental replicates was performed in duplicate and results are 

presented as % untreated control. LPS induced a 5-fold increase in TN F-a 

expression compared to basal levels (Figure 14). The effect of DT-2 on control 

and LPS-treated samples was analyzed by T-test (p < 0.05). Treatment of cells 

with DT-2 did not affect LPS-stimulated TNF-a expression. However, DT-2 alone 

apparently decreased TN F-a expression over the untreated control but this effect 

was not quite significant (p = 0.058). 
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Figure 14. LPS-induced TNF-a Expression in PM. PM were incubated with LPS 

(5 Jlg/ml) with and without DT-2 (2 JiM, 30 min pre-incubation) in fresh tissue 

culture media for 5 hours. An aliquot of supernatant was analyzed by ELISA for 

TNF-a expression. Results from two concurrent experiments are presented as 

percent untreated control with standard deviation. 
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C. Cytokine Expression Measured By eDNA Array 

To broaden the scope of this study, we investigated the effect of PKG on a wider 

set of LPS-induced PM cytokines by eDNA array. We selected a murine 

inflammatory array that contained eDNA for 96 murine cytokines, chemokines, 

receptors and associated genes. PM from B6/C57 mice were plated on 10 em 

dishes overnight and stimulated 4.5-5 hrs with 1 IJg/ml LPS with and without 5 

iJM DT-2 or 100 iJM 8-Br-cGMP. Cells were harvested and total RNA was 

isolated for use in the generation of [a-32P]-dCTP labeled eDNA. Radio-labeled 

eDNA was used to probe the arrays overnight, and hybridization was imaged by 

phosphor-imager. Results were quantitated by lmageQuant software. Three 

experiments were performed, however additional conditions were added to some 

replicates. Ten cytokines were expressed in response to LPS (Figure 15) and 

the significance of these genes is outlined in Table II, but there was variability 

between replicates. The arrays contained housekeeping genes such as HPRT, 

~-actin, GAD PH, and others as internal controls, however these spots were near 

the edges of the membrane where the excess labeled probe could not be 

sufficiently removed. This resulted in high background around those spots and 

precluded their intended use for standardization. To standardize the results, we 

used a gene transcript which was expressed in response to LPS but did not 

appear to change across treatments. Results are quantitated by lmageQuant 

and presented as software color-enhanced blot images that have been intensity

standardized based on Ccl5 signal. The image color scale linearly indicates low 
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to high signal intensity as black, blue, green, yellow, red, and white, respectively. 

Quantitated data is presented graphically as fold Ccl5. In two of the replicates, 

we saw little if any gene expression in the untreated control macrophages (Figure 

15A, C). However one replicate did show expression of Cxcl2 and Cxcl13 in its 

untreated sample (Figure 158). LPS caused increased expression of Ccl5, IL-1a 

and ~. IL-6, Ccl3, Ccl4, and Cxcl2 in all replicates, however LPS alone induced 

TN F-a and Cxcl13 expression in only one replicate (Figure 15A). LPS-induced 

IL-6 was more highly expressed in two replicates (Figure 15A, C) compared to 

the other (Figure 158), however the latter expressed more Ccl3 than the other 

two. LPS combined with cGMP increased IL-1a, IL-1~, Ccl3, IL-6, Cxcl10 and 

Cxcl2 expression in all replicates compared to LPS alone. However, cGMP 

alone was able to weakly induce transcription of nine cytokines (IL-1 a and ~. IL-6, 

Ccl5, Cxcl2, TNF-a, Cxcl13, Ccl3 and Ccl4) (Figure 15C). Treatment with DT-2 

decreased LPS-induced IL-1a, IL-1~, Ccl3 and Cxcl13 expression in all samples 

and IL-6 expression was also slightly decreased by DT-2. In one replicate, 

Cxcl1 0 was expressed in response to LPS/cGMP/DT-2 but not LPS or 

LPS/cGMP (Figure 15C). 
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Figure 15. Cytokines upregulated by LPS in PM. eDNA array images are 

standardized on Cc/5 by software and co/or-enhanced to show relative intensity 

of transcripts (black, blue = low, green, yellow= medium, red, white = high). 
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Table II. Cytokines expressed in PM after 4 hours LPS stimulation. 

Gene Product Function Ref. 

Cci3/MIP-1 a CCR5 ligand: attract activated and memory T cells, (Bonecchi et 
monocytes, macrophages and immature DCs; T H 1- a/., 1998; 
type response. CCR1 ligand: T H2 response Topham et'al., 

1999; Luther 
and Cyster, 
2001) 

Ccl4/ MIP-1 p CCR51igand (Luther and 
Cyster, 2001) 

Ccl5 CCR1, CCR3, CCR4, CCR5 ligand; recruits (Chensue et 
eosinophils, monocytes/macrophages, basophils and al., 1999; 
mast cells, recruits T-cells and induces proliferation, Topham eta/., 
associated with allergy. 1999; Luther 

and Cyster, 
2001) 

Cxc12/GROIMIP-2 CXCR2 ligand: Neutrophil chemoattractant; analogous (Matzer eta/., 
to human CXCL8/IL-8 2004) 

Cxcl1 0/1 FN-y CCR3 ligand: induces monocyte, natural killer and T- (Soejima and 
induced protein 1 0 cell migration, integrin expression on endothelial cells Rollins, 2001) 

Cxcl13 CXCR5 ligand: B-cell memory T-cell chemoattractant (Breitfeld eta/., 
2000; Akiba el 
al., 2005; 
Chunsong et 
a/., 2006)" 

ll-1n Potent inducer of pro-inflammatory cytokines; cell- (Luther and 
associated IL-1 variant Cyster, 2001; 

Dinarello, 
2005) 

11-1 p Potent inducer of pro-inflammatory cytokines; (Luther and 
promotes the release of neutrophils from bone marrow; Cyster, 2001; 
secreted IL-1 variant Dinarello, 

2005) 

11-6 IL-6R ligand: induces T-cell activation/differentiation, B- (Naka el a/., 
cell activation, hematopoeitic, osteoclast/macrophage 2002) 
differentiation 

TNF-n TNFR1 and TNFR2 ligand: induces pro-inflammatory (Bops! eta/., 
cell proliferation, potent inducer of pro-inflammatory 1998) 
gene expression, induces apoptosis in some cells: 
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The results were quantitated by lmageQuant and internally standardized to fold 

Ccl5 with standard deviation. Since quiescent macrophages do not express 

inflammatory cytokines (Kim and Kim, 2007), the replicate depicted in Figure 158 

was excluded. cGMP enhanced the effect of LPS on Cxcl2, IL-6, and IL-1 p by 

over 50-80%, but had little effect on TNF-a expression (Figu're 16). DT-2 

decreased LPS induction of Cxcl2, IL-1 p and TN F-a by 20-35% of LPS-induced 

levels, however DT-2 did not lessen cGMP co-stimulated LPS-upregulated IL-1 p 

and TN F-a. Although DT-2 did not decrease LPS induction of IL-6, it did partially 

attenuate cGMP augmented LPS-induced expression by nearly 20%. 

D. Cytokine Expression Measured By RT-PCR 

The eDNA array data were validated by RT-PCR. Based on individual replicates 

as well as combined results, Cxcl2, IL-1a, IL-1p, and IL-6 transcripts were likely 

affected by PKG and were selected for further investigation by RT-PCR. Of 

these, PCR primer sets were designed to amplify Cxcl2, IL-1 p and TN F-a as well 

as Ccl5. PCR results were standardized by amplifying HPRT, a transcript that is 

constitutively expressed in phagocytes and not affected by treatment with 

endotoxin (Zhang eta/., 2005b; Ishii eta/., 2006). To validate the standardization 

method used for the eDNA arrays, we first investigated Ccl5 expression. PM 

from B6/C57 mice were harvested and plated as before. Cells were treated with 

1J.tg/ml LPS +1- 5 J.JM DT-2 or 100 J.JM 8-Br-cGMP for 5 hours. 
i~ 
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Figure 16. Effect Of DT-2 And cGMP On LPS-Induced Cytokines In PM By eDNA 

Array. The expression of Cxcl2, IL-1/3, IL-6 and TNF-a were measured in PM by 

eDNA array. Results are from one or two replicates and are presented as % 

GelS expression with standard deviation. 
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RT-PCR corroborated that LPS-induced Ccl5 expression levels are not affected 

by treatment with cGMP or DT-2 (Figure 17). Additionally, these results 

confirmed that quiescent macrophages do not express Ccl5. The effects of LPS, 

cGMP and DT-2 on Cxcl2, IL-1 p and TNF-u were assessed by RT-PCR. LPS 

induced Cxcl2 to greater than 20-fold of control (Figure 18A, D). cGMP reduced 

this effect by half, but DT-2 completely abrogated LPS-induced Cxcl2 expression 

to basal levels. The combination of cGMP and DT-2 reduced the effect of LPS to 

nearly the level seen with LPS/cGMP treatment. Furthermore these results 

showed that unstimulated macrophages express a negligible amount of Cxcl2. 

LPS also induced IL-1 p expression, but cGMP had little effect in the presence of 

LPS (Figure 188, D). LPS-induction of IL-1 p was 13-fold of basal and cGMP 

reduced this effect by less than 10%. However, DT-2 attenuated LPS induced 

upregulation to the level of unstimulated cells. By comparison, DT-2 also 

reduced IL-1 p expression in cells treated with LPS and cGMP but only by 30% of 

LPS alone. Similarly, LPS induced TNF-u expression and this was abrogated by 

either co-stimulation with cGMP or DT-2 (Figure 18C, D). cGMP decreased LPS 

expression by 31% whereas DT-2 had a greater effect and resulted in an 87% 

attenuation of response. 
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Figure 17. LPS-Induced Ccl5 Expression Is Not Dependent On PKG. PM were 

treated with 1pglml LPS with and without 8-Br-cGMP (100 pM) or DT-2 (5 pM, 30 

min pre-incubation) for 5 hours and harvested for total RNA and RT-PCR. The 

PCR product length was measured by electrophoretic shift (1 OOV for 40 minutes) 

with an agarose gel containing ethidium bromide. RT-PCR results were 

controlled for equal RNA/eDNA by simultaneously running PCR for constitutively 

expressed hypoxanthine phosphoribosyl transferase (HPRT). 
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Figure 18. LPS-induced Cytokine Gene Expression By RT-PCR. PM were 

treated with LPS with and without 8-Br-cGMP or DT-2 as before. (A, B, C) 

Cytokine transcripts amplified, measured by electrophoretic shift and quantitated 

with lmagequant software. Results are presented as fold HPRT. (D) .Original 

gels. Results are typical results from three replicate experiments. 



A 

B 

c 

~ 
0 
(.) 

~ 
0 
(.) 

~~ 

~ 
0 
(.) 

=~ 

2500 

1 

1 

5000 

4000 

3000 

2000 

1000 

0 

LPS + 
cGMP 

DT-2 

115 

cxcl2 

D Cxcl2 

IL-113 

TN F-a 

HPRT 

LPS + + + + 

cGMP + + 

DT-2 + + 

nJF-a 

+ + + 

+ + 

- + + 



116 

IV. PKG And LPS-Induced Phosphorylation Of p38 MAPK 

As described above, there are several potential mechanisms by which PKG can 

support or inhibit pro-inflammatory gene expression. Notably, p38 flllAPK has 

been shown to be important to cytokine gene expression independent of NF-KB 

activity (Birrell eta/., 2006). Investigators have shown that LPS activation of p38 

MAPK in neutrophils is PKG-dependent (Browning eta/., 1999), but the 

significance of this pathway in gene expression is unknown. Therefore, PKG 

activation of p38 MAPK was investigated as a plausible mechanism for PKG

mediated gene expression in macrophages. PM were treated with LPS for 30 

minutes with and without DT-2 and harvested for Western blot. Blots were 

probed with an antibody which specifically detects phosphorylated p38 MAPK 

and re-probed with an antibody against ~-actin to control for loading. Results are 

typical of two replicates. As shown by a prominent band in the first lane, LPS 

induced phosphorylation of p38 MAPK (Figure 19) and DT-2 attenuated this 

effect by more than 50%. 
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Figure 19. LPS Induces p38 MAPK Phosphorylation Through PKG In Murine 

Macrophages. PM were pre-incubated with 2 fJM DT-2 for 30 minutes followed 

by stimulated with 1 flglml LPS for 30 minutes in the continued presence of DT-2. 

Phosphorylated p38 MAPK was measured by Western blot using an antibody 

against the phosphorylated form (1 :2000 dilution). Blot was reprobed with 

1:2000 dilution anti-fJ-actin antibody (lower panel). Result is a representative of 

two replicate experiments. 
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CHAPTER IV: DISCUSSION 

I. PKG Expression 

PKG is thought to be ubiquitously expressed in most cell types, but at low levels 

in most cells of non-vascular or neuronal nature. Few studies have made direct 

comparisons. In this study PKG expression in primary peritoneal macrophages 

was found to be over 97% less than in porcine vascular smooth muscle as 

demonstrated by kinase activity. RAW264.7 cells expressed negligible PKG as 

compared to porcine SMC. Kinase activity was not significantly reduced by DT-2. 

in RAW264.7. However DT-2 significantly attenuated cGMP induced kinase 

activity in smooth muscle in this study. These results demonstrate that PKG is 

expressed in SMC and PM, but not in RAW264.7 

Numerous reports have associated PKG with functions in various cell types by 

pharmacological inhibitors; however few have demonstrated PKG expression in 

macrophages by a molecular approach. One study reported that PKG was not 

expressed in peritoneal macrophages in guinea pigs as measured by Western 

blot (Kobialka eta/., 2003). Others have found PKG in human monocyte derived 

macrophages and alveolar macrophages by immunofluorescence microscopy 

(Pryzwansky· eta/., 1995a). This work measured PKG by three methods: 

119 
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Western blot; RT-PCR and in vitro kinase assay. PKG detection by Western blot 

required a large number of cells compared to published data on smooth muscle 

cells and cell line HEK293 (Lincoln eta/., 1993; Browning eta/., 2000). In the 

results of this study, PKG expression was detected by Western blot in PM only 

when lysate from 106 cells was loaded and the blots were incubated with primary 

antibody overnight. However, PKG expression in PM was solidly supported by 

RT-PCR and kinase assay. Furthermore, this study determined which isoform is 

expressed in PM and found that PKG1 but not PKG2 was expressed in these 

cells. In RAW264.7 cells, two recent studies infer a role for PKG in gene 

expression using pharmacological PKG inhibitors and activators (Chen eta/., 

2006a; Oh eta/., 2006). Others similarly attributed a reduction in apoptosis to 

PKG activation in these cells (Yoshioka eta/., 2003). However, PKG expression 

was not directly measured in any of these experiments. In this study significant 

PKG expression in RAW264.7 was not detected by Western blot, kinase assay or 

RT-PCR. However, DT-2 slightly reduced phagocytosis in RAW264.7, 

suggesting that a low level of PKG may be functional in these cells under certain 

conditions. Since PKG expression has been found to be altered under culture 

conditions in other cell types, it is possible that the RAW264.7 cultures of other 

researchers expressed PKG. Because it has been reported that elicited rat 

peritoneal neutrophils lose PKG and sGC (Ciuman eta/., 2006), PM in this study 

were harvested without the use of a provoking agent such as the commonly used 

thioglycollate (Leu eta/., 2006). Instead PM were harvested from freshly 
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sacrificed mice by intraperitoneal lavage with 0.5mM EDTA in PBS. Harvest and 

tissue culture conditions used in this study did not alter PKG expression in 

primary cells. Furthermore, this work demonstrated that PKG expression was 

retained in PM during standard tissue culture conditions as well as after exposure 

to endotoxin and other agents reported to alter PKG expression (Browner eta/., 
' 

2004b). Moreover, this result is especially interesting when taken in conjuction 

with reports that vascular smooth muscle cells lose PKG in response to LPS, 

TN F-a. or cyclic nucleotide and PKG is downregulated in VSMC exhibiting a 

proliferative phenotype as in an inflammatory setting (Anderson eta/., 2000; 

Brophy eta/., 2002; Lincoln eta/., 2006) The continued expression of PKG in 

activated PM suggests that PKG supports very different roles in macrophages 

compared to other cells. 

PKG expression silencing is currently being investigated by several labs 

(Browner eta/., 2004a; Zeng et a/., 2006) and the study of this phenomenon and 

it contributtion to macrophage disfunction may be a worthy focus of later work. 

Recent work demonstrates that PKG expression silencing occurs in tumors and 

this might contribute to tumor progression (Hou eta/., 2006a; Hou eta/., 2006b). 

Downregulation of PKG may contribute to loss of primary function as suggested 

by the different phagocytic capabilities of the primary and tumor-derived 

macrophages used in this work and warrants further study. 
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II. Role Of PKG In Phagocytosing Macrophages 

Nitric oxide and cGMP are thought to be important to phagocytosis in a variety of 

cells, including phagocytosis by neutrophils and macrophages and of rod outer 

segments by retinal pigment epithelial cells (Oliver, 1976; Medgyesi et at., 1984; 

Newman eta/., 1991; Becquet eta/., 1994; Andonegui et at., 1995; Grune eta/., 

2000; Kogishi et at., 2000). The present study sought to investigate the role of 

PKG during macrophage phagocytosis. Several studies suggested that PKG 

may be important to osteoclast motility or attachment during bone turnover (Van 

Epps-Fung eta/., 1994; Yaroslavskiy eta/., 2005) as well as macrophage 

chemotaxis (Kamisato eta/., 1997); however, work presented here is first to 

describe putative roles of PKG in macrophage phagocytosis. 

Since the experiments here used serum-opsonized particles, phagocytosis could 

occur through several receptors including Fey A and CR3. Beads were most 

likely lgG coated since complement was heat inactivated. Addtionally, FeR

mediated phagocytosis was likely the prominent mechanism since uptake by 

CR3 requires additional stimuli such as cytokines or chemokines (Niedergang 

and Chavrier, 2005) However, CR3 and other receptors can recognize 

unopsonized microbe features (Le Cabec eta/., 2002) and as such these 

mechanisms cannot be immediately excluded. 
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Phagocytosis was investigated in primary macrophages and in RAW264.7. 

Since the quantitative phagocytosis assays measured the fluorescent particles by 

plate reader or FACS, they were unable to discern between surface-bound and 

internalized particles. Therefore, it was undetermined whether PKG affected 

particle binding, phagosome formation, or engulfment and closure. 

Photomicrographs demonstrated that the role_ of PKG in phagocytosis was 

considerably underestimated in the quantitated experiments. Cells whose PKG 

was inhibited by DT-2 apparently bound particles at the cell surface but 

phagosome formation or movement was either completely prevented or arrested 

at an early stage as depicted in this model (Figure 20). These results 

demonstrate that PKG is essential to phagocytosis in this population of 

macrophages. 

Several known PKG substrates or effectors are important to phagocytic signaling 

including Rho GTPases RhoA and Rac1, serine-threonine kinase Pak1, and actin 

associated protein VASP (Murthy et al., 2003; Hou eta/., 2004; Fryer eta/., 

2006). Inhibition of either of the GTPases has been shown to abrogate 

phagocytosis. Work by collaborators (Lascola eta/., 2005) has shown that an 

exogenously expressed construct containing the regulatory region of PKG1 a 

localized to the phagocytic cup of RAW264.7 but dissipated after phagosome 

formation. This suggests that PKG may have a role during early stages of 

phagocytosis such as ligand binding and pseudopod extension or closure. 
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' . 

Figure 20. Mode1_9f DT-2 Effects On Phagocytosis. (A) Particles adhere to cells 

on ice but are not phagocytosed. (B) Particles adhere, and are engulfed and 

taken up in macrophages incubated at 37 oc, however DT-2 inhibits 

phagocytosis possibly by (C) preventing phagosome closure or by (D) arresting 

phagosome contractility. 
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Furthermore, VASP is known to be quickly recruited to the phagosomal cup 

during lgG-mediated phagocytosis and dissipates to the cytosol after phagosome 

closure (Coppolino eta/., 2001). VASP may be recruited downstream of Cdc42 

as part of an actin nucleating complex assembled by SLP-76 that includes profilin 

as well as WASP and Arp2/3 during FeR-mediated phagocytosis (Coppolino et 

a/., 2001 ). VASP is thought to cooperate with WASP and Arp2/3 by providing G

actin to the growing filament and by preventing actin capping. Since the results 

demonstrate that PKG activity is required for efficient phagocytosis, it is possible 

that PKG interacts with VASP in these studies. PKG phosphorylation sites S-157 

and S-239 are near the VASP EVH1 and EVH2 domains respectively, and 

phosphorylation of either site causes VASP to dissociate from actin (Smolenski 

eta/., 2000). This could be the mechanism behind the abrogation of pseudopod 

extension and VASP dispersal to the cytosol, as seen when the pseudopodia 

meet and form a phagosome. 

PKG and Rae have been studied in cells undergoing cytoskeletal changes. PKG 

mediated activation of Rac1 and/or Pak1 has been demonstrated in HEK293, 

HUVEC and He La (Hou eta/., 2004; Fryer eta/., 2006), and more recently 

Rac1/Pak has been shown to activate transmembrane guanylyl cyclase (GC) to 

increase the cGMP concentration in fibroblasts (Guo eta/., 2007). Furthermore, 

these studies showed that PKG and Rac1 co-localize on membrane ruffles in 

epithelial cells (Hou eta/., 2004) and growth factor stimulated Rac1/Pak/cGMP 
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signaling is important for lamellipodia formation during fibroblast cell migration 

(Guo eta/., 2007). Additionally, Rac1/Pak1 mediated lamellipodia and 

membrane ruffling has been shown to be independent of Pak1 catalytic activity; 

however disassembly of focal adhesions and actin stress fibers required Pak1 

kinase activity (Frost eta/., 1998). This suggests that Pak1 functions are 

dependent upon multiple activation states. It may act as a recruitment molecule 

when it is auto- or heterophosphorylated and this activity may be independent of 

its role as a kinase. Work from multiple laboratories has elucidated mechanisms 

by which activated Rac1 or Pak1 contribute to the phagocytic process (Lee eta/., 

2000; Hall eta/., 2006; Nakaya eta/., 2006). Rac1 activation at the phagocytic 

cup is apparently biphasic with initial GTP-binding coinciding with particle ligation 

and highest activity at pseudopod fusion (Hoppe and Swanson, 2004). In this 

study, particles were ligated but not taken up in the presence of DT-2, and 

exogenous cGMP had little effect on PM phagocytosis. These results suggest 

that PKG is activated during phagocytosis. Further studies should investigate a 

possible Rac1-induced cGMP increase in macrophages and determine whether 

PKG is involved in the secon~ phase of Rac1 activation during phagocytosis, 

particularly during phagosome closure. 

Pak1 is important for early pseudopod formation and is known to be aCtivated 

downstream of Cdc42 during pseudopod extension (Hoppe and Swanson, 2004). 

PKG has been shown to directly phosphorylate and regulate Pak1 in endothelial 
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cells, leading to the dissociation of Pak1 from adapter protein Nck and the 

recruitment of VASP by Pak1 to a dynamic membrane region (Fryer eta/., 2006). 

In context with work here suggests that further studies should investigate the 

contribution of PKG to macrophage pseudopod formation. ·Through a novel 

mechanism, PKG may phosphorylate Pak1 in macrophages and support 

· pseudopod formation through Pak1-mediated VASP recruitment to the 

phagocytic cup. Furthermore, Pak1 may be responsible for phagosome 

contractility through phosphorylation of myosin II regulatory light chain (MLC), 

which increases actomyosin II ATPase and motor activities (Dharmawardhane et 

a/., 1 999; Brzeska eta/., 2004; Zhang eta/., 2005a). Additional studies should 

measure phosphorylation of Pak1 and myosin II downstream of activated and 

inhibited PKG. 

This work found that PKG expression and activity supports phagocytosis and it is 

likely that it acts in a pleiotrophic manner, perhaps through Rac1/Pak1 and VASP 

downstream of FcyR (Figure 21). Temporal co-localization studies with 

fluorescent protein tagged constructs for the PKG regulatory regions as well as 

dominant positive and negative constructs for both PKG· and VASP could help 

discern the mechanism (Browning eta/., 2001 ). Additionally a Rae activation 

assay could be performed to determine the effect of exogenous PKG expression 

or inhibition on Rac1 during phagocytosis as has been previously done (Hou et 

a/., 2004). In light of the recent study indicating that Rac1 activation can increase 
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cGMP in fibroblasts through Pak1 and membrane bound GC activation (Guo et 

a/., 2007), studies using dominant negative and positive Rac1 constructs and a 

cGMP assay could elucidate whether this mechanism is important in 

macrophage phagocytosis. Additionally, an in vivo experiment using a dominant 

negative Rac1 and exogenous cGMP would determine whether Pak1 is activated 

directly by PKG or downstream of Rac1. In vitro studies in conjuction with 

immunohistochemical studies could be used to determine whether activated PKG 

phosphorylates Pak1 and leads to Pak1NASP association and/or Pak1 mediated 

MLC phosphorylation independent of or as a co-activator with activated Rac1. 

Although PKG is known to inhibit RhoA, whose activation is essential for CR3-

mediated phagocytosis and therefore suggests that uptake in this work was not 

through this receptor, it would be· of interest to determine whether PKG acts 

downstream of multiple receptors in a universal supporting role of phagocytosis 

or if its action is limited to certain receptor classes, ligands or particles. Since 

many autoimmune and degenerative diseases such as lupus erythematosus, 

retinitis pigmentosa, macular degeneration may result from a defect of clearance 

of apoptotic cells leadin"g to increased autoantibodies (Scott eta/., 2001; Strauss, 

2005), a role for PKG in mechanisms of homeostatic phagocytosis would be 

worthy studies. 
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Figure 21. PKG Signaling In Phagocytosis. PKG may mediate FcyR 

phagocytosis through Rac1, Pak1, and/or VASP. PKG may either activate Rac1 

or become activated through Rac1/Pak1 mediated cGMP production. Activated 

PKG may phosphorylate Pak1, resulting in the association of Pak1NASP at the 

phagosomal cup to support actin nucleation. PKG may facilitate pseudopod 

closure through two mechanisms that halt continued F-actin extension. Rac1 

activation results in PIP,5K mediated gelsolin dissociation with actin and PKG 

may phosphorylate VASP and lead to its return to the cytosol at phagosome 

closure. PKG may also have a role in phagosome internalization through 

phagosomal contractility controlled by Pak1 phosphorylated MLC. 
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Ill. PKG-Mediated Gene Expression In Macrophages 

As we wished to determine whether PKG had a role in cytokine gene expression, 

we first demonstrated that LPS can cause PKG activation in macrophages. An 

LPS timecourse was performed and analyzed by Western blot with a VASP 

phospho-specific antibody. This antibody detects phosphorylation of VASP at 

the PKG-specific site, S239, and was used as readout for PKG activity. Results 

showed that maximum VASP phosphorylation occurred between 15-45 minutes. 

This work demonstrated that PKG is activated after LPS stimulation, and that the 

timeframe supports the notion that PKG may have a role in early gene 

expression. 

Three methods were employed in order to investigate LPS-induced cytokine 

gene expression mediated by PKG activity. In the first experiment, TN F-a 

expression in LPS-stimulated PM was measured by ELISA. PM were pre

incubated +1- DT-2 and LPS, and supernatants were assessed for TNF-tt 

concentration. It was found that DT-2 did not alter the expression of TNF-tt in 

either control or LPS-stimulated PM. Other studies showed that PKG increases 

TN F-a expression in cardiomyocytes but is not involved in its expression in 

microglia (Wood, 1994; Kalra eta/., 2000). Since DT-2 had no effect, results 

here suggested that PKG had no role in LPS-induced TNF-tt expression in PM. 

To investigate the role of PKG on a wider set of cytokines, a eDNA array was 
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used. PM were stimulated with and without LPS, DT-2 and cGMP. Their RNA 

was amplified and reverse transcribed into radio-labeled eDNA. As shown by 

hybridizing the 32P-cDNA with the array, ten genes were increased in response to 

LPS. DT-2 reduced LPS-induced transcript of Cxcl2 and IL-1 p and to a lesser 

extent TN F-a. Results by RT-PCR were more dramatic. RT-PCR showed that 

DT-2 decreased LPS-induced expression of all three cytokines to nearly basal 

levels. These findings suggest that PKG activity increased expression of these 

cytokines, however TN F-a protein expression as measured by ELISA was not 

increased. Taken together these three results support published findings that 

PKG can both support or not alter LPS-induced TNF-a expression (Wood, 1994; 

Kalra eta/., 2000). However, TNF-a and IL-1 are stored as inactive precursor 

molecules that require post-translational proteolytic processing prior to release 

(Gearing eta/., 1995; Li eta/., 1997; Wewers eta/., 1997). Thus although PKG 

did not affect their secretion in PM, it may have still influenced their transcription 

or translation. Additionally, up regulation of cleavage enzymes is necessary for 

secretion of cytokines generated as pro-molecules. An ELISA timecourse may 

more definitively assess the role of PKG. Additionally, PKG may affect other 

cytokines that are expressed at later timepoints and further studies by eDNA 

array, RT-PCR, and ELISA should include an LPS timecourse in PM. 

Future studies should investigate the mechanism involved in PKG mediated 

cytokine expression. PKG has been suggested to increase gene expression 
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through NF-KB in pulmonary epithelial A549 cell line, adult feline myocardium 

and T-lymphocytes (Kalra eta/., 2000; He and Weber, 2003; Chang eta/., 2004), 

but cGMP decreases NF-KB mediated gene expression by heat-shock factor 

stabilization or increased expression of IKB in endothelial cells and hepatocytes 

(Kiemer eta/., 2002; Chang eta/., 2004). Other PKG effectors potentially 

involved in cytokine gene expression include p38 and AP-1 (Gertzberg eta/., 

2000; Chen eta/., 2006a). LPS-induced expression of NF-KB dependent 

cytokines TNF-u and MIP-2/Cxcl2 is reportedly significantly decreased when p38 

is inhibited (Husted eta/., 2005). Furthermore, LPS is thought to be sufficient for 

activation of p38 but requires concurrent IFN-y stimulation to activate NF-KB (Han 

eta/., 1994; Lee and Young, 1996), suggesting that PKG affects cytokine gene 

expression through p38 activation. Inhibition of p38 has been reported to prevent 

TNF-u translation to a greater extent than transcription (Birrell eta/., 2006), and 

others report that p38 activation leads to phosphorylation of IKB-u and 

translocation of p65 to the nucleus in RAW264.7 (Kim eta/., 2006). To 

determine whether PKG has a role in translation, the ELISA experiment could be 

repeated with cell lysate instead of cell supernatant. This assumes that the 

capture antibody recognizes the pro-cytokine as well as the cleaved product In 

order to determine whether PKG is involved at the transcriptional level a nuclear 

run on assay could be performed. To further determine a mechanism, the effect 

of PKG on IKB-u phosphorylation and subsequent degradation can be 

quantitated. By Western blot, overall IKB-u levels could be quantitated and 



phosphorylated IKB-a could be measured in the presence or absense of a 

proteosome inhibitor. 
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In this work, DT-2 did not reduce the effect of cGMP co-stimulation with LPS on 

IL-1~ and TNF-a, expression, and cGMP alone induced some expression of these 

cytokines in the absense of LPS. These results imply that cGMP is generated in 

LPS-stimulated PM but that cGMP, especially at high concentrations, may 

activate or regulate expression of other cGMP-sensitive signaling molecules such 

as PKA and POE (Zhong eta/., 1997; Zhong eta/., 1998; Witwicka eta/., 2007). 

Most notably, investigators recently reported that LPS upregulates cGMP

dependent PDEs in rat peritoneal macrophages, suggesting that cGMP levels 

may be high enough to regulate PKA activity in macrophages (Witwicka eta/., 

2007). Further experiments which include PKA inhibitors may more fully discern 

the role of PKG. Alternatively, PKG may be activated through a cGMP

independent mechanism such as by PKC (Hou et at., 2003; Kwan eta/., 2006). 

This notion is supported by findings published after this study was completed 

which demonstrated that sGC expression is decreased in LPS-induced acute 

lung injury (Giynos eta/., 2007). A cGMP assay could be performed to measure 

cGMP levels in response to the various treatments and experiments could be 

performed using a transfection model and a PKC-insensitive PKG expression 

plasmid. 
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IV. p38 MAPK Phosphorylation Downstream Of PKG 

We wished to perform a preliminary investigation of a mechanism for PKG 

mediated gene expression. Since this lab has previously shown that LPS 

activates p38 MAPK in primary human neutrophils and HEK293 cells in a cGMP

dependent manner that may be mediated by PKG (Browning eta/., 1999; Hou et 

a/., 2004), this study investigated PKG mediated p38 MAPK activation in 

macrophages. As measured by Western blot with a phospho-specific p38 MAPK 

antibody, LPS stimulation of PM for 30 minutes resulted in an increase in 

phosphorylation of p38 MAPK. This effect was blocked by DT-2, suggesting that 

p38 MAPK activation was mediated by PKG. Furthermore, it was found that LPS 

induced phosphorylation of p38 MAPK occured within the same timefrarne as 

LPS-induced activation of PKG. This finding suggests that PKG mediates 

activation of p38 MAPK in LPS-stimulated macrophages, and supports the notion 

that p38 MAPK may be an effector in the mechanism behind PKG mediated 

cytokine gene expression. 

V. Macrophage Heterogeneity And Further Studies 

This study showed that PKG is important to phagocytosis and cytokine gene 

expression in murine peritoneal macrophages. However, since macrophage 

populations are heterogeneous and. have broadly different phenotypes (Gordon 

and Taylor, 2005), PKG may have different roles based on specialization and 

anatomical location. For example, macrophages of the gut are characterized as 



137 

having high phagocytic ability and anti-bacterial activity but low production of pro

inflammatory cytokines whereas osteoclasis remodel bone and alveolar 

macrophages innately clear microbes and environmental particles in the lungs. 

Further studies should look at the expression and role of PKG in different 

macrophage populations. 

VI. PKG As A Drug Target 

Phagocytosis is an important function in the body's defense against infection and 

results here demonstrate that PKG is necessary for phagocytosis in 

macrophages. However, phagocytosis is also a primary mechanism by which 

opportunistic organisms invade the body. The preferential germination site of the 

Bacillus anthracis spore is within macrophage phagosomes and ingestion of the 

spore is the first step in the pathway leading to inh·alation anthrax pathogenicity 

(Guidi-Rontani eta/., 1999). Targeting alveolar macrophages and preventing 

ingestion of B. anthracis might be a way to abrogate this disease. Since PKG 

was shown to be necessary for phagocytosis, an inhaled inhibitor of PKG might 

be an effective treatment against anthrax. Given that antibiotic overuse may lead 

to antibiotic resistance, new drugs that are not directed against microbial 

components are especially needed. Should further investigation determine that 

PKG is also involved in homeostatic functions such as phagocytosis of apoptotic 

cells, its augmentation or inhibition may help prevent onset of auto-antibody 

mediated diseases. 
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Since PKG inhibition appeared to decrease the expression of cytokines that are 

pro-inflammatory in nature, these results suggested that PKG might support the 

initial inflammatory response. However consistent with the earlier finding, TNF-u 

gene expression was not affected by PKG inhibition or enhanced activation. 

Although some have suggested that p38 mediates gene expression at the 

transcriptional level, it is more widely accepted that it stabilizes mRNA through 

preventing the rapid decay of AU-rich element (ARE) transcript and has a role at 

the translational level (Lee and Young, 1996; Vanden Berghe eta/., 1998; 

Fischer eta/., 2001; Lim eta/., 2004; Chen et al., 2006a). Here it is shown that 

p38 MAPK activation by LPS is mediated by PKG, as has been reported in 

neutrophils (Browning eta/., 1999) and more recently platelets (Li eta/., 2006). 

This result suggests that PKG may mediate pro-inflammatory cytokine 

expression in macrophages through the p38 MAPK/MAP kinase-activated protein 

kinase 2 (MK2) pathway leading to mRNA stabilization. Taken together, these 

studies support the notion that PKG could be a future drug target in diseases 

mediated by phagocytic dysfunction and/or for the management of acute 

macrophage-mediated inflammation. 



CHAPTER V: SUMMARY 

This work set out to investigate the roles of PKG in two key macrophage 

functions: phagocytosis and early LPS-induced gene expression. Since 

expression of PKG had not been previously determined in macrophages, this 

was addressed first using more sensitive techniques than other published 

methods of detection. PKG expression in PM was shown by Westerri blot, in 

vitro kinase assay and RT-PCR. In the RAW264.7 cells, PKG was not 

appreciably detected except as a weak signal in the in vitro kinase assay. 

Additionally, it was shown that macrophages do not express PKG2. PKG was 

shown to be necessary for optimal phagocytosis in primary macrophages and its 

exogenous expression increased phagocytic capability in RAW264.7. PKG is 

important during the early stages of phagocytosis of both E. coli and serum 

opsonized polystyrene beads, but does not appear to play a role in initial particle 

binding to membrane receptors. 

PKG was found to be activated in response to LPS, and this function might play a 

role in transcription but not necessarily translation or secretion of key early 

inflammatory response cytokines. Results suggested that PKG contributes to 

upregulation of several LPS-inducible cytokines: Cxcl2, IL-1 p and IL-6. ·Although 
139 



the mechanism by which PKG mediates gene transcription was outside the 

scope of this study, a? initial study suggested that LPS-induced p38 MAPK 

phosphorylation in PM was mediated by PKG. This result suggests that PKG 

may play a role in both initial transcription as well as RNA stabilization during 

translation and warrants further investigation. 
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This study did not investigate detailed mechanisms by which PKG effected 

phagocytosis and gene expression. Additionally, although it was shown that 

PKG2 is not expressed in PM, identification of the PKG1 isoform(s) expressed in 

PM was not pursued. The identity of expressed isoform(s) may help to elucidate 

the mechanisms by which PKG mediates phagocytosis and gene expression 

since other studies have shown that the isozymes have different functions. PKG 

has been shown to affect Rac1, VASP, and RhoA, all of which are important to 

cytoskeletal remodeling during phagocytosis. The obvious extension of this work 

is to investigate these molecules as a starting point. 

Similarly the mechanism(s) by which PKG supports cytokine transcription were 

not identified. Since NF-KB mediated cytokine transcription or translation is co

induced or supported by p38 MAPK activity, PKG/p38 MAPK mediated 

transcription or mRNA stabilization are promising avenues of investigation. 

Since PKG did not apparently affect TN F-a expression despite affecting its 
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mRNA level, another worthwhile study would be to repeat the experimental - . 

conditions and measure Cxcl2, IL-1~, IL-6 and Ccl5 protein expression. 
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APPENDIX A: PKG1 p Phospho-Antibodies 

Introduction 

PKG activation is typically assessed indirectly by measuring VASP activation on 

a Western blot, or its activation is assumed in the presence of cGMP. As such, 

PKG activity cannot be adequately assessed in response to novel stimuli or 

during various physiological events. In order to definitively attribute events to 

PKG, the activation state of this enzyme needs to be concomitantly 

demonstrated. PKG1 ~ is known to have several auto phosphorylation sites which 

have been shown support PKG activity due to their position in the 

pseudosubstrate domain. Phosphorylation causes radical changes in the shape 

of proteins and may sterically hinder the nesting of the PKG auto-inhibitory region 

into the catalytic domain, thereby prolonging activation. It had been previously 

shown that PKG1 a can be activated by phosphorylation at residue T-58 in its 

auto-inhibitory domain by PKC (Hou eta/., 2003) and similar residues were 

identified in PKG1 ~- As phosphorylation of the two autophosphorylation sites 

and the putative PKC site could correlate with PKG activation, three phospho

specific antibodies were designed for these sites. 
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Results And Discussion 

. Short sequences that correspond to the phosphorylation sites were selected and 

phosphorylated peptides were generated (Table Ill). Phospho-peptides were 

conjugated to keyhole limpet hemocyanin (KLH) for antigenicity. Cocalico, Inc. 

generated polyclonal anti-sera in rabbits against the KLH phospho-peptides. 

Rabbit MCG23 was inoculated with the peptide sequence phosphorylation site 

S79-P, rabbit MCG24 received peptide for T73-P, and rabbit MCG25 was 

injected with peptide for the S63-P site. 

Table Ill. Antibody Peptide Sequences. 

TQQAQK~STLQGEPiRQAI~EPTAF 
63 73 79 

Antibody Name Rabbit No. 

PKG1b S63-P MCG 25 

PKG1b T73-P MCG 24 

PKG1b S79-P MCG 23 

Generating Sequence 

CA-58QAQKQSASTLQ 

CA-68QGEPRTKRQAI 

CA)4KRQAISAEPTA 

Red denotes a phosphorylated residue. Peptides were KLH
conjugated and antibody sera were generated in inoculated 
rabbits. 
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Anti-sera and pre-immune sera were tested for specificity by ELISA against the 

peptide antigens. After peptides were adhered onto a 96-well EIA/RIA plate, 

serially diluted anti-sera and pre-immune serum were incubated with each of the 

three phospho-peptides. Plates were washed of sera and incubate~ with anti

rabbit alkaline phosphatase conjugated secondary antibody. After the plate was 

washed of excess secondary antibody, specificity of the anti-sera was 

quantitated by measuring absorbance (405 nm) in the presence of alkaline 

phosphatase substrate p-nitrophenyl phosphate (pNPP). Results are presented 

graphically as absorbance over sera concentration. Anti-sera were found to be 

specific for their generating peptides at 1 :3000 dilutions (Figure 22). No 

appreciable cross-reactivity by the phospho-T73 or S63 anti-sera was evident at 

concentrations below 1:125 dilution. However the phospho- S79 anti-sera cross

reacted with the T73-P peptide dilutions less than 1/1000. By comparison, the 

anti-S63-P and pre-immune sera were ::::; 15% as active as the peptide-specific 

sera at the latter concentration. For all sera, specific ·binding increased as the 

dilution approached 1 :3000 and quickly dropped off at higher or lower 

concentrations. 

To investigate the utility of these antibodies as research tools, we looked at their 

ability to detect phosphorylated PKG1 p in whole celllysates. HEK293T cells 

transiently transfected to over-express PKG1 p were treated with 8-Br- cGMP and 

PKC activator phorbol 12-myristate 13-acetate (PMA), harvested and prepared 



Figure 22. Antibody Titer Specificity By ELISA. Sera from pre-immune (PI) or 

from day 35 titers were serially diluted and incubated on peptide-coated 

microtiter plates followed by incubation with 1:5000 anti-rabbit /gG alkaline 

phosphatase secondary antibody and subsequently incubated with pNPP 

substrate. Absorbance (405 nm) was read in a multifunction plate reader and 

presented 13s a function of sera concentration. 
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for Western blot. The phospho-specific antibodies could not detect 

phosphorylated PKG1 ~from the whole celllysates. However, in a separate 

experiment the sera were sufficiently sensitive to detect phosphorylated HA

tagged PKG1 ~that had been over-expressed and concentrated by 

immunoprecipitation with anti-HA agarose (Figure 23). Both the anti-sera for 

sites S-79 and T-73 discriminated between auto- and hetero-phosphorylation, 

although the signal was very weak. This suggests that PKG phosphorylation 

sites are rapidly de phosphorylated. Further experiments may be performed to 

increase the signal by using an in vivo phosphatase inhibitor such as calyculin. 

Although the apparent non-specificity by the phosphorylated S-63 residue 

precluded its usage in determining PKC vs. cGMP mediated activation, this result 

does raise the possibility that PKC-mediated activation of PKG also leads to 

autophosphorylation on this residue and warrants further study. In vitro 

experiments with pure PKG, PKC and cGMP would be a logical next step. 

The antibodies, give the researcher new insights into PKG activation dynamics. 

To investigate the phosphorylation kinetics, a timecourse was run in PKG

overexpressing HEK293T cells. It was found that maximum PKG1 ~ 

autophosphorylation at the 879 residue occurs within 15-30 minutes and returns 

to basal levels after 2 hours (Figure 24). This result along with previous 

phospho-VASP measurements demonstrates that PKG phosphorylation of VASP 

occurs simultaneously with or very soon after PKG autophosphorylation. 
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Additionally, it was shown that PKG autophosphorylation is a transient, but not 

short-lived event. It demonstrates that PKG activation is sustained for hours after 

cGMP stimulation and suggests that activated PKG may have a roles at early 

and later timepoints downstream of a single activating event. 
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Figure 23. Phospho-PKG1f3 Antibody Western Blot Performance. HEK293T cells 

plated on 10 em dishes were transiently transfected with 4 pg HA-tagged PKG1f3 

plasmid DNA using Lipofectamine/Pius. After overnight recovery, samples were 

stimulated with PMA (100nM) or 8-Br-cGMP (100pM) for 45 min. PKG1f3 was 

captured by anti-HA antibody and precipitated on protein G sepharose beads. 

Samples were simultaneously analyzed by Western blot using the novel 

phospho-antibodies (1 :500 dilution). The bottom pane shows total PKG loading 

by probing with the PKG1 common antibody (1:1000). 
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Figure 24. cGMP Stimulation Induces PKG1p Autophosphorylation on S79. 

HEK293Tcel/s were transiently transfected with HA-tagged PKG1P and 

stimulated by 8-Br-cGMP for the times indicated. PKG1p was 

immunoprecipitated and analyzed by Western blot using a PKG1P -S79-P. (A) 

Results adjusted for transfection efficiency (PKG1p -S79-P/ PKG1p) and 

compared to basal. (B) Original blots showing phosphorylated PKG1P and total 

PKG1p. 
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APPENDIX 8: PKG And Cell Adhesion 

Introduction 

lntegrin-mediated cellular adhesion and signaling is widely recognized as a 

therapeutic target in immune-mediated and inflammatory diseases (Wahl eta/., 

1996). Of particular interest is the interaction between leukocytes and the 

endothelium or extracellular matrix. In preclinical models and some clinical trials, 

disruption of leukocyte influx has been shown to mitigate the effects of chronic 

disorders and autoimmune diseases such as ischemia-reperfusion injury, · 

atherosclerosis, asthma, ulcerative colitis, psoriasis, autoimmune 

encephalomyelitis, inflammatory bowel disease or contact hypersensitivity 

(Kaneider eta/., 2006). Nitric oxide signaling has been shown to be important to 

cellular motility and adhesion in a cGMP/PKGNASP dependent mann~r in 

several cell types (Fassler, 1999; Massberg eta/., 1999; Yaroslavskiy eta/., 

2005) and PKG is thought to mitigate integrin-mediated adhesion formation 

through VASP and virrientin in osteoclasts and neutrophils, respectively 

(Lawrence and Pryzwansky, 2001; Yaroslavskiy eta/., 2005). This study sought 

to investigate the role of PKG in macrophage and monocyte adhesion. Three 

cell lines were used: murine macrophage RAW264.7, human monocytic U937, 

and SV40-immortalized human microvascular endothelial cells (HMEC-1). 

Immortalized HMEC-1 retain their primary cell morphology and leukocyte binding 
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characteristics (Ades et a/., 1992) and were used as a model endothelial 

monolayer. Several integrin receptor adhesion activities were modeled in order 

to assess the role of PKG during transendothelial migration by monocytes and 

localization to resident macrophages. 

Results And Discussion 

RAW264.7 are murine macrophage-like cells that readily adhere to tissue culture 

plates, but as shown in this work express little or no PKG. Cells co-transfected 

with ~-galactosidase and PKG1 a or PKG1 ~ expression vectors were allowed to 

adhere to tissue culture plates, and adherent cells were quantitated by ~

galactosidase activity using o-nitrophenyi-D-galactopyranoside (ONPG) as a 

substrate. Experiments were performed in duplicate with two replicates. Known 

quantities of cells were assayed for ~-galactosidase activity and results were 

presented as number of adherent cells. Cells were allowed to adhere for up to 

an hour in the presence or absence of cGMP (Figure 25). The control and PKG 

expressing cells adhered at approximately the same rate. Of the 1x105 cells 

assayed, a maximum -45% adhered by 50 minutes (Figure 25A). Fewer cells 

(30%) adhered in the presence of cGMP (Figure 258), however they adhered at 

a faster rate. In the absense of cGMP, half the adherent cells had attached by 

25 minutes (T112 = 25 min), whereas in the presence of cGMP T112 = 10 min. To 

confirm the expression of PKG, an aliquot of transfected cells was assayed by 

Western blot. Anti-sera that recognizes both splice variants was used and 
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purified PKG1 a and PKG1 p were used as·markers (Figure 25C). These results 

showed that although cGMP increased the rate of RAW264.7 cell adhesion to 

tissue culture plates, this effect was independent of PKG. 

Other leukocyte adhesion systems were examined. PKG-deficient human 

monocytic suspension cell line U937 was similarly assessed for adhesion to 

fibronectin. Adhesion to this extracellular matrix component occurs via integrin 

asP1 on monocytes, macrophages and endothelial cells. The activation of PKG 

was previously shown to inhibit endothelial cell motility on collagen, fibrinogen 

and fibronectin through disruption of focal adhesions and investigations into a5-

integrin mediated motility showed that PKG has a role in osteoclasts (Smolenski 

eta/., 2000; Yaroslavskiy eta/., 2005). To investigate a role for PKG in integrin 

mediated adhesion, transiently transfected U937 co-expressing p-galactosidase 

and PKG1 a or PKG1 p were allowed to adhere under normal tissue culture 

conditions to uncoated and fibronectin-coated tissue culture plates for 5 hours. 

p-galactosidase activity was assessed as before and experiments were 

performed in duplicate with three replicates. Results are presented as% 

maximum adhesion. Adhesion to the uncoated plates was negligible and 5-15x 

greater on fibronectin (Figure 26). Cyclic-GMP increased adhesion to plates, but 

decreased adhesion to fibronectin in the mock-transfected and PKG-expressing 

cells compared to samples without cGMP. Compared to uncoated plates, cells 
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Figure 25. Effects Of PKG On RAW264.7 Adhesion. RAW264.7 were transiently 

co-transfected with cmv-p-galactosidase and PKG expression vectors by 

electroporation and allowed to recover overnight. The next day cells were 

washed, scraped and resuspended in fresh media and 1 x1 rY cells were 

incubated without (A) or (B) with 100 mM 8-Br-cGMP on tissue culture plates for 

the times indicated. Non-adherent cells were washed away and remaining cells 

were assayed for cmv-b-galactosidase activity. (C) Western blot of 5x1 rY cells, 

probed with 1: 1000 anti-PKG sera. 
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Figure 26. Effect Of PKG In U937 Adhesion. U937 were transiently co

transfected by electroporation to express empty or PKG expression vectors and 

cmv.fJ-galactosidase and allowed to rest overnight. The next day they were 

suspended in fresh media and 5x1cf cells/well were incubated on uncoated or 

fibronectin coated 6-well tissue culture plates for 5 hours. Plates were washed of 

excess cells and assayed for p-galactosidase activity. 
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adhered 12-16x greater on fibronectin in the absence of cGMP, but only 4-8x 

greater in the presence of cGMP. However, although cGMP decreased cell 

adhesion to fibronectin by nearly half, PKG expression had no effect. 

196 

The macrophage and monocyte ICAM-1 and iC3b binding integrin, am~2 

(CD11b/CD18, MAC-1 or CR3), in addition to being involved in phagocytosis, is 

also involved in adhesion during transendothelial migration by monocytes 

(Ehlers, 2000). To determine if PKG has a role in monocyte adhesion to an 

activated (pro"inflammatory) endothelial layer, U937 were adhered to a 

canonically TNF-a/IL-1 ~-activated HMEC-1 monolayer. As before, U937 were 

transiently transfected with PKG expression plasmid and allowed to recover 

overnight. HMEC-1 were grown to confluence and incubated overnight with +/

TN F-a and IL-1 ~in low serum media. The following day, U937 were allowed to 

adhere to the monolayers in fresh full serum media in a tissue culture incubator. 

Since appreciable adhesion was not seen within 8 hours, co-incubation was 

continued overnight. The next morning the plates were washed of excess U937 

and assayed for ~-galactosidase activity. Duplicate 5x105 U937 samples were 

incubated in HMEC-1 free wells under the same experimental conditions and 

were spun down, assayed and used to calculate ~-galactosidase activity/cell. 

Results are presented as number adherent U937. Fewer than 16% of the 106 

seeded U937 adhered to the HMEC-1 monolayer after 24 hours, although more 

control and PKG1 a expressing cells adhered to the monolayers than those 
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expressing PKG1 ~ (Figure 27). The lack of adhesion within a reasonable time 

period suggests that this system is not valid and was not pursued further. 

In these studies, an effect of PKG on adhesion of leukocytes was not seen and 

suggests that these cells are different than primary neutrophils and endothelial 

cells. However,. the results do support the phagocytosis data in which PKG did 

not seem to affect adhesion of particles to the macrophages, but instead seemed 

to be more involved in uptake. Although cGMP does affect adhesion of 

RAW264.7 and U937 and warrants further study, this effect is not due to PKG 

and was not pursued further here. 
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Figure 27. U937 Adhesion To Activated Endothelium. An HMEC-1 monolayer 

was grown in 6-well plates and activated overnight in 50ng!ml TN F-a and 2ng!ml 

/L-1 in 1m/ Optimem I. The monolayer was washed and incubated with 5x10S 

U937 that had been transfected by electroporation the day before (5 Jig pcDNA3, 

PKG1a or PKG1fJ and 10 Jlg cmv-fJ-galactosidase in 107 cells). Cells were 

incubated in 2 ml full serum media overnight. Plates were washed of excess 

cells and assayed for fJ-galactosidase activity. 
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APPENDIX C: PKG And Endothelial Permeability 

Introduction 

The endothelial barrier is a cellular monolayer between vessels and the tissues 

and is an important component of the vascular system. Functioning properly, it 

prevents blood constituents from leaking into the tissues but allows leukocytes to 

transiently regulate barrier integrity during extravasation into inflamed tissues. 

However, pathological conditions such as atherosclerosis, respiratory distress 

syndrome, reperfusion injury, sepsis and asthma, which are associated with 

excessive inflammation, can result in barrier breakdown (Dudek and Garcia, 

2001; Lee and Gotlieb, 2003). Vascular permeability is thought to be regulated by 

alterations in endothelial adhesion and cytciskeletal organization that result in 

shape change and formation of intercellular gaps (Lee and Gotlieb, 2003). This 

process often involves activation of actomyosin motors which generate 

contractile forces that produce tension against cell junctions to form gaps 

between their intercellular adhesions. A current model suggests that stress fibers 

are formed by remodeling of the cortical actin ring into actin filaments that radiate 

inward and interact with a novel myosin light chain (MLC) (Dudek and Garcia, 

2001 ). As in muscle cells, actomyosin interactions and subsequent contraction 

are initiated by phosphorylation of MLCs by myosin light chain kinase (MLCK). 
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Phosphorylated myosin heads bind the actin filaments and force is generated by 

a conformational change in the heads as ATP is hydrolyzed and released by 

MLC (Dudek and Garcia, 2001 ). 

The contractile machinery of an endothelial cell (EC) can be activated in 

response to stimulation by many agonists, including thrombin, TN F-a, LPS, 

histamine, hydrogen peroxide, and phorbol esters, as well as by mechanical 

stretch (van Nieuw Amerongen eta/., 1998; Chiba eta/., 2001; Dudek and 

Garcia, 2001; van Nieuw Amerongen and van Hinsbergh, 2001 ). Although these 

stimuli often regulate myosin phosphorylation and/or actin filament formation, the 

molecular events mediating this process remain unclear (Zhao and Davis, 2000; 

Dudek and Garcia, 2001 ). Several studies have demonstrated that myosin 

phosphorylation is increased by CamK activation in response to increased 

intracellular calcium (Garcia eta/., 1995; van Nieuw Amerongen eta/., 1998; 

Pfitzer, 2001). There are also calcium-independent pathways that lead to 

increased myosin phosphorylation that employ small GTPases (Ridley and Hall, 

1992; Amano eta/., 1996; Chrzanowska-Wodnicka and Burridge, 1996; Amano 

eta/., 1997; Machesky and Hall, 1997; Dudek and Garcia, 2001; van Nieuw 

Amerongen and van Hinsbergh, 2001; van Hinsbergh and van Nieuw 

Amerongen, 2002; Lee and Gotlieb, 2003). RhoA both activates MLCK and 

inhibits MLC phosphatase (PP1), whereas Rac1 activates Pak, which can directly 

phosphorylate MLC. The regulation of actin polymerization is complex ar)d 
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several mechanisms have been proposed. There is evidence RhoA and 

downstream Rho kinase maintain filaments by inhibiting cofilin, an actin 

depolymerizer (Dudek and Garcia, 2001 ). Protein kinase C (PKC) is also thought 

to enhance actin filament formation, and although the mechanism is not known, 

caldesmon has been implicated as important (Ridley and Hall, 1992; Tapon and 

Hall, 1997; Dudek and Garcia, 2001; van Nieuw Amerongen and van Hinsbergh, 

2001). Actin polymerization can also be facilitated by VASP, which is known to 

bind F-actin and localizes to stress-fibers and focal adhesions in many cell-types 

including ECs (Walter eta/., 1995; Sporbert eta/., 1999; Smolenski eta/., 2000; 

Reinhard eta/., 2001; Vasioukhin and Fuchs, 2001; Schulz eta/., 2002). 

Recently it has been suggested that VASP has an important role in maintaining 

barrier integrity downstream of protein kinase A (PKA), possibly by regulating 

actin assembly in EC junctional complexes although the mechanism was not 

investigated (Comerford eta/., 2002). VASP is phosphorylated on three residues 

by both PKA and cGMP-dependent protein kinase but with differing affinity 

(Smolenski eta/., 2000; Deguchi eta/., 2002; Schulz eta/., 2002). 

PKG is expressed in endothelial cells from a variety of sources (Draijer eta/., 

1995). PKG can be activated by cGMP resulting from the expression of eNOS or 

by direct phosphorylation by PKC (Hou eta/., 2003), although the latter has not 

been shown in endothelial cells. Since many of the stimuli leading to endothelial 

barrier dysfunction can activate PKC or eNOS (van Nieuw Amerongen eta/., 



203 

2000; Mehta eta/., 2001; Gabazza eta/., 2002; Ming eta/., 2002), it was likely 

that endogenous PKG would be affected in such stimulated ECs. Several 

studies which have examined the effect of either cGMP or nitric oxide on barrier 

function indicated that these agents might have a protective role in maintaining 

endothelial barrier integr.ity (Draijer eta/., 1995; Ming eta/., 2002). However 

these studies did not address the role of PKG, and in some cases it was 

suggested that the effect might be due to activation of PKA. Moreover, in 

contrast to the role suggested for VASP downstream of PKA, a study has shown 

that activation of exogenous PKG leads to break-down of stress fibers and focal 

adhesions in ECs (Smolenski eta/., 2000). Furthermore, PKG has been shown 

to associate with the cytoskeleton in bovine arterial endothelial cells (BAEC) 

(MacMillan-Crow eta/., 1994). Evidence that PKG is a regulator of the Rho 

family of small GTPases lends additional support for a potential importance of 

PKG in barrier regulation. Several studies have shown that PKG can inhibit 

RhoA activation by direct phosphorylation, and that PKG can indirectly activate 

Rac1 in non-endothelial cells (Sauzeau eta/., 2000; Sawada eta/., 2001; Gudi et 

a/., 2002; Hou eta/., 2004). A classic function of PKG in platelets and smooth 

muscle cells is to inhibit IP3 mediated calcium flux, which has strong implications 

for endothelial responsiveness to activating stimuli, but this has not been studied 

in ECs (Komalavilas and Lincoln, 1996). 
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We investigated PKG and endothelial barrier integrity though several studies. 

We demonstrated the localization and effect of PKG during tight junction 

formation and also measured the effect of its activation on endothelial monolayer 

permeability. Additionally we measured its effect on barrier integrity during 

thrombin-induced permeability. 

Results And Discussion 

Primary bovine arterial endothelial cells (BAEC) that had been isolated and twice 

expanded by passage were used as model endothelial cells. PKG has been 

shown to be expressed in the non-cytosolic fraction of freshly isolated BAEC 

(MacMillan-Crow eta/., 1994), however PKG expression can be altered by cell 

culture (Brophy eta/., 2002). Therefore we measured BAEC PKG both directly 

and indirectly by Western blot. BAEC were transiently transfected by 

electroporation to express Flag-tagged VASP with and without PKG and allowed 

to adhere to tissue culture plates overnight. The following day, samples were 

incubated with and without cGMP in fresh media, harvested and lysed for 

Western blot. Blots were probed with anti-sera for Flag (Figure 28, upper panel) 

or PKG (lower panel). PKG expression was determined indirectly by VASP shift 

in the presence of cGMP. Some VASP in BAEC is phosphorylated under basal 

conditions, as shown by the upper band in the control lane (Figure 28), however 

the addition of cGMP did not increase the amount of phosphorylated VASP, 

suggesting the absense of PKG. This was confirmed by our inability to measure 
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Figure 28. Passaged BAEC PKG Expression. Passage 4 BAEC were co

transfected with Flag-VASP +1- PKG, stimulated with 100pM 8-Br-cGMP (15 min) 

and analyzed by Western blot for VASP. Lower panel: Blots probed with anti

PKG antibody. 
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PKG by Western blot. However, VASP was phosphorylated in vivo when PKG 

was exogenously expressed. 

To determine whether PKG has a role in tight junction formation, its presence at 

cell-cell adhesions was investigated. In order to study PKG localization, passage 

3-12 BAEC were transiently transfected with a truncated PKG fusion construct 

(G1DR-GFP) that contains the binding domain fused to GFP (Browning eta/., 

2001). Since this construct was fluorescent and had no catalytic capability, it 

allowed the overexpression of PKG without introducing artifacts that could result 

from expressing full length PKG followed by fixation and immunostaining. G1DR

GFP co-localized with the cytoskeleton and on the edges of membrane ruffles at 

low cell density (Figure 29A, B). As shown by immuno-staining with rhodamine 

conjugated antibody, ve-cadherin is recruited during tight junction formation but 

G1DR -GFP does not localize to the cell margins until after tight junctions have 

formed (Figure 29C, D). This result suggests that PKG is not involved in 

cytoskeletal remodeling during monolayer formation, but it may have a role in 

maintaining barrier integrity. 
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Figure 29. PKG Localization At Tight Junctions. BAEC transfected with G1DR

GFP at low density (A), medium density (B), high density (C, D) and stained with 

VE-cadherin antiserum and rhodamine secondary antibody. Arrows indicate 

regions at adherens junctions that show co-localization (yellow) of G1o.R-GFP 

(green) and cadherin (red). 
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We further investigated BAEG monolayer formation and integrity by real-time 

electric cell-substrate impedance sensing (EGIS) before, during and after cGMP 

and thrombin challenge. PKG and mock-transfected BAEG were seeded on 

EGIS plates and allowed to form monolayers overnight. PKG expressing cells 

formed a tighter monolayer than mock-transfected cells (Figure 30A). 

Additionally, PKG1 a-expressing cells formed a tighter monolayer than PKG1 ~ 

and control cells. To determine if activated PKG has an effect on barrier 

integrity, monolayers were stimulated with cGMP 24 hours after seeding. 

Stimulation with cGMP markedly increased barrier resistance in PKG-expressing 

cells and had a minor effect in control cells (Figure 308). Furthermore, the PKG 

isoforms had different responses. PKG1 a monolayer integrity rose quickly but 

dropped after 90 minutes and returned to pre-treatment levels after an additional 

hour; however PKG1 ~ expressing cells maintained increased barrier resistance 

for over 2 hours. Since increased barrier integrity was seen in PKG-expressing 

monolayers, we wished to investigate a protective role for PKG against thrombin-

induced permeability. Treatment of stable monolayers with thrombin caused 

decreased barrier resistance in all samples, however PKG1 ~-expressing cells 

maintained higher barrier resistance than PKG1a or control monolayers (Figure 

30G). Furthermore, thrombin most greatly affected PKG1 a-expressing 

monolayers. The initial barrier resistance of these monolayers equaled that of 

' 
PKG1 ~-expressing cells, but PKG1 a monolayer barrier integrity after thrombin 

challenge was no different than control. 
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Figure 30. Effects Of PKG Barrier Regulation In BAEC. BAEC were transiently 

transfected with empty vector (green), or low levels (0.5 pg/3x106 cells) PKG1a 

(red) or PKG1{3 (blue) and allowed to grow to confluence as shown by a plateau 

in impedance (A). Cells were stimulated with 50 pM 8-Br-cGMP (B) or 4U/ml 

thrombin (C) as shown by arrows. The effects on barrier regulation by thrombin 

were assessed for an additional6 hour period·(D). The mean of three wells per 

sample (2 wells for control) were plotted as a function of time. 
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Although PKG expression of either isoform confered greater barrier resistance, 

these results showed that only PKG1 ~ may have provided protection against 

thrombin-induced permeability. This preliminary result suggests that PKG has a 

protective role in barrier integrity, and further experiments were needed to 

support this study. However, in late 2005, other researchers submitted similar 

findings before this work could be completed, and therefore this ·study was not 

continued (Moldobaeva eta/., 2006). In their work, PKG1 ~ prevented H20 2 

mediated barrier disruption in pulmonary arterial endothelial cells through a Ca2
• 

-independent mechanism. However, cGMP increased barrier integrity in these 

cells, but this was not mediated by PKG. Similarly, we found that PKG1 ~ 

expressing BAEC were more resistant to thrombin-induced permeability and that 

cGMP caused an increase in barrier resistance in mock- and PKG-transfected 

cells. Furthermore, others report that cGMP did not significantly affect thrombin 

induced barrier permeability in pulmonary microvascular endothelium {Klinger et 

a/., 2006). The importance of PKG expression and activation is becoming more 

increasingly noted in several disease processes. Much evidence has suggested 

that PKG may have roles in barrier regulation, and this work demonstrates that 

PKG enhances tight monolayer formation and supports barrier integrity. 



APPENDIX D: Neutrophil Recruitment 

Introduction 

Since neutrophil chemotractant Cxcl2 was found to be regulated by PKG in this 

study, we wished to determine whether PKG plays a role in neutrophil 

recruitment by macrophages. Additionally, many of the techniques in this work 

have taken a reductionist approach to understanding the role of PKG in early 

inflammatory responses. Therefore to set the stage for future in vivo work, we 

investigated the role of PKG in LPS-induced neutrophil recruitment by peritoneal 

macrophages in vivo. 

Results And Discussion 

We developed and measured neutrophil influx in a whole animal peritonitis model 

as similarly performed by others (lyoda and Kobayashi, 2004; Mullaly and Kubes, 

2006). C57/BL6 mice were injected peritoneally +1- LPS and cGMP in PBS and 

returned to their cages 5 hours. After sacrificing the animals, peritoneal efflux 

was collected by lavage with PBS, cells were stained using a rhodamine

conjugated antibody and analyzed by flow cytometry. The antibody preferentially 

recognizes neutrophils but also weakly detects macrophages. By this method 

were were able to measure the influx of neutrophils and macrophages by 
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fluorescent intensity. Data were presented as histograms (events/fluorescent 

intensity) and graphically as% neutrophils (of neutrophils + macrophages). 

lntraperitoneally injected LPS caused an influx of neutrophils that was > 6-fold 

over basal (Figure 31A). Furthermore, neutrophils were nearly as numerous as 

macrophages after LPS challenge (Figure 31 B). Cell permeable cGMP reduced 

the influx of neutrophils to below basal conditions. Results presented in this work 

showed that cGMP/LPS increased Cxcl2 expression, however increased 

neutrophil influx was not seen in vivo. This result outlines the complexity of 

whole animal work. In this peritonitis animal model, macrophage gene 

expression is likely not the only process affected by cGMP. cGMP can also 

affect other processes that influence neutrophil influx such as endothelial 

permeability, vascular pressure, and neutrophil adhesion to the endothelium 

(Kosonen eta/., 1999; Tang et at., 2003; Moldobaeva eta/., 2006). However, 

this result demonstrates that we can measure neutrophil influx by this method 

and provides a base for further investigations. 
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Figure 31. LPS-mediated Neutrophil Recruitment. Mice were intraperitoneally 

injected with 0.5 cc PBS with LPS (1 pglmi/P) or 8-Br-cGMP (1 00 pM IP). ·.After 

5 hours, peritoneal exudate was collected and cells were stained with a 

rhodamine conjugated antibody specific for a neutrophil surface protein. (A) 

Results shown as % neutrophils. Data were analyzed by T-test (P < 0.05} and 

significant resultsare marked with asterisks. (B) Both macrophage and (under 

bars) neutrophil populations, displayed as events per (log) fluorescent intensity. 

Results are from two separate experiments. 
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APPENDIX E: Abbreviations 

AP-1 

ARE 

BAEC 

cAMP 

CFTR 

cGMP 

cox 

CR3 

Cxcl 

ECM 

EDRF 

ERK 

F-actin 

FeR 

GEF 

GMP 

GTP 

GTPase 

Activating protein 1 

AU-rich element 

Bovine arterial endothelial cells 

Cyclic adenosine monophosphate 

Cystic fibrosis transmembrane conductance regulator 

Cyclic guanosine monophosphate 

Cyclooxygenase 

Compliment receptor 3 

Ligand with C-X-C motif 

Extracellular matrix 

Endothelium-derived relaxing factor 

Extracellular signal regulated kinase 

Filamentous actin 

Fe receptor 

Guanine nucleotide exchange factor 

Guanosine monophosphate 

Guanosine triphosphate 

Guanosine triphosphatase 
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!CAM Intercellular adhesion molecule 

IFN Interferon 

lg Immunoglobulin 

JL Jnterleukin 

IRF3 JFN regulatory factor-3 

IT AM lmmunoreceptor tyrosine-base activation motif 

JNK c-Jun N-terminal kinase 

LIMP Lysosomal integral membrane protein 

LPS Lipopolysaccharide 

MAPK Mitogen activated protein kinase 

MIP Macrophage infectivity potentiator 

MLCK Myosin light chain kinase 

MyD88 Myeloid differentiation factor 88 

NF-08 Nuclear transcription factor kappa 8 

NO Nitric oxide 

NOS Nitric oxide synthase 

NSAID Non-steroidal anti-inflammatory drug 

PAF Platelet activating factor 

Pak1 p21-activated kinase 1 

POE Phosphodiesterase 

PI3K Phosphatidylinostitol-3 kinase 

PIP3 Phosphatidylinositol 3,4,5-trisphosphate 



PIP5K 

PKA 

PKC 

PKG 

PM 

PSR 

ROK 

RT-PCR 

sGC 

SH2 

SLAP 

SLP-76 

TLR 

TNF 

TRF3 

VASP 

VSMC 

WASP 

Phosphatidylinositol 4-phosphate 5-kinase 

cAMP dependent protein kinase or Protein kinase A 

Calcium dependent protein kinase or Protein kinase C 

cGMP-dependent rotein kinase or Protein kinase G 

Peritoneal macrophage 

Phosphatidylserine receptor 

Rho kinase 

Reverse transcriptase polymerase chain reaction 

Soluble guanylate cyclase 

Src homology 2 

Src-like adaptor protein (or SLP-76associated protein) 

also called Fyn-binding protein (Fyb) 

Src-like protein 76 

Toll-like receptor 

Tumor necrosis factor 
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Toii/IL-1 R domain-containing adaptor-inducing IFN-beta 

Vasodilator-stimulated phosphoprotein 

Vascular smooth muscle cell 

Wiskott-Aidrich syndrome protein 




