
ABSTRACT 

CHILCOAT, CLAYTON DOUGLAS. Protein Kinase A Regulates β2 Integrin Avidity 
Activation and Subsequent Neutrophil Activation via Modulation of Myosin Light Chain 
Kinase. (Under the direction of Wayne A. Tompkins and Samuel L. Jones) 
 
β2 integrins are adhesion molecules on the surface of neutrophils.  Avidity activation of 

β2 integrins includes transportation of pre-formed integrins to the cell surface and a 

conformational change in the integrin to a high-binding state.  Upon binding ligand, β2 

integrins initiate a signaling cascade that results in activation of the neutrophil to a pro-

inflammatory state, and the inhibition of this signal can prevent further activation of the 

neutrophil.  cAMP and it effector protein kinase A (PKA) exert a generally inhibitory 

effect upon neutrophil activation.  PKA has been shown to inactivate myosin light chain 

kinase (MLCK).  Myosin light chain (MLC) phosphorylation is crucial for actin-myosin 

complex formation, which is required for stability and contraction of the actin 

cytoskeleton in neutrophils as well as β2 integrin-dependent adhesion. We hypothesize 

that the inhibitory effect of PKA upon neutrophils is due to inhibition of β2 integrin 

avidity activation resulting in the subsequent inhibition of neutrophil activation.  

Furthermore we hypothesize that the effect of PKA upon β2 integrin avidity activation is 

mediated through PKA’s effect upon MLCK. We demonstrate that inhibition of PKA 

induces β2 integrin-dependent adhesion and that augmentation of cAMP prevented β2 

integrin-dependent adhesion and subsequent respiratory burst activity.   Further, we 

demonstrate via flow cytometric detection of antibodies directed against β2 integrins that 

pharmacologic inhibition of PKA activity results in overall increased β2 integrin 

expression on the neutrophil surface, as well as increased expression of the activated 

form of the integrin.  This upregulation and activation of β2 integrins due to inhibition of 

PKA is abolished by pharmacologic MLCK inhibition.  Inhibition of MLCK also blocked 

β2 integrin-dependent neutrophil adhesion achieved by inhibition of PKA, as well as 

neutrophil migration along towards a PKA inhibitor. These findings demonstrate that 

PKA regulation of β2 integrin affinity activation and subsequent neutrophil activation is 

via an MLCK-dependent pathway. 
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INTRODUCTION 

 

     The innate immune system plays a crucial role in the defense of the host against 

infectious agents.  The primary cell type of the innate immune system is the neutrophil or 

“polymorphonuclear cell” (PMN), which circulate through the bloodstream in a 

quiescent, monitoring state.  When the PMN detects a pro-inflammatory signal, it leaves 

the circulation and begins its journey to the site of inflammation within the tissue.  When 

the PMN arrives at the site of inflammation it becomes activated to an aggressive, pro-

inflammatory phenotype.  In this state, the activated PMN can engulf invading organisms 

via phagocytosis and can release toxic substances such as proteases and reactive oxygen 

species to destroy the pathogens still free in the affected tissue.  Given the destructive 

potential of PMN, strict regulation of the activation of these cells is required to prevent 

unnecessary tissue destruction as well as a means to resolve inflammation once the 

pathogenic threat has been eliminated.  One form of regulation acts through the adhesion 

molecules known as integrins. 

     Integrins are heterodimeric glycoprotein cell surface adhesion molecules found on a 

myriad of cell types and they play a key role in the attachment of the cell to other cells 

and to the extracellular matrix.  The most common integrins on the surface of PMN 

belong to the β2 class of integrins, and they exist in either a state of low or high affinity 

for ligand.  While the PMN is in its quiescent state in the circulation, the β2 integrins are 

in the low affinity state.  If the PMN encounters a pro-inflammatory signal, the β2 

integrins will cluster upon the cell surface and become activated to a high affinity state 

which allows subsequent binding to their specific ligands.  This up-regulation of integrins 
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is referred to as “avidity activation”.  This avidity activation provides a greatly increased 

integrin-ligand interaction which is crucial for the extravasation and migration of PMN to 

the inflamed tissue.  The intracellular biochemical signals which result from the reception 

of the pro-inflammatory mediators and lead to avidity activation are called “inside-out 

signals”. 

     β2 integrins mediate activation of PMN to their terminal, pro-inflammatory state.  

When β2 integrins bind ligand, conformational changes within the integrin result in the 

generation of a signaling cascade, and this “outside-in signal” leads to the transformation 

of resting PMN to a more aggressive phenotype.  The critical role of the integrin upon the 

regulation of PMN can be seen in clinical patients afflicted with leukocyte adhesion 

molecule deficiency (LAD).  This genetic condition results in a lack of β2 integrins 

which prevents the activation of PMN, and therefore these individuals cannot mount an 

appropriate innate immune response.  β2 integrins have been demonstrated to be key 

regulators of PMN activation, however the mechanisms regulating integrin activation are 

still not completely known. 

     Cyclic AMP (cAMP) is a common “second messenger” molecule that has been shown 

to have an overall anti-inflammatory affect in PMN, including suppression of adhesion, 

phagocytosis and respiratory burst secondary to several different pro-inflammatory 

activators of PMN.  A common effector of cAMP is protein kinase A (cAMP-dependent 

protein kinase, PKA).  Like cAMP, PKA is known to prevent the inflammatory activity 

of PMN.  The significant effects of β2 integrins, cAMP and PKA on the regulation of 

PMN activation raises the following question, are these various molecules working in 

concert in the PMN?  The link between cAMP and PKA is well established; however 
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cAMP can act independently of PKA through modulation of intracellular calcium and the 

Epac class of signaling molecules.  A possible connection between cAMP/PKA and the 

integrins exist within the actin cytoskeleton.  The actin cytoskeleton plays a pivotal role 

in the clustering and anchoring of integrins which are required for adhesion and the 

generation of outside-in signals.  The contraction of the cytoskeleton also generates the 

motility of the PMN as it migrates out of the vasculature and through the tissue.  

Disruption of the actin cytoskeleton has been shown to prevent integrin-mediated 

adhesion.  cAMP can block polymerization of the actin cytoskeleton through 

upregulation of PKA activity.  PKA can phosphorylate, and thereby inactivate, myosin 

light chain kinase (MLCK); an enzyme required for the phosphorylation of myosin light 

chain (MLC).  Phosphorylation of MLC is required for the formation of the actin-myosin 

complex which leads to cytoskeletal stability.  Given this information, I have 

hypothesized that PKA inhibits β2 integrin affinity and avidity, and subsequent PMN 

activation, via inhibition of MLC phosphorylation by MLCK (see figure 1).  In this 

dissertation, I have set out to prove this hypothesis through the following specific aims: 

 

Specific Aim 1. Determine if PKA regulates β2 integrin avidity activation. 

Specific Aim 2. Determine if PKA regulates β2 integrin-dependent PMN adhesion, 

migration and respiratory burst activity. 

Specific Aim 3. Determine if MLC phosphorylation via MLCK is required for PKA 

regulation of β2 integrin avidity activation and subsequent β2 integrin-dependent PMN 

adhesion and migration. 
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Figure 1 
Schematic Representation of Hypothesis 
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Regulation of the Inflammatory Response of Neutrophils: 

The Role of β2 Integrin Activation 
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     The tissues of the body sustain damage from sterile trauma and invasion of foreign 

organisms on a continual basis.  The disruption of the offended tissue from these insults 

can range from undetectable to complete loss of tissue function, resulting in the 

incapacitation or death of the affected individual.  To halt ongoing damage to the affected 

tissue and to prevent the spread of infectious organisms to unaffected tissues, the body 

has developed a system to address this pathology, namely the immune system.  While the 

adaptive immune system is generally the focus of most classical immunologists, it is the 

innate immune system which first responds to the initial pathology generated in the 

affected tissues.  In fact it is the response of the innate immune system, through its 

antigen presentation and initiation of biochemical signals, which leads to an adaptive 

immune response.  The innate immune system deals with insult to tissues by several 

mechanisms, including phagocytosis of foreign material, the release of toxic substances 

to kill invading organisms and the generation of biochemical signals to both alter the 

local environment by recruiting and activating various types of cells to aid in the 

response.  The innate immune response can also lead to regional and global alterations 

within the body, such as changes in regional blood flow, metabolism and body 

temperature to assist in the defeat of invading pathogens.  These affects of the innate 

immune system are referred to as inflammation.  While appropriate inflammation is 

critical for the body’s survival in the face of injury and infection, it is intuitive that the 

inflammatory response must be tightly controlled to prevent inappropriate inflammation 

in the absence or after the resolution of an insult to the tissues.  In many disease processes 

it is the inflammatory response itself and not the initial insult that results in the generation 

of tissue damage and clinical disease. 



7 

Initial activation of neutrophils in circulation: 

     The recruitment of leukocytes, the primary effector cells of inflammation, from the 

blood stream is one of the earliest steps in the inflammatory response and has been 

determined to be one of the initial sites of regulation of inflammation. Neutrophils or 

“polymorphonuclear leukocytes” (PMN), the predominant effector cell of the innate 

immune system, leave circulation and migrate to the site of infection or injury in the 

peripheral tissues. PMN in the vasculature respond to biochemical signals generated in 

the insulted tissue by actively penetrating the vascular wall and proceeding into the 

extravascular space. This activation can occur in response to several different types of 

molecules, including chemokines which signal through the G-protein coupled receptors 

as well as the ‘classical chemoattractants”, which include complement factor 5a, 

leukotriene B4 (LTB4), platelet-activating factor (PAF) and tumor necrosis factor-α 

(TNFα) (Rollins 1997, Baggiolini 2001, Bokoch 1995, Sanchez-Madrid and del Pozo 

1999).  PMN can also be activated to undergo extravasation by microbial products such 

as formylated peptides and antigen-antibody complexes.  When PMN reach the affected 

tissue, they undergo further activation which leads to the phagocytosis and destruction of 

invading pathogens and damaged tissue. The extracellular destructive capabilities of 

PMN are propagated through the release of proteolytic proteins and the generation of 

reactive oxygen species, which occurs in the terminally activated PMN.  These 

inflammatory chemicals generated by the PMN are toxic not only to the invading 

organisms but also cause damage to host tissues. 

     PMN are generated in the bone marrow and upon maturation move into the 

vasculature where they travel through the bloodstream in a quiescent, monitoring state. 
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As PMN enter the vasculature of insulted tissue, they encounter activating signals which 

leads to adherence to the vascular endothelium.  This interaction between PMN and the 

vascular endothelium is mediated through a series of interactions between cell surface 

adhesion molecules on both the PMN and the vascular wall (Carlos and Harlan 1994).  

The initial arrest of PMN in the circulation is caused by low-affinity interactions with the 

endothelium which causes rolling of the PMN along the endothelium. This initial loose 

interaction is mediated by the selectin family of adhesion molecules (Lawrence and 

Springer 1991, Ley and Tedder 1995). The selectins are characterized by their ability to 

bind carbohydrate moieties on the surface of other cells and include L-selectin (CD62L) 

which is constitutively expressed on leukocytes, and P-selectin (CD62P) and E-selectin 

(CD62E) which reside on the endothelium (Vestweber and Blanks 1999).  Expression of 

the selectins upon the surface of the vascular endothelium is upregulated in response to 

pro-inflammatory mediators such as histamine, thrombin and other cytokines (Ley et al 

1995, Jung and Ley 1999).  This capture of the PMN by the vascular endothelium of 

inflamed tissue allows retardation of the PMN’s progress through the circulation, which 

in turn improves the ability of the PMN to detect pro-inflammatory signals and become 

activated to undergo a more substantial adhesion and subsequent evacuation of the 

vasculature (Lindbom et al 1992).  This firm adhesion and the subsequent migration to 

the site of insult are mediated by a group of cellular adhesion molecules known as 

integrins. 

Integrins and avidity activation: 

     Integrins bind to several different ligands to assist the PMN in its inflammatory 

response, and the ability of the integrins to bind to ligand is regulated to prevent 
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inappropriate adhesion.  Not only is the ability of integrins to bind ligand under cellular 

regulation, but the act of integrin binding to ligand generates intracellular signals within 

the PMN which lead to further activation of the PMN to a pro-inflammatory state. 

Genetic abnormalities that cause loss of integrin binding function, referred to as 

leukocyte adhesion deficiency, result in an abnormal accumulation of PMN in circulation 

and the inability to mount an affective inflammatory response in insulted tissue. 

     Integrins are heterodimeric glycoprotein adhesion molecules comprised of α and β 

subunits. Integrins have the ability to regulate the level of affinity for their ligands 

through a process known as “inside–out signaling”.  This “inside-out” signal is mediated 

by the intracellular signals generated by other cell surface or intracellular receptors upon 

binding of their appropriate ligands.  These signals act upon the cytoplasmic domains of 

the integrin and alter the integrins affinity for ligand. Integrins can also generate 

intracellular signals; upon binding ligand, the integrin undergoes a conformational 

change that results in the generation of an intracellular signal.  This integrin-generated 

signal is referred to as an ‘outside–in signal” (Carman and Springer 2003, Ley 2002, 

Travis et al 2003).  Integrins are commonly classified by their β subunit; β2 integrins are 

the most common class on PMN.  The most prevalent integrin on PMN is αMβ2 

(CD11b/CD18, Mac-1, CR3), while the most prevalent integrin on lymphocytes, not to 

mention the best characterized, is αLβ2 (CD11a/CD18, LFA-1).  αMβ2 has several 

ligands, including complement, LPS and the membrane protein ICAM-1.  When a PMN 

traveling through the circulation receives a pro-inflammatory signal, such as endogenous 

mediators (TNF-α, IL-8, immune complexes, etc.) or microbial products (LPS, fMLP, 

etc.), its integrins will undergo a transformation that will improve their ability to bind 
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ligand.  The PMN may then adhere to the vessel wall and proceed to emigrate out of the 

circulation.  Thus regulation of the integrins results in regulation of the PMN. 

     Migrating leukocytes undergo a myriad of adhesive events, some characterized by a 

tight adherence to substrate and others by a loose tethering.  This variability in intensity 

of the cell’s interaction with its environment is crucial for proper function; the PMN 

needs to be slowed in circulation by a loose tethering to decrease transit time through 

possibly inflamed vasculature, while a strong adhesion is required to cause arrest of the 

PMN to allow extravasation.  “Avidity” is the term used to describe the strength of an 

adhesive event between a cell and its substrate.  Intuitively, since the cellular adhesion is 

due to multiple adhesion molecules with varying ligand binding strengths, avidity is a 

function of both the affinity of each individual adhesion molecule for its ligand and the 

total number of bonds between cellular adhesion molecules and ligands, referred to as 

“valency” (Shimaoka et al 2002).  Because the surface of the PMN is not homogeneous, 

but is in fact characterized by the grouping of cell surface molecules (including adhesion 

molecules), and because only a portion of the PMN can interact with the substrate due to 

simple geographic constraints, the valency of an adhesive event is a function of the 

juxtaposition of the cell and the substrate, the total number of adhesion molecules and 

ligands available and the mobility of adhesion molecules to the site of adhesion.  Many 

researchers have historically believed that alteration of integrin affinity for substrate has 

had little to no role in the modulation of cellular avidity, suggesting that cellular avidity is 

regulated predominately through the cell’s valency, especially through the clustering of 

adhesion molecules at the site of binding to substrate. To support this hypothesis, data has 

been presented suggesting that upregulation of integrin affinity is not required to generate 
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integrin-mediated cellular adhesion (Bazzoni and Hemler 1998).  Current dogma in the 

cellular biology community holds that while regulation of integrin-mediated adhesion is 

surely affected by alterations of integrin valency, there is also a crucial role for 

modulation of integrin affinity in avidity regulation (Shimaoka et al 2002).  To support 

this, the three-dimensional structure of both free and ligand-bound integrins has been 

determined, and it has been shown that integrins can undergo changes in conformation 

which result in significant modulation of integrin affinity for substrate (Carman and 

Springer 2003). 

     As previously stated, integrins are adhesion molecules that play critical roles in 

several steps in the transition from the quiescent PMN circulating through the vasculature 

to the terminally activated, pro-inflammatory PMN at the site of insulted tissue.  To date, 

25 different integrin heterodimers have been detected in vertebrates created by the 

combination of one of 19 different α-subunits with one of 8 different β-subunits 

(Humphries 2000, Hynes 1992, Shimaoka et al 2002).  The diversity generated by the 

different combinations of integrin subunits results in adhesion molecules that have 

various affinities for different ligands, allowing for differentiation of cellular adhesion to 

a substrate based upon the integrins presented on the cell’s surface to the extracellular 

environment.  The integrin heterodimers also differ in their response to inside-out signals, 

their ability to generate outside-in signals and the type of signals generated, and their 

attachment to the cytoskeleton, creating further diversity which allows for different 

cellular responses to integrin-ligand interactions.  The α and β subunits are both classified 

as type I transmembrane glycoprotiens, and the α subunit is comprised by a minimum of 

940 amino acids while the β subunit contains at least 640 amino acids (Shimaoka et al 
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2002).  Examination of the extracellular portions of integrins via electron microscopy 

reveals that the integrin heterodimer binds its respective ligand through a globular 

headpiece, and this headpiece is situated at the end of two long stalks which attach the 

ligand binding site to the transmembrane portion of the molecule (Du et al 1993, Takagi 

et al 2001, Weisel et al 1992).  Structural analysis of integrins in both low and high 

affinity states has shown that conformational changes occur between these two states 

(Xiong et al 2001, Beglova et al 2002).  While the integrin is in a low affinity state, the 

extracellular stalks are folded in a manner that protects the ligand binding site from the 

environment.  Upon activation of the integrin, the stalks unfold into a straightened 

conformation which presents the ligand binding site to the environment.  Along with this 

presentation of the ligand binding site, conformational changes occur within the integrin 

headpiece resulting in increased affinity for ligand (Beglova et al 2002, Shimaoka et al 

2002). 

The α subunit: 

     The integrin α subunit is a transmembrane protein with an intracytoplasmic C 

terminus and an extracellular N terminus.  All α subunit integrin molecules include a β-

propeller domain and a stalk region in their extracellular portion, and about half of the α 

subunits identified thus far contain a region referred to as the I domain.  The I domain 

consists of appoximately 200 amino acids and it is the I domain that contains the ligand 

binding site for α subunits that contain this domain; α subunits that lack the I domain 

have their ligand binding site in their β-propeller domain (Diamond et al 1993, 

Michishita et al 1993, Humphries 2000).  Many integrins are dependent upon divalent 

cations to bind ligand affectively, and the I domain contains a divalent cation binding site 
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referred to as the metal ion-dependent adhesion site (MIDAS), and the MIDAS interacts 

with these cations to generate binding of integrins to negatively charged amino acids in 

ligands(Shimaoka et al 2002).  The I domain has also been shown to contain a region 

which binds dinucleotides, similar to the dinucleotide-binding regions of both small G 

proteins and the trimeric G protein α subunit (Lee et al 1995). 

     The β-propeller domain includes the N terminus of the α subunit and modeling of this 

region suggests a seven-bladed β propeller structure, where each of the seven sub-regions 

contains approximately 60 amino acids in β sheets (Springer 1997).  The I domain, in the 

α subunits that posess an I domain, resides between the proposed β sheets 2 and 3 of the 

β-propeller (Springer 1997).  As previously mentioned, the β-propeller domain contains 

the ligand binding site for the α subunits lacking an I domain.  The ligand-binding role of 

the β-propeller in I domain-containing α subunits is variable; both αM and αL contain I 

domains, and the β-propeller is involved in ligand binding in αM (Yalamanchili et al 

2000) while the β-propeller is not involved in αL ligand binding (Shimaoka et al 2001, 

Lu et al 2001).  This β-propeller model proposed by Springer has been confirmed by both 

epitope mapping (Oxvig and Springer 1998) and crystal structure analysis of the integrin 

αVβ3 (Xiong et al 2001).  To address the role of the β-propeller in ligand binding, 

mutagenesis studies were performed which demonstrated that the ligand-binding 

capability of the β-propeller is focused in a region loceated on the top and side of the 

structure (Kamata et al 2001). 

     The majority of the extracellular portion of the integrin α subunit consists of the stalk 

region which is C terminal to the β-propeller domain.  This domain spans from the 

globular head of the α subunit to the transmembrane portion, and consists of three 
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domains of two-layered β sandwiches (Xiong et al 2001, Lu et al 1998).  Both the α and 

β subunits (except β4) contain only minimal intracytoplasmic domains, which results in 

the need for adaptor proteins for interaction and anchoring to the cytoskeleton (de Pereda 

et al 1999). 

The β subunit: 

     As with the α subunit, the integrin β subunit is comprised of three distinct extracellular 

domains with an extracellular N terminus and a cytoplasmic C terminus.  Starting at the 

N terminus, the first domain shares sequence homology with both plexins and 

semaphorins, and thus has been named the plexins, semaphorins and integrins (PSI) 

domain (Bork et al 1999).  The PSI domain is of particular interest because it is cysteine 

rich and can interact via a disulfide bond with the cysteine rich stalk at the C terminal 

portion of the extracellular domain (Calvete et al 1991).  This disulfide bond forces the 

integrin into a conformation which maintains the integrin in a low affinity state, 

demonstrating a regulatory role for the PSI domain (Zang and Springer 2001). 

     Immediately C terminal to the PSI domain is a region which exhibits some homology 

in both sequence and structure to the I domain of the α subunit and is known as the I-like 

domain (Lee et al 1995, Ponting et al 2000).  Ligand binding at the I-like domain has 

been demonstrated in integrins lacking an I domain in the α subunit, and the I-like 

domain may play a role in regulation of ligand binding in integrins containing an I 

domain (Shimaoka et al 2002).  The I-like domain has been shown to interact with the β-

propeller of the α subunit (Huang et al 1997, Huang and Springer 1997, Puzon-

McLaughlin et al 2000, Zang et al 2000).  This interaction between the subunits is crucial 

for integrin function; point mutations within the I-like domain have been detected 
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resulting in the loss of integrin binding ability which in turn results in leukocyte adhesion 

deficiency syndromes (Bilsland and Springer 1994). 

     Like the integrin α subunit, the β subunit also has a stalk region at the C terminal end 

of the extracellular domain.  As previously mentioned, the β subunit stalk is cysteine rich 

and forms a disulfide bond with the PSI domain to maintain the integrin in a low affinity 

state (Shimaoka et al 2002).  There is strong evidence that the β subunit stalk region 

plays a role in modulating integrin affinity since many of the integrin-activating 

antibodies, as well as many of the antibodies specific for the high affinity state of 

integrins, are directed against epitopes located within the β stalk region (Humphries 2000, 

Lu et al 2001). 

Integrin affinity activation: 

     Modulation of integrin affinity is a major regulator of cellular avidity, and alterations 

in this affinity are controlled by alterations in the conformation of the integrin.  To 

generate an integrin-ligand complex, the ligand binding site of the integrin must be 

available to the ligand.  Integrins are maintained in a low affinity state by protecting the 

binding site from the ligand, and this is created by folding the α and β subunit stalk which 

places the ligand binding headpiece near the cell membrane, thus sterically preventing the 

exposure of the binding site to the ligand (Xiong et al 2001, Lu et al 2001, Beglova et al 

2002, Takagi et al 2002).  Opening of the stalks into an extended conformation not only 

presents the integrin headpiece to ligand for binding, but freeing the integrin also allows 

for further conformational changes that are required for both increasing integrin affinity 

and for the generation of outside-in signals subsequent to integrin ligand interaction 

(Beglova et al 2002, Takagi et al 2002, Takagi et al 2001).  Examination of the closed, 



16 

low affinity conformation has elucidated sites within the integrin which are protected in 

this conformation.  When ectopic glycosylation sites were experimentally introduced into 

these sites in the β subunit, the integrin was no longer able to achieve the folded 

conformation, and these altered integrins expressed constitutive high affinity for ligand, 

confirming the importance of this conformational shift in affinity regulation (Kashiwagi 

et al 1999, Luo et al 2003). 

     While it is intuitive that conversion of the integrin stalks from a folded, closed 

conformation into an open conformation will allow for better presentation of the ligand 

binding site and therefore increased integrin affinity, further comparison of the 

conformational differences between high and low affinity states has demonstrated that 

conformational shifts occur within domains of the subunits which result in increased 

ligand affinity (Takagi et al 2001, Takagi et al 2002, Takagi et al 2003).  Examination of 

the I domain, which is responsible for ligand binding in the α subunit, has shown that this 

domain can exist in two different conformations, called “open” and “closed” (Shimaoka 

et al 2002, Emsley et al 2000, Lee et al 1995, Shimaoka et al 2003).  The open 

conformation of the I domain is created by a downward shift in an α helix and also 

demonstrates coordination of the MIDAS, which is reqiured for binding negatively 

charged residues on the ligand (Emsley et al 2000, Lee et al 1995, Shimaoka et al 2003).  

To confirm the role of these changes in affinity regulation, mutations have been 

introduced into the integrins that hold the I domain in either the open or closed 

conformation.  Integrins with a constitutively open I domain show constitutive high 

integrin affinity, and conversely mutants with constitutively closed I domains have low 

affinity for ligand (Shimaoka et al 2000, Shimaoka et al 2001, Shimaoka et al 2002, 
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Shimaoka et al 2003, Lu et al 2001a, Lu et al 2001b, Xiong et al 2000, Vorup-Jensen et 

al 2003).  Further experiments were performed to lock the affected α helix in an open 

state by the addition of disulfide bonds, and the findings confirmed that the open 

conformation of the I domain is associated with high integrin affinity (Shimaoka et al 

2001, Shimaoka et al 2002, Shimaoka et al 2003, Lu et al 2001a, Lu et al 2001b).  

Because the integrin is both acted upon by inside-out signals and generates outside-in 

signals, it is frequently difficult to assess if the alteration of the integrin conformation is 

due to affinity activation or ligand binding.  Through the use of x-ray crystallography and 

antibodies recognizing the open conformation of the I domain, both in the absence of 

ligand, it has been determined that the open conformation of the I domain can be 

detected, thus demonstrating that this conformational shift is a part of integrin affinity 

activation and not a part of the conformational changes due to ligand binding (Shimaoka 

et al 2003, Oxvig et al 1999, Ma et al 2002). 

     The above demonstrates that alterations in integrin conformation result in upregulation 

of affinity for ligand, and it is believed that these conformational changes are created by 

separation of the α and β subunits.  When in a low affinity state, the proximal portions of 

the integrin stalks and the transmembrane portions of the subunits are in close proximity 

(Xiong et al 2001, Takagi et al 2002, Adair and Yeager 2002).  Experimental mutation of 

the cytoplasmic domains of integrins leads to both separation of the subunits and creation 

of a constitutive high affinity state (Travis et al 2003, Vinogradova et al 2002).  

Conversely, if the dissociation of the subunits is prevented, the integrin is maintained in a 

low affinity state (Travis et al 2003).  The physiological role of this dissociation has been 

shown by demonstrating that G-protein coupled receptor signaling, which results in 
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upregulation of integrin affinity, also leads to separation of the integrin subunits in a 

manner similar to that seen in the mutational analysis studies (Kim et al 2003). 

Integrin clustering: 

     While it is becoming readily apparent that activation of integrins to a high affinity 

state plays a significant role in the upregulation of cellular avidity, the role of integrin 

valency can not be overlooked.  It is well established that integrins can cluster on the cell 

surface resulting in localized areas of adhesion (van Kooyk et al 1994, Hogg et al 2002).  

In fact, treatment of T lymphocytes with either the PKC agonist phorbol myristate acetate 

(PMA) or stimulation through the T cell receptor (TCR) will lead to clustering of 

integrins upon the cell surface but will not activate the integrins to a high affinity state 

(Kucik et al 1996, Stewart et al 1996).  Further examination of this effect showed that 

integrin-dependent adhesion could be stimulated in T cells by PMA or TCR stimulation, 

and these findings lead researchers to the conclusion that affinity activation did not play a 

role in cellular avidity (Stewart et al 1998).  As demonstrated above, it now apparent that 

regulation of both affinity and valency affect integrin avidity.  The clustering of integrins 

required for focal adhesions requires the release of the integrin from its cytoskeletal 

restraint, and this is achieved through the activity of the protease calpain (Stewart et al 

1998, Hogg et al 2002).  Indeed, inhibition of calpain results in the inhibition of integrin 

clustering and the subsequent integrin-mediated adhesion.  Unsurprisingly, many 

different signaling pathways can stimulate integrin clustering including SLAP 130, Rap-1 

and the Rac-1 GEF protein, Vav-1 (Peterson et al 2001, Griffiths et al 2001, Sebzda et al 

2002, Krawczyk et al 2002, Hogg et al 2002). 
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     Lipid rafts in the cell membrane are sites of presentation of many different membrane 

bound proteins, and it appears that integrins utilize lipid rafts as well.  Several integrins 

have been detected within the lipid rafts and it has been demonstrated that activation of 

cells results in translocation and clustering of the integrins in the rafts (Krauss and 

Altevogt 1999, Green et al 1999, Skubitz et al 2000, Claas et al 2001, Leitinger and 

Hogg 2002).  In fact, αLβ2 mediated adhesion in T cells appears to be lipid raft 

dependent (Hogg et al 2002).  The mechanism targeting the integrins to the lipid rafts 

remains unclear.  Many lipid raft-associated proteins are palmitoylated to initiate 

transport to the rafts, but this modification has not been identified in any integrin subunits 

(Cheruki et al 2001).  More likely, given the minimal intracellular domains of both 

subunits, integrins are drawn to the lipid raft through interactions with other proteins.  

Integrin associated protein and members of the transmembrane 4 superfamily, both 

known raft associated proteins, are also known to interact with integrins and may play a 

role in integrin targeting (Green et al 1999, Claas et al 2001, Shibagaki et al 1999, 

Skubitz et al 2000). 

Integrin-generated signals: 

     It is important to remember that integrins not only respond to intracellular signals 

initiated by transmembrane receptors, but they are themselves receptors capable of 

generating signals which propel PMN to a pro-inflammatory phenotype.  To illustrate this 

point, while still able to receive pro-inflammatory signals, β2 integrin deficient PMN are 

unable to generate oxygen radicals (Scharffetter-Kochanek et al 1998).  It has also been 

shown in β2 deficient mice and through the use of blocking antibodies that β2 integrins 

retard PMN rolling along the endothelium of the vasculature in the presence of TNF-α 
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(Kunkel et al 2000, Dunne et al 2002, Jung et al 1998).  Degranulation and respiratory 

burst activity can both be generated in PMN through cross-linking β2 integrins and the 

subsequent signaling through nonreceptor tyrosine kinases (Dib 2000).  The small G 

protein RhoA can also be activated subsequent to integrin ligand binding, which causes 

reorganization of the actin cytoskeleton (Dib et al 2001).  The urokinase receptor CD87 

is known to modulate integrin-ligand interactions, and when CD87 is acting upon β2 

integrins changes in PMN effector functions can be detected (Sitrin et al 1996, Petty et al 

1997).  Ligation of β2 integrins can lead to the upregulation of β1 integrins on the surface 

of PMN; in fact, β2 integrin generated signals are required for the expression of both 

α4β1 and α2β1 on the surface of PMN (Poon et al 2001, Werr et al 2000).  These 

findings are physiologically reasonable since β2 engagement is required for arrest of the 

PMN on the vascular endothelium, while β1 integrins are required for the subsequent 

migration through the tissue.  The signals generated by β2 integrins can also lead to 

apoptosis through activation of either tyrosine kinases and c-Jun N-terminal kinase (JNK) 

(Walzog et al 1997, Avdi et al 2001).  The binding of ligand by β2 integrins in PMN can 

also lead to the release of pro-inflammatory mediators such as IL-1β, IL-8 and heparin 

binding protein (Walzog et al 1999, Gautam et al 2000, Ley 2001).  

The role of integrins in the regulation of neutrophils: 

     Integrin-mediated adhesion is required for both PMN extravasation and activation of 

the PMN’s terminal inflammatory phenotype (Brown and Lindberg 1996, Berton et al 

1996).  The requirement for β2 dependent adhesion for the subsequent generation of the 

activated phenotype of PMN has been demonstrated both in vivo by the characterization 
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of β2 leukocyte adhesion deficient (LAD) patients (Anderson et al 1986, Anderson et al 

1984, Nathan et al 1989, Nathan and Sanchez 1990, Graham et al 1993, Gresham et al 

1991, Shappell et al 1990) and experimentally ex vivo (Berton et al 1996).  To prevent 

inappropriate and overzealous inflammation, PMN are regulated by β2 integrins at two 

distinct stages corresponding with the aforementioned inside-out and outside-in signaling.  

While in circulation, PMN maintain their β2 integrins in a low affinity state until a pro-

inflammatory signal is detected, which generates an inside-out signal resulting in 

upregulation of β2 expression and affinity for ligand and integrin clustering (Brown and 

Lindberg 1996, Diamond and Springer 1994, van Kooyk and Figdor 2000).  Several 

different pro-inflammatory stimuli, including chemokines such as IL-8, cytokines such as 

TNF-α, LTB4 and PAF, immune particles such as compliment and antigen-antibody 

complexes, signaling through selectin clustering and pathogen derived molecules such as 

lipopolysaccharides (LPS) and formylated peptides can all initiate integrin activation 

through their respective signaling pathways (van Kooyk and Figdor 2000, Jones et al 

1998, Jones et al 2001, Ninomiya et al 1994). 

     Since the combination of inside-out signals generated by inflammatory mediators and 

outside-in signals generated by integrin-ligand binding is required for PMN activation, it 

has been difficult to determine which signaling pathways correspond to these distinct 

events.  It has been determined that phosphatidylinositol-3 kinase (PI3K) is involved in 

the β2 integrin activation witnessed in PMN secondary to Fcγ receptor stimulation (Jones 

et al 1998).  Chemokine stimulation of lymphocytes leads to PI3K dependent clustering 

of the β2 integrin LFA-1, reiterating the role for this kinase in β2 integrin activation 

(Constatin et al 2000).  While PI3K is required for β2 integrin activation in PMN to some 
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pro-inflammatory stimuli, some inflammatory mediators including formylated peptides 

and complement fragments activate β2 integrins in a PI3K independent manner (Jones et 

al 1998).  It has been recently demonstrated that TNF-α induced activation of β2 integrins 

in PMN relies on both the Src family of tyrosine kinases as well as the MAP kinase p38 

(Bouaouina et al 2004).  However, our laboratory has demonstrated that while LTB4 and 

PAF both result in activation of p38 and the subsequent PMN polarization and migration 

are p38-dependent, the upregulation of β2 integrin expression seen with these mediators 

is p38-indipendent (Jones et al unpublished data).  The small GTPases have also been 

demonstrated as having a role in β2 integrin activation, with H-Ras acting through a PI3K 

pathway (Weber 2002) and Rap1 acting through a PI3K independent pathway (Kinashi 

and Katagiri 2004). 

Integrin regulation in neutrophils: 

     Regardless of the initial stimulus, integrin activation and the subsequent phagocyte 

activation of PMN must be tightly regulated.  If integrin activation were to occur in the 

absence of a pro-inflammatory signal, the integrin could engage ligand resulting in 

further activation of the PMN and an unnecessary inflammatory response.  Inflammation 

tends to be self-propagating and the ability to down-regulate the inflammatory response is 

crucial for the normal resolution of inflammation.  A major regulator of the inflammatory 

response of PMN is the second messenger cAMP and its effector PKA.  Increased PKA 

activity has been shown to inhibit integrin-dependent adhesion, migration and respiratory 

burst activity in PMN (Laudanna et al 1997, Bloemen et al 1997, Derian et al 1995, 

Nielson et al 1992, Chilcoat et al 2002), and PKA has been shown to inhibit β2 integrin 



23 

upregulation and activation (Jones 2002) as well as upregulation of the β1 integrin VLA-

4 (Sulivan et al 2004).  cAMP upregulation of PKA has also been demonstrated to inhibit 

5-lipoxygenase translocation and subsequent leukotriene biosynthesis (Flamand et al 

2002) and to inhibit TNF-α induced apoptosis (Krakstad et al 2004).  The anti-

inflammatory effect of cAMP can also act through the regulation of intracellular calcium 

concentrations, which can prevent the release of elastases and reactive oxygen species 

(Tintinger et al 2001, Theron et al 2002). 

     While cAMP has been shown to play an anti-inflammatory role in PMN, it has 

recently been demonstrated that cAMP also plays a crucial role in expression of an 

inflammatory phenotype in PMN.  A newly characterized group of molecules called Epac 

are exchange factors for the small GTPases Rap1 and Rap2 and these Epacs are activated 

by binding cAMP (Rangarajan et al 2003).  Rap1 is capable of initiating β2 integrin 

activation and subsequent integrin-dependent adhesion in PMN (Rangarajan et al 2003, 

Bos et al 2003).  At first glance, it appears that the activity of PKA and Rap1, both of 

which are stimulated by cAMP, are in direct opposition.  In fact, the PMN can utilize 

these opposing effects to its advantage by discreet localization of PKA and Rap1 

geographically within the cell.  PKA is localized within the cell by A-kinase anchoring 

proteins (AKAPs), which can associate PKA with the membrane and cytoskeleton 

(Edwards and Scott 2000, Howe 2004).  It has been shown that inhibition of AKAP 

activity and the subsequent release of PKA from its geographical restraints results in 

integrin-dependent adhesion in PMN, suggesting that the inhibitory effect of PKA on 

integrin activation does indeed have a spatial component (Jones 2002).  Further study has 

demonstrated that while exposure of PMN to a gradient of the PKA inhibitor KT5720 
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results in F-actin reorganization, cell polarization and integrin-mediated migration, global 

exposure of PMN to KT5720 does not generate a polarized phenotype in the PMN (Jones 

unpublished data).  It should be noted that the integrin-mediated adhesion generated by 

AKAP inhibition does not result in affinity activation of the β2 integrins (Jones 2002), 

but is more likely due to the loss of PKA-mediated inhibition of cytoskeletal 

reorganization.  These findings support the model of integrin-dependent migration in 

PMN that suggests that integrin activity is required at the forward moving, “leading 

edge” of the PMN to provide traction for locomotion, while integrin activity must be 

down regulated at the receding “lagging edge” to allow cellular detachment for forward 

movement.  The opposing roles of Epac/Rap and PKA upon integrin activation in the 

face of cAMP stimulation further support this model for PMN migration. 

    Given the inhibitory effect of PKA upon both integrin activation and cytoskeletal 

reorganization leading to cell polarization, as well as the finding that loss of PKA 

localization results in integrin-mediated adhesion independent of affinity activation, it is 

reasonable to hypothesize that PKA may inhibit integrin activation and subsequent PMN 

activation through inhibition of cytoskeletal reorganization.  The actin cytoskeleton plays 

a critical role in PMN adhesion and migration as it clusters integrins generating increased 

valency and spatial association with integrin activating signals, as well as the polarity 

required for direction movement.  The cytoskeleton also provides stability to the PMN 

while the cell interacts with its environment, and the contraction of the actin cytoskeleton 

generates the locomotion required for cellular migration.  An attractive target for PKA 

inhibition of the cytoskeleton with subsequent inhibition of integrin activation is the 

formation of the actin-myosin complex, since myosin light chain kinase (MLCK), a 
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known substrate of PKA, is critical for actin-myosin complex formation (Howe 2004, 

Smith et al 2003).  MLCK phosphorylates myosin light chain (MLC) at thr18ser19 which 

allows activates myosin ATPase activity which is required for actin-myosin complex 

formation as well as myosin motor activity (Bresnick 1999).  MLCK must bind 

calmodulin to act upon MLC, and PKA is capable of inhibiting MLCK activity by 

phosphorylating MLCK in its calmodulin binding site, with the overall result of PKA-

mediated inhibition of actin-myosin complex formation (Howe 2004, Smith et al 2003).  

In a series of experiments utilizing T lymphocytes to examine the role of MLCK upon β2 

integrin-mediated migration, MLCK was found to co-localize with the actin cytoskeleton 

in the leading edge of the cell, and MLCK activity was found to be required for migration 

(Smith et al 2003).  Data will be presented in this dissertation that confirms that PKA 

does inhibit MLCK activity in PMN and that the regulation of β2 integrin activation and 

subsequent phagocyte activation in PMN by PKA is via a MLCK-dependent pathway. 

     Inflammation is a common occurrence in the body with PMN defending the tissues 

from invading organisms on a daily basis.  While crucial for survival, the response of 

PMN to inflammatory signals also generates significant tissue damage which can be 

profoundly devastating to the wellbeing of the host.  The current anti-inflammatory 

therapeutic modalities, while effective, have a myriad of deleterious effects which make 

their administration a balancing act between the alleviation of inflammation and the 

creation new pathology.  Further study into the regulation of inflammation is critical for 

our understanding of the disease processes involved and will no doubt lead to novel anti-

inflammatory therapies that will result in less damage to the host without sacrificing the 

PMN’s ability to defend against infection.
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CHAPTER 2 

 

The Effects of cAMP Modulation upon the Adhesion and Respiratory Burst Activity 

of Immune Complex-Stimulated Equine Neutrophils
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Abstract 

     Toxic products such as reactive oxygen intermediates released by activated 

neutrophils (PMN) have an important role in the pathophysiology of diseases associated 

with the deposition of immune complexes (IC) in tissues.  IC-induced activation of PMN 

requires adhesion mediated by integrin adhesion receptors.  Of the integrins expressed on 

PMN, the β2 family has been found to be of particular importance for activation of PMN 

by IC.  β2 integrin ligand binding must be activated to enable adhesion to IC.  Both 

activating and inhibitory signals regulate β2 integrin ligand avidity and adhesion.  The 

second messenger cAMP has been demonstrated to inhibit the activation of PMN in 

response to a variety of stimuli.  The purpose of this study is to test the hypothesis that 

cAMP-dependent signals inhibit β2 integrin dependent adhesion of equine PMN to 

immobilized IC and subsequent adhesion-dependent activation of respiratory burst 

activity.  Treatment of equine PMN with β2 adrenergic agonists isoproterenol or 

clenbuterol, which trigger an increase in intracellular cAMP concentration, inhibited 

adhesion of equine PMN to IC in a dose dependent manner.  Similarly, inhibition of 

cAMP hydrolysis by the non-specific phosphodiesterase inhibitor pentoxifylline and the 

phosphodiesterase 4-specific inhibitor rolipram inhibited adhesion of equine PMN to IC. 

Elevation of intracellular cAMP levels with pentoxifylline, clenbuterol and rolipram also 

inhibited IC-induced activation of respiratory burst activity in equine PMN.  Importantly, 

co-treatment of equine PMN with rolipram and either β2 adrenergic agonist 

synergistically inhibited both the adhesion of equine PMN to IC as well as the subsequent 

respiratory burst activity. 
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Introduction 
 
     Phagocytes are a critical component of the innate immune system due to their role in 

protection against local infection and systemic dissemination of pathogens.  The most 

abundant of these cells are the neutrophils, also known as polymorphonuclear neutrophils 

(PMN), which circulate throughout the bloodstream and tissues to provide a rapid 

response to any infectious organisms that they may encounter.  PMN use many lethal 

weapons in their response such as phagocytosis of invading organisms, generation of a 

variety of microbicidal products including reactive oxygen intermediates, and production 

of inflammatory mediators which potentiate the host response to infection.  The transition 

of PMN from a quiescent, monitoring phenotype to an aggressive pro-inflammatory state 

is referred to as phagocyte activation.  Cellular adhesion to specific substrates is an 

essential step in the activation of PMN.  This activating adhesion occurs via adhesion 

molecules called integrins (Jones et al 2001, Jones et al 1998, Tang et al 1997, Graham et 

al 1993).   

     Classified by their β sub-unit, integrins are heterodimeric glycoproteins that, when 

activated to their high affinity state, bind to cell surface or extracellular matrix ligands.  

Integrins also contain a cytoplasmic tail that is capable of activating intracellular 

signaling pathways and assembling a critical cytoskeletal structure called a podosome 

when integrins are bound to ligand.  While PMN express β1, β2 and β3 integrins on their 

cell surface, it is the β2 integrin (CD18, LeuCAM) and specifically αMβ2 (Mac-1, 

CD11b/CD18) that are the most abundant and functionally relevant (Jones et al 1998, 

Tang et al 1997, Nagahata et al 1994, Graham et al 1993, Gresham et al 1991).  It has 
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been previously demonstrated that blocking β2 integrin function with specific Mab 

prevents activation of PMN by many pro-inflammatory activators (Brown 1997).  

     Integrins bind poorly to their ligands when the PMN is quiescent.  When the cell is 

exposed to inflammatory stimuli such as chemokines, cytokines, bacterial products, 

complement fragments or immune complexes (IC), the integrins undergo avidity 

activation which mobilizes the integrins to the site of activation and transforms them to a 

high affinity state (Jones et al 2001, Ninomiya et al 1994).  In this state, the integrins 

bind to their ligands, which in turn augments activation of the PMN.   

     Immune complexes, a potent stimulant of inflammation, are generated when multiple 

soluble antibodies bind to their specific antigen.  This binding results in the clustering of 

the Fc portion of the antibodies, rendering them available for binding to multiple Fcγ 

receptors (FcγR) on the PMN in a 1:1 stoichiometry (Kato et al 2000).  Binding of IC to 

FcγR results in FcγR clustering on the surface of the PMN, which in turn initiates a 

signaling cascade that leads to the activation of β2 integrins and adhesion (Kato et al 

2000, Jones et al 1998).  This type of “inside-out” signaling leading to activation of 

integrins is common to many inflammatory stimuli (Brown 1997).  

     It has been previously shown in humans that cAMP can inhibit adhesion and 

adhesion-dependent activation of PMN through its effects on the protein kinase A (PKA) 

pathway (Bloemen et al 1997, Derian et al 1995, Condino-Neto et al 1991, Nielson et al 

1990).  Both phosphodiesterase (PDE) inhibitors and β2 adrenergic agonists have been 

shown to increase intracellular cAMP concentrations by preventing the degradation of 

cAMP and increasing cAMP synthesis, respectively.  Our data show that treatment of 

PMN with either PDE inhibitors or β2 adrenergic agonists has a dose-dependent, 
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inhibitory effect on both IC-induced adhesion and subsequent respiratory burst activity.  

Moreover, inhibition of PKA activity is sufficient to activate adhesion to β2 integrin 

substrate.  These data suggest that cAMP and PKA have a role in the inside-out signaling 

mechanism regulating β2 integrin activation in response to stimulation with IC.  

  

Materials and methods 
 
Reagents - Powdered phosphate buffered saline (PBS) and Hank’s balanced salt solution 

(HBSS) were purchased from Gibco BRL, Grand Island, NY.  Ficoll-Paque PLUS was 

obtained from Amersham Pharmacia Biotech, Piscataway, NJ. Calcein was purchased 

from Molecular Probes, Eugene, OR.  8-Br-cAMP, pentoxifylline, rolipram and KT5720 

were purchased from Alexis Corporation, San Diego, CA.  Bovine fetal calf serum (FCS) 

and bovine serum albumin (BSA) were obtained from HyClone, Logan UT.  Human 

serum albumin (HSA) was purchased from Bayer, Elkhart, IN.  Rabbit anti-BSA IgG, 

phorbol myristate acetate (PMA), scopoletin, horseradish peroxidase (HRP), clenbuterol 

and isoproterenol were purchased from Sigma, St Louis, MO. 

 

Neutrophil isolation – Heparinized whole blood was collected from healthy, adult horses 

via jugular veinipuncture.  The blood was then allowed to settle for 60 minutes, after 

which time the leukocyte rich plasma was collected and layered onto 5mL of Ficoll-

Paque PLUS in 15mL conical tubes.  The plasma was centrifuged @ 2000RPM for 20 

minutes at room temperature.  The remaining pellet was re-suspended in Hank’s balanced 

salt solution containing 20 mM HEPES and 8.9 mM sodium bicarbonate without calcium 
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or magnesium (HBSS), yielding PMN that were greater than 98% pure and greater than 

99% viable (data not shown). 

 

Well coating with adhesion substrates – 96-well microtiter plates (Immulon 2HB, Dynex 

Technologies, Inc.) were coated with 50µL of either 100 ug/ml BSA or 5% FCS for 2 

hours followed by 150µL 1% HSA in 0.1M glycine.  IC immobilized to the microtiter 

plate plastic were generated by the addition of 50µL of either 1:50 or the indicated 

dilution of rabbit anti-BSA IgG (Sigma, St Louis MO) in PBS to wells previously coated 

with BSA.  Rabbit anti-BSA IgG was used due to the lack of a commercially available 

source for equine anti-BSA IgG. Immobilized IC generated with rabbit IgG have been 

previously demonstrated to induce equine PMN adhesion in a β2 integrin dependent 

manner (Jones et al 2001). 

 

Adhesion assay – PMN adhesion was quantified as previously described (Jones et al 

2001).  PMN were suspended in HBSS at a concentration of 1X107 cells/mL. PMN were 

then incubated with 2µg/mL calcein at room temperature for 30 minutes.  Following 

incubation with calcein, the cells were washed once with HBSS.  The PMN were then re-

suspended in HBSS containing 1mM Ca2+ and 1mM Mg2+ (HBSS++) at a concentration 

of 2X106 cells/mL and treated with vehicle control or various cAMP modulators at the 

indicated concentration for 20 minutes at 370C.  50µL of the PMN solution was then 

added to the appropriate wells of a substrate-coated microtiter plate and incubated at 

room temperature for 10 minutes to allow the PMN to settle to the bottom of the wells.  

In some wells 70ng/mL PMA was added as a stimulant.  The microtiter plate was then 
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incubated for 30 minutes at 370C.  Total intracellular calcein fluorescence of each well (λ 

= 485nm excitation, λ = 530nm emission) was measured using a fMax fluorescence plate 

reader (Molecular Devices, Sunnyvale, CA) before and after washing with 150µL PBS.  

Percent adhesion was calculated by dividing the fluorescence after washing by the 

fluorescence before washing.  In preliminary experiments, fluorescence was shown to be 

linearly related to cell number (data not shown). 

 

Respiratory burst assay – PMN respiratory burst activity was measured using a 

previously described assay (Zhou and Brown 1993) adapted for equine PMN (Jones et al 

2001).  The PMN were suspended in Kreb’s – Ringer’s phosphate glucose buffer (KRPG) 

at a concentration of 2.5X106 cells/mL and treated with vehicle control or various cAMP 

modulators at the indicated concentrations for 20 minutes at 370C.  Following this 

incubation, 20µL of the PMN solution was added to wells of a substrate-coated microtiter 

plate containing 80µL of a reaction mixture consisting of 0.2mM scopoletin, 2.5mM 

NaN3, and 2.5U/mL HRP and the corresponding concentration of the appropriate cAMP 

modulator in KRPG.  In the case of PMA-stimulated PMN, the reaction mixture also 

contained 175ng/mL PMA.  The resulting solution in each well was 100µL containing 

5X105 cells/mL in KRPG plus the desired concentration of cAMP modulator, 80µM 

scopoletin, 1mM NaN3, 1U/mL HRP and, when required, 70ng/mL PMA.  The 

fluorescence was measured using a fMax fluorescence plate reader (λ = 360nm 

excitation, λ = 460nm emission) immediately and after a 90 minute incubation at 370C 

protected from light. 
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     HRP catalyzes a reaction between the peroxide generated by the PMN and scopoletin 

in the reaction mixture, resulting in a loss of scopoletin fluorescence.  The fluorescence 

decay is proportional to the peroxide produced and therefore can be used to measure 

respiratory burst activity.  The nanomoles of peroxide released was calculated from the 

fluorescence decay as previously described (Zhou and Brown 1993).  

 

Results 
 
Cyclic AMP inhibits equine PMN adhesion to immune complexes - Elevation of 

intracellular cAMP generally inhibits PMN activation by a variety of agonists, including 

IC (Bloemen et al 1997, Derian et al 1995, Condino-Neto et al 1991, Nielson et al 1990).  

Activation of PMN by IC is most efficient when the IC are immobilized on a surface.  

Activation of PMN by immobilized IC requires adhesion and this adhesion is mediated 

by β2 integrins  (Jones et al 2001, Jones et al 1998).  There is accumulating evidence that 

cAMP inhibits the activation of β2 integrin-mediated adhesion in leukocytes. Thus, in 

order to begin to define the mechanism of cAMP-induced suppression of equine PMN 

activation by IC, we sought to determine whether cAMP inhibits β2 integrin-dependent 

adhesion to IC.  

     Equine PMN adhered avidly to immobilized IC and PMA stimulated adhesion to the 

β2 integrin substrate FCS (Figure 1).  Elevation of intracellular cAMP concentrations 

with the cell permeant stable cAMP analog 8-Br-cAMP inhibited equine PMN adhesion 

to immobilized IC.  In contrast to adhesion to IC, 8-Br-cAMP did not inhibit PMA-

induced adhesion of equine PMN to FCS, demonstrating that cAMP elevation does not 

globally inhibit PMN adhesion and is not generally toxic to equine PMN.  Moreover, the 
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inhibitory effect of 8-Br-cAMP on equine PMN adhesion to IC was reversed by the 

addition of the apparently specific PKA inhibitor KT5720, which inhibits the catalytic 

site of PKA, demonstrating that PKA activity is necessary for cAMP to inhibit adhesion 

to IC.  

     We demonstrated previously that adhesion of equine PMN to immobilized IC is 

dependent on β2 integrins (Jones et al 1998).  Therefore, the ability of pharmacologic 

cAMP to inhibit adhesion to immobilized IC raised the possibility that the cAMP-PKA 

signaling axis is an important negative regulator of β2 integrin activation.  To examine 

this possibility, we determined whether inhibition of PKA activity with KT5720 was 

sufficient to activate adhesion.  KT5720 treatment activated adhesion of PMN to the β2 

integrin substrate FCS in the absence of any other stimulus (Figure 1).  KT5720 

stimulated PMN adhesion in a dose dependent manner, with maximal adhesion observed 

at a concentration of 25µM (data not shown).  Pharmacologic cAMP had no significant 

effect on KT5720-induced adhesion to FCS.  KT5720-induced adhesion was completely 

inhibited by the anti-β2 integrin Mab IB4, demonstrating that inhibition of PKA 

specifically activates adhesion mediated by β2 integrins (data not shown).  KT5720 

treatment significantly increased adhesion of equine PMN to immobilized IC and had 

little effect on PMA-induced adhesion.      

 

Inhibition of adhesion by pharmacologic modulation of intracellular cAMP 

concentration - The intracellular concentration of cAMP in PMN can be 

pharmacologically modulated via several different mechanisms.  Ligation of β2 

adrenergic receptors triggers cAMP production by stimulating adenyl cyclase activity.  
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The subsequent hydrolysis of cAMP can be prevented by pharmacologic inhibition of the 

enzyme phosphodiesterase.  Because pharmacologic elevation of cAMP by 

phosphodiesterase inhibition or β2 adrenergic receptor stimulation is a potentially useful 

clinical therapeutic strategy, we sought to determine whether modulation of intracellular 

cAMP concentration by either mechanism affected PMN adhesion to IC.   

     Treatment of PMN with the relatively non-specific phosphodiesterase inhibitor 

pentoxifylline resulted in a dose-dependent inhibition of IC-induced PMN adhesion with 

an IC50 of 1mM (Figure 2).  Rolipram, which is specific for the predominant equine 

neutrophil phosphodiesterase (PDE4), similarly inhibited equine PMN adhesion to IC 

with an IC50 of 1.25mM.  The β2 adrenergic agonists clenbuterol and isoproterenol also 

inhibited equine PMN to IC in a dose-dependant manner (IC50 = 0.5mM, and IC50 = 

15mM, respectively).  Like pharmacologic cAMP, inhibition of phosphodiesterase 

activity or β2 adrenergic stimulation had little effect on PMA-induced adhesion, further 

demonstrating that PMA-stimulated PMN adhesion is cAMP-insensitive.  

   The finding that either PDE inhibition or β2 adrenergic stimulation inhibited adhesion 

to IC raised the possibility that co-treatment with a PDE inhibitor and a β2 adrenergic 

agonist would enhance the ability of either agent alone to inhibit PMN adhesion.  To 

address this question, the effect of a sub-optimal concentration of PDE inhibitor on the 

dose response curve of clenbuterol or isoproterenol was determined (Figure 3).  Co-

treatment of PMN with either pentoxifylline or rolipram enhanced the ability of both 

clenbuterol and isoproterenol to inhibit equine PMN adhesion to IC.     

Co-treatment with any combination of PDE and β2 adrenergic agonist resulted in 

significantly (p<0.05) greater inhibition of adhesion than was predicted for that 
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combination of cAMP modulators if the effects were additive (Table 1).  These results 

demonstrate that combined treatment of equine PMN with PDE inhibitors and β2 

adrenergic agonists synergistically inhibit adhesion to IC.   

 

Inhibition of respiratory burst activity by pharmacologic modulation of intracellular 

cAMP concentration –PMN require β2 integrin-mediated adhesion to become optimally 

activated.  Without this adhesion, PMN will not activate the phagocyte oxidase complex, 

activate phagocytosis, or degranulate in response to a variety of stimuli, including IC 

(Brown 1997).  Thus, we examined the effect of modulation of intracellular cAMP 

concentrations on respiratory burst activity, a potent PMN inflammatory response. 

     As with IC-stimulated adhesion, clenbuterol, pentoxifylline or rolipram treatment 

inhibited IC-induced respiratory burst activity in equine PMN in a dose dependent 

manner (clenbuterol IC50 = 0.5mM, pentoxifylline IC50 = 0.5mM, rolipram IC50 = 

0.5mM) (figure 4).  Isoproterenol was excluded from the respiratory burst activity 

experiments because background fluorescence from the drug interfered with the assay.  

Pentoxifylline and clenbuterol had no significant effect on respiratory burst activity of 

PMN activated by PMA at the doses examined.  Interestingly, rolipram did inhibit 

respiratory burst activity in PMA-stimulated PMN in a dose dependent manner.  This 

inhibition of respiratory burst activity by rolipram on PMA-stimulated PMN is also 

evident in human PMN (data not shown). 

      Given the synergistic effect on inhibition of IC-stimulated PMN adhesion of PDE 

inhibitors and β2 adrenergic agonists, we determined if a similar effect could be observed 

in IC-stimulated PMN respiratory burst activity.  Co-treatment of PMN with a sub-
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optimal dose of either PDE inhibitor augmented the clenbuterol-induced inhibition of 

respiratory burst activity (Figure 5).  As with adhesion to IC, the measured inhibition of 

respiratory burst activity co-treated with a PDE inhibitor and clenbuterol was greater 

(p<0.05) than the predicted effect if the inhibition was additive (Table 2).  

 

The affect of IC density on the sensitivity of PMN adhesion to cAMP inhibition – cAMP 

may regulate adhesion to IC by inhibiting signals initiated by IC that activate β2 integrins 

to enable adhesion or by independently inhibiting β2 integrin signaling necessary for 

normal adhesion.  To characterize the role of cAMP in the mechanism regulating 

adhesion of equine PMN to immobilized IC, we determined whether the signal strength 

(IC density) altered the IC50 for pentoxifylline.  As the density of IC decreased, the IC50 

for pentoxifylline also decreased  (Figure 6).  The effect of decreased IC density on 

pentoxifylline IC50 is unlikely to be due to a decrease in adhesive strength due solely to a 

loss of any adhesive capacity of the IC substrate bound to FcγR, since equine PMN have 

no detectable adhesion to any density of IC in the absence of β2 integrin ligation (Jones 

et al 2001).  Thus, the loss of adhesive strength must be β2 integrin-dependent.  These 

data suggest that cAMP inhibits the signals initiated by IC ligation of FcγR that activate 

β2 integrin avidity and adhesion rather than β2 integrin signaling.  This is supported by 

the fact that PMA-induced adhesion is unaffected by pharmacologic cAMP, PDE 

inhibition, or β2 adrenergic stimulation. 
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Discussion 

 

     In the absence of any stimuli, PMN exist in a quiescent state in the circulation and 

tissues.  Several different molecules can transform PMN to an activated state, including 

chemokines, cytokines, bacterial products, complement fragments and IC.  Activated 

PMN will respond in different manners depending on the stimulus.  Specific stimuli may 

induce chemotaxis, degranulation, adhesion, phagocytosis, production of reactive oxygen 

intermediates or cytokines. Integrin-dependent adhesion is required for PMN activation 

by IC (Jones et al 2001, Jones et al 1998, Tang et al 1997, Gresham et al 1991).  When 

the Fc portion of an IgG molecule bound to antigen binds to FcγR, the receptor initiates a 

signaling cascade termed an “inside-out” signal.  This signal results in activation of 

αMβ2 integrins to a high-avidity state, ligand binding, and adhesion, which are required 

for optimal activation of PMN effector functions (Brown 1997). 

    We have now demonstrated that cAMP and PKA have a role in regulating this inside-

out signal during adhesion of equine PMN to IC.  Elevation of cytosolic cAMP inhibits 

β2 integrin-dependent adhesion to IC and activation of respiratory burst activity.  Indeed, 

inhibition of phosphodiesterase activity coupled with stimulation of β2 adrenergic 

receptors synergistically inhibited both adhesion and adhesion-dependent activation of 

the phagocyte oxidase, supporting the conclusion that these agents both act via elevating 

cytosolic cAMP.  Inhibition of PKA rescues adhesion in PMN treated with cAMP, 

demonstrating that the cAMP effect is dependent on activation of PKA.  Moreover, the 

IC50 for inhibition of adhesion by pentoxifylline is dependent on signal strength, as would 
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be expected if cAMP regulates Fc receptor mediated inside-out signaling during integrin 

activation.  Elevation of cAMP has no effect on PMA-induced adhesion, ruling out an 

effect of cAMP on integrin-generated outside-in signals as an explanation of our results. 

The role of cAMP and PKA in integrin-dependent PMN activation has not been 

completely determined.  It is speculated that basal PKA activity in the quiescent PMN 

prevents the cell from developing an activated phenotype in the absence of an appropriate 

stimulus.  It has also been shown that PKA negatively regulates the activity of RhoA, a 

member of the Rho family of small GTPases (Lang et al 1996).  RhoA appears to be a 

critical element of the inside-out signals that activate integrin avidity in PMN.  In this 

model, inhibition of PKA results in activation of RhoA and thus activation of β2 integrin 

avidity and adhesion. 

     Our work has demonstrated an IC50 ranging from 0.5mM to 15mM for each of the 

cAMP modulators examined.  Previously published data describe the IC50 for 

isoproterenol and rolipram in fMLP-induced human PMN adhesion as 51.5µM and 

0.023µM, respectively (Derian et al 1995).  Denis and Riendeau (1999) reported IC50 for 

inhibition of fMLP-induced LTB4 production by human PMN of isoproterenol, rolipram 

and pentoxifylline as 0.35µM, 0.026µM and 20µM, respectively.  These differences in 

IC50 suggest that the sensitivity of fMLP-receptor signaling and FcR signaling to cAMP 

are quite different.  The reported rolipram IC50 for inhibition of PDE activity from equine 

PMN preparations is 1.2µM (Rickards et al 2000).  The difference between the IC50 for 

FcR-induced adhesion and respiratory burst activity may reflect an inability for rolipram 

to efficiently penetrate the PMN cell membrane and achieve high concentrations in the 

cytosol. 
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     β2 adrenergic agonists and PDE inhibitors increase intracellular cAMP concentrations 

by different means.  Stimulation of the β2 adrenergic receptors on the surface of the PMN 

results in an increase in cAMP synthesis, where as inhibition of PDE decreases 

hydrolysis of cAMP and result in a build up of cAMP in the cytosol.  Since PDE are 

found in virtually all cell types of the body, it may be beneficial from a therapeutic 

standpoint to use PDE inhibitors targeted to isoforms specific to PMN.  Several different 

PDE have been identified and PDE4 has been shown to be the predominant type in 

human PMN (Rickards et al 2000).  The equine PMN also primarily uses PDE4 for 

cAMP hydrolysis (Rickards et al 2000).  We were able to inhibit IC-induced adhesion 

and the subsequent respiratory burst activity in equine PMN with either β2 adrenergic 

receptors or PDE inhibitors.  Our study supports the view that PDE4 is the most 

functionally relevant PDE in equine PMN, because the PDE4 inhibitor rolipram inhibited 

adhesion to IC and activation of the respiratory burst as well or better than the non-

specific PDE inhibitor pentoxifylline. The synergism observed between PDE inhibitors 

and β2 adrenergic agonists in this study most likely results from a synergistic effect on 

intracellular cAMP concentrations.  

    The inhibitory effect of rolipram upon PMA-induced respiratory burst activity was 

unexpected.  Rolipram has been shown to be relatively specific for human PDE4 

(Rickards et al 2000).  Interestingly, rolipram inhibited respiratory burst activity without 

affecting adhesion in both human and equine PMA-stimulated PMN.  These data suggest 

that PDE4 has a specific role in PMA-induced respiratory burst activity distinct from 

activation of integrins.  It is puzzling that pentoxifylline, a non-specific PDE inhibitor, 

did not have a significant effect on PMA-induced respiratory burst activity.  Perhaps the 
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PDE4 specific activity of pentoxifylline is not sufficient to inhibit the activation of the 

phagocyte oxidase by PMA at the concentrations used in these experiments.  It remains 

possible that rolipram has activity other than its PDE4 effects that result in the inhibition 

of PMA-induced respiratory burst activity. 

     While the inflammatory response of PMN is crucial to combat infection, it can at 

times be too vigorous and cause significant damage to host tissues (Dallegri and 

Ottonello 1997, Brown and Lindberg 1996, Berton et al 1992).  This study supports the 

concept that β2 adrenergic agonists and PDE inhibitors might have clinically relevant, 

anti-inflammatory effects in horses with IC-associated disease.  We have shown that the 

density of IC present has an effect on the strength on PMN adhesion, most likely due to 

the strength of signaling within the PMN.  We do not know the density of IC deposited in 

the tissues of horses with IC disease, but it is conceivable that in inflammatory conditions 

associated with IC deposition, the IC density in the tissue could be such that a therapeutic 

level of the β2 adrenergic agonists and/or PDE inhibitors could be achieved.  Moreover, 

our data suggest that the combination of a PDE inhibitor and a β2 adrenergic agonist may 

allow us to achieve more potent inhibition of PMN adhesion activation and effector 

functions while minimizing the toxicity associated with these drugs. 
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Table 1.  Synergistic effect of PDE inhibitors combined with a β2 adrenergic agonist on 

inhibition of adhesion in IC-stimulated PMN – PMN were treated with the indicated 

combinations of PDE inhibitors and β2 adrenergic agonists and adhesion was measured 

as described in “Materials and Methods”.  The measured inhibition of adhesion for each 

treatment combination is reported as the percent reduction of adhesion as compared to 

control (untreated) PMN adhesion, where 100% is complete inhibition of adhesion.  The 

expected inhibition for each combination of PDE inhibitor and β2 adrenergic agonist was 

calculated by adding the percent reduction of control PMN adhesion resulting from 

treatment with the PDE inhibitor and the β2 adrenergic agonist separately. The measured 

inhibition of adhesion was significantly less than the expected inhibition of adhesion for 

all combinations of PDE inhibitor and β2 adrenergic agonist examined (p<0.05 

determined by ANOVA). 
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TABLE 1  

β2 Adrenergic Agonist Phosphodiesterase Inhibitor Measured Expected 
clenbuterol 0.5mM pentoxifylline 0.5mM 84.7 + 3.3% 20.4 + 8.4% 
clenbuterol 0.5mM rolipram 0.5mM 73.7 + 4.5% 21.5 + 11.8% 

isoproterenol 10mM pentoxifylline 0.5mM 31.2 +1.4% 12.6 + 7.1% 
isoproterenol 10mM rolipram 0.5mM 65.2 + 6.8% 13.7 +12.5% 

 



58 

 

Table 2.  Synergistic effect of PDE inhibitors and Clenbuterol on inhibition of respiratory 

burst activity in IC-stimulated PMN – PMN were treated with the indicated combinations 

of PDE inhibitors and clenbuterol and respiratory burst activity was measured as 

described in “Materials and Methods”.  The measured inhibition of respiratory burst 

activity for each treatment combination is reported as the percent reduction of respiratory 

burst activity as compared to control (untreated) PMN respiratory burst activity, where 

100% is complete inhibition of respiratory burst activity.  The expected inhibition for 

each combination of PDE inhibitor and clenbuterol was calculated by adding the percent 

reduction of control PMN respiratory burst activity resulting from treatment with the 

PDE inhibitor and clenbuterol separately. The measured inhibition of respiratory burst 

activity was significantly less than the expected inhibition of respiratory burst activity for 

all combinations of PDE inhibitor and clenbuterol examined (p<0.05 determined by 

ANOVA). 
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TABLE 2  

β2 Adrenergic Agonist Phosphodiesterase Inhibitor Measured Expected 
clenbuterol 0.5mM pentoxifylline 0.5mM 61.7 + 5.2% 10.4 + 12.9% 
clenbuterol 0.5mM rolipram 0.5mM 67.4 + 7.2% 18.4 + 10.8% 
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Figure 1.  Cyclic AMP and PKA regulate PMN adhesion to IC – PMN (2 X 106 cells/mL) 

loaded with calcein were treated with KT5720 (25uM), 8Br-cAMP (5mM), KT5720 

(25uM) + 8Br-cAMP (5mM) or vehicle control (DMSO) for 20 minutes at 370C and then 

allowed to adhere to 96-well plates coated with IC or FCS for 30 minutes at 370C.  Some 

PMN were treated with 70ng/mL PMA at the time of addition to the FCS-coated wells.  

The data are the mean + standard error of triplicate wells, reported as % adhesion, the 

percentage of cells that remained adherent after washing as described in “Materials and 

Methods.”  Data are representative of three separate trials.  “*” signifies values that are 

statistically different (p<0.05) from the untreated group, as determined by Student’s T-

test. 
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Figure 2.  Dose dependent effects of cAMP modulators on PMN adhesion – PMN were 

treated with various doses of isoproterenol (A), clenbuterol (B), rolipram (C), or 

pentoxifylline (D) for 20 minutes at 370C and then allowed to adhere to 96-well plates 

coated with IC or FCS for 30 minutes at 370C.  Some PMN were treated with 70ng/mL 

PMA at the time of addition to the FCS-coated wells.  Adhesion was determined as in 

figure 1.  The data are the mean + standard error of triplicate wells.  Data are 

representative of three separate trials.
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FIGURE 2 
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Figure 3.  Effects of PDE inhibition on theβ2 adrenergic agonist dose response in PMN 

adherent to IC – PMN were treated with various doses of isoproterenol (A and C) or 

clenbuterol (B and D) alone (labeled “control”) or in combination with rolipram 0.5mM 

(A and B), or pentoxifylline 0.5mM (C and D) for 20 minutes at 370C and then allowed 

to adhere to 96-well plates coated with IC. Adhesion was determined as in figure 1.  The 

data are the mean + standard error of triplicate wells.  Data are representative of three 

separate trials. 
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FIGURE 3 
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Figure 4.  Dose dependent effects of cAMP modulators on PMN respiratory burst activity 

– PMN (2.5 X 106 cells/mL) were treated with various doses of pentoxifylline (A), 

clenbuterol (B) or rolipram (C) for 20 minutes at 370C.  20µL of cells was added to wells 

of 96-well plates coated with IC or FCS and containing 80µL of reaction mixture 

described in “Materials and Methods.” Some PMN were treated with 70ng/mL PMA at 

the time of addition to the FCS-coated wells.  The data are the mean + standard error of 

triplicate wells, reported as nmole of peroxide produced.  Data are representative of three 

separate trials.   
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FIGURE 4 

Pentoxifylline (mM)
0 1 2 3 4

nm
ol

es
 p

er
ox

id
e

0

2

4

6

8

IC
FCS
PMA

Clenbuterol (mM)
0.00 0.25 0.50 0.75 1.00

nm
ol

es
 p

er
ox

id
e

0

1

2

3

4

5

6

7

IC
FCS
PMA

Rolipram (mM)
0.0 0.5 1.0 1.5 2.0

nm
ol

es
 p

er
ox

id
e

0

2

4

6

8

IC
FCS
PMA

A
B

C



68 

Figure 5.  Addition of a PDE inhibitor on the dose dependent effects of clenbuterol on IC-

induced PMN respiratory burst activity - PMN were treated with various doses of 

clenbuterol alone (labeled “control”) or in combination with rolipram 0.05mM (A) or 

pentoxifylline 0.1mM (B) for 20 minutes at 370C.  20µL of cells was added to wells of 

96-well plates coated with IC and containing 80µL of reaction mixture.  Respiratory burst 

activity was measured as in figure 4. The data are the mean + standard error of triplicate 

wells.  Data are representative of three separate trials. 
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FIGURE 5 
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Figure 6.  Dose dependent effects of IC on induction of PMN adhesion- PMN were 

treated with various doses of pentoxifylline for 20 minutes at 370C and then allowed to 

adhere to 96-well plates coated with FCS or the indicated densities of IC for 30 minutes 

at 370C.  Adhesion was determined as in figure 1.  The data are the mean + standard error 

of triplicate wells.  Data are representative of three separate trials. 
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CHAPTER 3 

 

Protein Kinase A Regulates β2 Integrin Avidity and Subsequent Activation of 

Neutrophils via Modulation of Myosin Light Chain Phosphorylation 
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Abstract 

β2 integrins are adhesion molecules on the surface of neutrophils.  Affinity activation of 

β2 integrins consists of transportation of pre-formed integrins to the cell surface and a 

conformational change in the integrin to a high-binding state.  Upon binding ligand, β2 

integrins initiate a signaling cascade that results in activation of the neutrophil to a pro-

inflammatory state.  We have previously shown that enhanced protein kinase A (PKA) 

activity via increased intracellular cAMP concentrations will attenuate β2 integrin-

dependent adhesion and subsequent integrin-dependent respiratory burst activity in 

stimulated neutrophils. We have also demonstrated that inhibition of PKA in quiescent 

neutrophils activates β2 integrin-dependent adhesion.  PKA has been shown to inactivate 

myosin light chain kinase (MLCK).  Myosin light chain (MLC) phosphorylation is 

crucial for actin-myosin complex formation, which is required for stability and 

contraction of the actin cytoskeleton in neutrophils. We hypothesize that the inhibitory 

effect of PKA upon β2 integrin affinity activation is via its inhibition of MLCK.  In this 

study, we demonstrate via flow cytometric detection of antibodies directed against β2 

integrins that pharmacologic inhibition of PKA activity results in overall increased β2 

integrin expression on the neutrophil surface, as well as increased expression of the 

activated form of the integrin.  This upregulation and activation of β2 integrins due to 

inhibition of PKA is abolished by pharmacologic MLCK inhibition.  Inhibition of MLCK 

also blocked β2 integrin-dependent neutrophil adhesion achieved by inhibition of PKA, 

as well as neutrophil migration along towards a PKA inhibitor. These findings 

demonstrate that PKA regulation of β2 integrin affinity activation and subsequent 

neutrophil activation is via an MLCK-dependent pathway. 
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Introduction 

 

     Neutrophils, or “polymorphonuclear cells” (PMN) are a critical component of innate 

immunity due to their protection against local infection and systemic dissemination of 

pathogens.  The transition of PMN from a quiescent, monitoring phenotype to an 

aggressive pro-inflammatory state is referred to as phagocyte activation.  Migration and 

activation of PMN is mediated through a set of molecules called integrins (Jones et al 

2001, Jones et al 1998, Tang et al 1997, Graham et al 1993).  Integrins are heterodimeric 

glycoprotein cell surface adhesion molecules, consisting of an α and a β sub-unit, found 

on many different cell types and are involved in binding the cell to other cells or to 

extracellular matrix.  The β2 class of integrins, specifically integrins αLβ2 and αMβ2, is 

by far the most prevalent class of integrin found on the PMN cell surface (Jones et al 

1998, Tang et al 1997, Nagahata et al 1994 Graham et al 1993, Gresham et al 1991).  

These integrins can be found in two distinct states; low and high affinity for ligand.  In 

the resting PMN, β2 integrins are in a low affinity state and will bind ligand poorly.  

When the PMN receives certain extracellular pro-inflammatory signals, the β2 integrins 

cluster and become activated to a high affinity state and subsequently bind strongly to 

their specific ligands (Jones et al 2001, Ninomiya et al 1994).  This up-regulation of 

integrins is termed “avidity activation”.  The integrin-ligand interaction is critical for the 

migration of PMN to sites of inflammation and also plays a key role in phagocytosis 

(Brown and Lindberg 1996, Berton et al 1996).  The biochemical pathways initiated by 
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pro-inflammatory mediators and resulting in avidity activation are often referred to as an 

“inside-out signal”. 

     β2 integrins also play a key role in phagocyte activation (Brown 1997).  When β2 

integrins bind ligand, they initiate a signaling cascade via the cytoplasmic tail of their β 

sub-unit (Carman and Springer 2003, Ley 2002, Travis et al 2003).  This “outside-in 

signal” results in the transformation of resting PMN to a pro-inflammatory state.  It has 

been previously demonstrated by our laboratory and others that by blocking β2 integrin 

binding of ligand in the presence of strong pro-inflammatory extracellular signals, 

phagocyte activation of PMN can be prevented (Brown 1997).  This effect can also be 

witnessed clinically in patients afflicted with leukocyte adhesion molecule deficiency 

(LAD), where due to a lack of β2 integrins and the subsequent inability to undergo 

phagocyte activation, these individuals cannot mount an adequate innate immune 

response (Anderson et al 1986, Anderson et al 1984, Nathan et al 1989, Nathan and 

Sanchez 1990, Graham et al 1993, Gresham et al 1991, Shappell et al 1990).  From the 

clinical and experimental data, it is clear that β2 integrins are potent regulators of 

phagocyte activation and therefore of the innate immune system. 

     Cyclic AMP (cAMP) is a “second messenger” molecule involved in many 

intracellular signaling pathways and has been previously shown to mediate anti-

inflammatory signals in PMN.  The anti-inflammatory effects of cAMP have been shown 

to repress PMN inflammatory functions, such as adhesion, phagocytosis and respiratory 

burst activity initiated by many different activators of PMN (Bloemen et al 1997, Derian 

et al 1995, Condino-Neto et al 1991, Nielson et al 1990).  We have demonstrated in our 

laboratory, in both human and equine PMN, that treatment of PMN with either a cell 
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permeant analog of cAMP or substances that increase intracellular cAMP concentrations 

will inhibit PMN phagocyte activation in response to several pro-inflammatory mediators 

(Jones 2002, Chilcoat et al 2002).  Interestingly, elevation of intracellular cAMP 

concentrations had no significant effect upon PMN phagocyte activation mediated by 

phorbol myristate acetate (PMA), a potent pro-inflammatory mediator.  This 

inconsistency in the effect of cAMP supports the previously determined concept that 

different pro-inflammatory mediators trigger their effects through different signaling 

pathways. 

     Protein kinase A (cAMP-dependent protein kinase, PKA) is a common effector of 

cAMP signaling.  PKA is a heterotetrameric protein comprised of two cAMP-binding 

regulatory subunits (PKAr) and a catalytic subunit (PKAc).  Binding of cAMP by the 

PKAr results in release of the PKAc, which is subsequently able to phosphorylate 

specific substrates.  A kinase anchoring proteins (AKAPs) bind PKA and are responsible 

for PKA localization in different compartments of the cytosol (Edwards and Scott 2000).  

We have previously demonstrated that inhibition of PKA with the specific inhibitor 

KT5720 will block the cAMP-derived inhibition of phagocyte activation in PMN (Jones 

et al 2001, Jones 2002, Chilcoat et al 2002).  In fact, we have shown that KT5720-

induced inhibition of PKA in PMN is sufficient to induce avidity activation of β2 

integrins but not subsequent phagocyte activation in the absence of a pro-inflammatory 

stimulus.  It can therefore be stated that inhibition of PKA does not directly activate 

PMN, but specifically activates β2 integrins and subsequent integrin-mediated adhesion, 

which can in turn support phagocyte activation.  These findings suggest that the 
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inhibition of PMN due to cAMP is mediated through PKA and that the constitutive PKA 

activity in the quiescent PMN plays a role in maintaining PMN integrins in the 

inactivated state.  It is unknown at this time if PMN phagocyte activation via pro-

inflammatory mediators is achieved by directly down-regulating PKA activity or if the 

inhibitory activity of PKA is exceeded by the signal of the pro-inflammatory mediators.  

Recent work in our laboratory has demonstrated that global inhibition of PKA by 

KT5720 results in a loss of fMLF-induced chemotaxis in PMN, however exposure of 

PMN to a gradient of KT5720 results in polarization and chemotaxis of the PMN along 

the KT5720 gradient (Jones unpublished data).  These findings suggest that PKA activity 

varies within the PMN cytosol based on its distribution to the leading or trailing edge of 

the polarized cell. 

     The actin cytoskeleton plays a critical role in both avidity activation of integrins as 

well as subsequent phagocyte activation of PMN (Gresham et al 1991, Shappell et al 

1990).  The actin cytoskeleton serves as a scaffold and clusters integrins with other cell 

surface receptors, activatable enzymes, and signal transduction molecules and stabilizes 

focal adhesions (Graham et al 1993, Weber et al 1996, Detmers et al 1990, Anderson et 

al 1986).  Coordinated cell movement requires directed contraction of the actin 

cytoskeleton.  The actin cytoskeleton is also utilized in the process of degranulation, 

which delivers preformed integrins to the cell surface in the face of avidity activation.  

We have recently shown that global inhibition of PKA prevents F-actin reorganization 

and subsequent PMN polarization, while exposure of PMN to a gradient of KT5720 

induces PMN polarization (Jones unpublished data).  These findings demonstrate that 

PKA plays a role in maintaining PMN quiescence by regulating cytoskeletal activity. 
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     Myosin light chain (MLC) is a subunit of the myosin complex and phosphorylation of 

MLC at a serine residue at position 19 is required for formation of the actin-myosin 

complex, which results in stabilization and contraction of the actin cytoskeleton 

(Bresnick 1999).  This phosphorylation of MLC is catalyzed by myosin light chain kinase 

(MLCK).  MLCK contains a calmodulin (CaM) binding region, and the activity of 

MLCK requires Ca2+/CaM binding.  The CaM binding site of MLCK includes a PKA 

phosphorylation site, and studies have determined that phosphorylation of MLCK at this 

site by PKA results in inhibition of PKA activity resulting in decreased MLC 

phosphorylation (Howe 2004, Smith et al 2003). 

     This paper addresses our hypothesis that PKA inhibits β2 integrin affinity and avidity, 

and subsequent PMN activation, via inhibition of MLC phosphorylation by MLCK. 

 
Materials and methods 
 
 
Reagents - Powdered phosphate buffered saline (PBS) and Hank’s balanced salt solution 

(HBSS) were purchased from Gibco BRL, Grand Island, NY.  Ficoll-Paque PLUS, 

dextran, and ECL chemiluminescence detection reagents were obtained from Amersham 

Pharmacia Biotech, Piscataway, NJ.  Calcein was purchased from Molecular Probes, 

Eugene, OR.  KT5720 and the MLCK inhibitory peptide were purchased from Alexis 

Corporation, San Diego, CA.  A scrambled version of the MLCK inhibitory peptide 

(MLCK scrambled) was generated by Synpep Corp., Dublin, CA.  Bovine fetal calf 

serum (FCS) was obtained from HyClone, Logan UT.  Diisopropylfluorophosphate and 

ML-7 were purchased from Calibiochem Corp., La Jolla, CA.  The bicinchinonic acid 

(BCA) assay kit was purchased from Pierce, Rockford, IL.   Heparin was purchased from 
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Elkins-Sinn, Inc., Cherry Hill, NJ.  Polyacrylamide was purchased from National 

Diagnostics, Atlanta, GA. The sodium dodecyl sulfate, 2-mercaptoethanol, Triton-X-100 

and sodium azide were purchased from Fisher Biotech, Fair Lawn, NJ.  The 

polyvinylidene fluoride membrane was purchased from Millipore, Billerica, MA.  

Aprotinin, leupeptin, phenylmethylsulfonyl fluoride, pepstatin, iodoacetamide, bovine 

serum albumin (BSA), monoclonal mouse anti-myosin light chain (MLC) IgM, 

horseradish peroxidase (HRP)-conjugated anti-mouse IgM, and FITC-conjugated F(ab')2 

sheep anti-mouse IgG were purchased from Sigma, St Louis, MO.  Mouse anti-phospho-

MLC IgG and HRP-conjugated anti-mouse IgG were purchased from Cell Signaling 

Technology, Beverly, MA.  The anti-β2 integrin monoclonal antibody IB4 (Wright et al 

1983) was purified, and F(ab')2 was prepared as described (Zhou and Brown 1994). The 

monoclonal antibody CBRM1/5 binds a neoepitope on activated αMβ2 integrins and was 

kindly provided by Timothy Springer (Harvard Medical School). 

 

PMN isolation – Heparinized whole blood was collected from healthy adult donors via 

cephalic venipuncture.  The blood was mixed with dextran (final concentration 1.4% 

dextran) and then allowed to settle for 60 minutes, after which time the leukocyte rich 

plasma was collected and layered onto 5mL of Ficoll-Paque PLUS in 15mL conical 

tubes.  The plasma was centrifuged @ 1800RPM for 20 minutes at room temperature.  

The residual erythrocytes were lysed utilizing a hypotonic saline lysis solution and the 

remaining PMN were re-suspended in Hank’s balanced salt solution containing 20 mM 

HEPES and 8.9 mM sodium bicarbonate without calcium or magnesium (HBSS), 
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yielding PMN that were greater than 98% pure and greater than 99% viable (data not 

shown). 

 

Adhesion assay – 96-well microtiter plates (Immulon 2HB, Dynex Technologies, Inc.) 

were coated with 50µL 5% FCS for 2 hours.  PMN adhesion was quantified as previously 

described (Jones et al 2001).  PMN were suspended in HBSS at a concentration of 1X107 

cells/mL. PMN were then incubated with 1µg/mL calcein at room temperature for 30 

minutes.  Following incubation with calcein, the cells were washed once with HBSS.  

The PMN were then re-suspended in HBSS containing 1mM Ca2+ and 1mM Mg2+ 

(HBSS++) at a concentration of 2X106 cells/mL and treated with vehicle control or 

various PKA and MLCK inhibitors at the indicated concentration for 30 minutes at 370C.  

50µL of the PMN solution was then added to the appropriate wells of a substrate-coated 

microtiter plate and incubated at room temperature for 10 minutes to allow the PMN to 

settle to the bottom of the wells.  Total intracellular calcein fluorescence of each well (λ 

= 485nm excitation, λ = 530nm emission) was measured using an fMax fluorescence 

plate reader (Molecular Devices, Sunnyvale, CA) before and after washing with 150µL 

PBS.  Percent adhesion was calculated by dividing the fluorescence after washing by the 

fluorescence before washing.  In preliminary experiments, fluorescence was shown to be 

linearly related to cell number (data not shown). 

 

Migration assay – PMN were suspended in HBSS at a concentration of 1X107 cells/mL 

and incubated with 1µg/mL calcein at room temperature for 30 minutes.  Following 

incubation with calcein, the cells were washed once with HBSS.  The PMN were then re-
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suspended in HBSS++ with 2% FCS at a concentration of 1X106 cells/mL and treated 

with vehicle control, KT5720 and MLCK inhibitors at the indicated concentrations for 30 

minutes at 370C.  20µL of the PMN suspension was added to the upper wells of a 96-well 

ChemoTx chemotaxis plate (Neuro Probe, Inc., Gaithersburg, MD) with a pore size of 

2µm and 30µL of vehicle control, KT5720 and MLCK inhibitors was placed in the 

bottom wells at the indicated concentrations to stimulated PMN migration across the 

membrane.  The plate was incubated for 30 minutes at 370C and then the total 

intracellular calcein fluorescence of each well (λ = 485nm excitation, λ = 530nm 

emission) was measured using an fMax fluorescence plate reader (Molecular Devices, 

Sunnyvale, CA).  20µL of the PMN suspension was added to the bottom wells of the 

plate to serve as positive control for fluorescence detection.  The percent of PMN that 

underwent migration was calculated as the fluorescence of the experimental well divided 

by the fluorescence of the positive control wells X 100%. 

 

Flow cytometry – PMN were suspended in HBSS containing 1mM Ca2+ (HBSS+) at a 

concentration of 4X106/mL and treated with vehicle control, KT5720 and ML-7 at the 

indicated concentrations for 30 minutes at 370C.  The PMN were then washed and 

resuspended with chilled PBS containing 1% FCS and 0.1% sodium azide (wash buffer).  

The PMN were then incubated with the indicated primary antibody for 40 minutes on ice, 

washed twice and resuspended with chilled wash buffer.  The PMN were subsequently 

incubated with FITC-conjugated anti-mouse F(ab’)2 for 20 minutes on ice.  The PMN 

were washed twice with chilled wash buffer to remove any unbound antibodies and the 

PMN were then suspended in PBS.  The relative fluorescence of 10,000 gated PMN was 
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then measured using a FACSCalibur flow cytometer (Becton-Dickinson, San Diego, 

CA). 

 

MLC phosphorylation analysis – PMN were suspended in HBSS++ at a concentration of 

4X106 cells/mL and treated with vehicle control, KT5720 and MLCK inhibitors at the 

indicated concentrations for 30 minutes at 370C.  The PMN were centrifuged at 

6000RPM for 10 minutes and resuspended in chilled lysis buffer containing 0.5% Triton-

X-100, 10ug/mL aprotinin/leupeptin, 1mM phenylmethylsulfonyl fluoride, 0.1mg/mL 

pepstatin, 1mM iodoacetamide, and 5mM diisopropylfluorophosphate.  The PMN were 

agitated on ice for 30 minutes and then centrifuged at 14000RPM and 40C for 10 minutes.  

The supernatant was collected, an aliquot of each sample was saved for total protein 

quantification via bicinchinonic acid (BCA) assay, and the remainder of each sample was 

diluted with an equal volume of Lammeli buffer with 5% 2-mercaptoethanol and boiled 

for 5 minutes.  The equal total protein content of each lysate was loaded on a 12% SDS-

polyacrylamide gel and subsequently resolved via SDS-PAGE and transferred to a 

polyvinylidene fluoride membrane.  The membranes were blocked with BSA and then 

probed with either mouse anti-phospho-MLC IgG or mouse anti-MLC IgM.  Unbound 

antibody was removed via washing of the membrane and the membrane was then probed 

with an appropriate horseradish peroxidase (HRP) conjugated secondary antibody.  The 

secondary antibody was detected via chemiluminescence using the ECL detection kit and 

exposure of Kodak X-OMAT AR film (Eastman Kodak Co., Rochester, NY).  The films 

were digitized using a ScanJet 5100C (Hewlett-Packard, Palo Alto, CA) and the optical 
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density of each band was determined using ONE-Dscan 2.05 for Windows (Scanalytics, 

Inc., Fairfax, VA).  

 

Statistical analysis – Significance of difference between data points was determined 

using student’s T-test.  Findings were considered significantly different with P < 0.05. 

 

Results 
 
 
PKA negatively regulates MLC phosphorylation via a MLCK – dependent pathway. 

     Previous studies have determined that PKA can phosphorylate, and thereby inactivate 

MLCK.  To determine if MLC phosphorylation is regulated by PKA in PMN, PMN were 

isolated from peripheral blood and treated with the PKA inhibitor KT5720 at varying 

concentrations for 30 minutes at 37ºC, and MLC phosphorylation was determined via 

Western Blot.  Inhibition of PKA by KT5720 resulted in a dose dependant increase in 

MLC phosphorylation (figure 1).  Since this increase in phosphorylated MLC could be 

due to an increase in phosphorylation or a decrease in phosphatase activity, we assessed 

the effect of the MLCK inhibition on KT5720-induced MLC phosphorylation.  PMN 

were co-treated with KT5720 (10µM) and either the pharmacologic MLCK inhibitor ML-

7 (10µM), or a MLCK inhibitory peptide (10µM) and subsequently lysed, and the lysates 

were resolved by SDS-PAGE (figure 2).  The KT5720-induced upregulation of MLC 

phosphorylation was partially prevented by pretreatment with either MLCK inhibitor.  A 

scrambled version of the MLCK inhibitory peptide (10µM) had no effect upon KT5720-

induced MLC phosphorylation.  These findings demonstrate that the regulatory effect of 

PKA upon MLC phosphorylation requires the activity of MLCK. 
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PKA regulates PMN migration via a MLCK – dependent pathway. 

    MLC phosphorylation is required for completion of the actin-myosin complex and 

subsequent cytoskeletal stability and contraction, and this stability and contraction are 

required for the firm adhesion and extravasation of leukocytes.  Since PKA regulates 

MLC phosphorylation in PMN, we examined the role of PKA in PMN chemotaxis.  

Based on previous work that demonstrates that MLC phosphorylation regulates PMN 

migration and our findings that demonstrate that KT5720 stimulates MLC 

phosphorylation, we next addressed whether the ability of a gradient of KT5720 to 

stimulate chemotaxis is dependent on MLCK activity.  Exposure of PMN to a gradient of 

the PKA inhibitor KT5720 resulted in a dose-dependent stimulation of PMN migration 

(figure 3).  To determine if MLCK activity is required for the inhibitory of effect of PKA 

upon chemotaxis, PMN were pretreated with an MLCK inhibitor prior to the induction of 

chemotaxis with KT5720.  Pre-treatment of PMN with either ML-7 (10µM) or the 

MLCK inhibitory peptide (10µM) resulted in inhibition of PMN chemotaxis.  PMN 

migration was not stimulated by a gradient of ML-7 or the inhibitory peptide, and direct 

treatment of PMN with KT5720 did not stimulate migration (data not shown).  The affect 

of MLCK inhibition on KT5720-induced chemotaxis was found to be dose dependent for 

both ML-7 (figure 4) and MLCK inhibitory peptide (figure 5) and chemotaxis was 

stimulated by KT5720 (25µM).  The scrambled control peptide hade no effect upon 

KT5720–induced chemotaxis, demonstrating that the activity of the inhibitory peptide is 

specific to its sequence. 
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PKA regulates β2 integrin - mediated PMN adhesion via a MLCK – dependent pathway. 

     β2 integrin - mediated adhesion is critically required for PMN extravasation and 

migration.  We have previously demonstrated that treatment of PMN with the PKA 

inhibitor KT5720 will initiate PMN adhesion to the β2 integrin substrate, FCS.  Given 

this, we elected to determine if the ability of MLCK inhibitors to abolish KT5720-

induced PMN migration is due to an inhibition of β2 integrin-dependent adhesion.  

Minimal adhesion was detected in untreated PMN, while adhesion was induced in a dose 

dependent manner by the PKA inhibitor KT5720 (figure 6).  PMN were treated MLCK 

inhibitors prior to KT5720 treatment to examine the role of MLC phosphorylation in 

KT5720-induced PMN adhesion.  Pretreatment of the PMN with ML-7 (10µM) inhibited 

the ability of KT5720 to stimulate adhesion.  To determine if the effect of ML7 on 

KT5720-induced adhesion is dose dependent, PMN were pretreated with a range of doses 

of ML-7 and adhesion to FCS was stimulated by KT5720 (25µM) (figure 7).  ML-7 had 

no effect upon adhesion in the cells lacking KT5720 treatment, while ML-7 inhibited β2 

integrin–mediated adhesion in the KT5720-treated PMN in a dose dependant manner.  

MLCK inhibitory peptide inhibited β2 integrin–mediated adhesion in PMN treated with 

KT5720 (25µM) in a dose dependant manner similar to the effect demonstrated with ML-

7 (figure 8).  The control peptide had no effect upon KT5720–induced PMN adhesion.  

Both the active and control peptides had no effect upon unstimulated PMN (data not 

shown). 
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PKA regulates β2 integrin activation upon the surface of PMN via a MLCK – dependent 

pathway. 

     β2 integrin activation is required for PMN adhesion and migration.  Treatment of 

PMN with KT5720 results in a dose-dependent increase in the number of β2 integrin 

molecules on the surface of individual PMN, as well as an increase in αMβ2 affinity.  To 

determine whether the ability of KT5720 to activate β2 integrins is dependent on MLCK 

activity, we examined whether KT5720-induced β2 integrin expression and affinity 

activation was affected by inhibitors of MLCK.  Treatment of PMN with KT5720 

(25µM) resulted in upregulation of β2 integrin expression.  ML-7 (10µM) had no effect 

upon β2 integrin expression upon unstimulated PMN, whereas co-treatment with ML-7 

and the PKA inhibitor KT5720 resulted in inhibition of the upregulation of KT5720-

induced upregulation of β2 integrin expression (figure 9).  Moreover, inhibition of 

MLCK by ML-7 (10µM) resulted in inhibition of both the quantity of PMN expressing 

high affinity β2 integrins (figure 10) as well as the number of high affinity β2 integrin 

molecules per cell (figure 11) stimulated by the PKA inhibitor KT5720. 

 

Discussion 

     Since phosphorylation of MLCK by PKA results in the loss MLCK’s kinase activity, 

we hypothesized that the regulation of β2 integrins and the subsequent inhibition of PMN 

activation by PKA is dependent upon PKA inhibition of MLC phosphorylation.  While 

MLCK does phosphorylate MLC, the phosphorylation state of MLC is also directly 
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affected by other kinases and by myosin light chain phosphatase (Howe 2004, Smith et al 

2003, Chew et al 1998, Lamb et al 1988, Blue et al 2002).  Western blot analysis of 

lysates of PMN treated with the PKA inhibitor KT5720 detected increased concentrations 

of phosphorylated MLC (pMLC).  To assess the role of MLCK in this finding, we treated 

PMN with the pharmacologic MLCK inhibitor ML-7 in combination with KT5720 and 

witnessed a decrease in the pMLC concentration in the co-treated cells, demonstrating 

that MLCK activity is required for the increase of pMLC caused by PKA inhibition.  

Stated otherwise, MLCK activity is required for the inhibitory activity of PKA upon 

MLC activity.  The MLCK inhibitor ML-7 is relatively specific at the concentrations 

examined, however to confirm our findings we repeated the experiment with a 

commercially available MLCK inhibitory peptide consisting of amino acids 11-19 of 

MLC which contains the catalytic site of MLCK and acts as a competitive inhibitor.  The 

results of these experiments were similar to those performed with the ML-7, confirming 

our initial data.  A control peptide was generated containing a randomized sequence of 

the inhibitory peptide, and this peptide had no affect upon MLC phosphorylation. 

     It has been previously determined that MLC phosphorylation is required for leukocyte 

chemotaxis (Adachi et al 2003, Klemke et al 1997).  We have demonstrated that 

exposure of PMN to a gradient of KT5720 results in polarization of PMN and migration 

towards the PKA inhibitor.  Our data presented here show that MLCK activity is required 

for this PKA regulation of PMN chemotaxis.  MLC must be phosphorylated to allow 

actin polymerization, and the subsequent cytoskeletal rearrangement is required for both 

PMN polymerization and contraction.  Our laboratory has determined that while exposure 

of PMN to a gradient of KT5720 results in cell polarization, global exposure to the PKA 
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inhibitor does not, suggesting that PKA activity must be inhibited at the leading edge but 

intact at the trailing edge of the cell to provide polarity and directional movement (Jones 

unpublished data). 

     To address the PKA-MLCK affects upon β2 integrins, we next looked at PMN 

adhesion to FCS which is a β2 integrin-dependent event in PMN.  As previously 

observed, inhibition of PKA resulted in PMN adhesion to the β2 integrin substrate FCS 

(Chilcoat et al 2002, Jones et al 2002).  Pre-inhibition of MLCK abolished the KT5720-

induced adhesion, demonstrating the requirement for MLCK activity in the PKA 

regulation of β2 integrin-dependent adhesion. β2 integrins are anchored to the actin 

cytoskeleton and the clustering of integrins is mediated by cytoskeletal rearrangement.  

This clustering aids in adhesion by both increasing the number of integrin-ligand 

“anchors” at the site of adhesion as well as grouping, and therefore intensifying, the β2 

integrin-mediated signaling that occurs subsequent to integrin-ligand binding (Stewart et 

al 1998).  To further examine the effect of PKA and MLCK upon β2 integrins, we 

analyzed the surface expression of β2 integrins after treatment with KT5720.  PKA 

inhibition resulted in an increase in both the total number and activation state of β2 

integrins upon the surface of PMN.   Co-inhibition of PKA and MLCK resulted in no 

change in β2 integrin expression, demonstrating the need for MLCK activity in the PKA 

regulation of β2 integrins.  Upregulation of β2 integrin expression on the surface of PMN 

requires mobilization of preformed integrins to the cell surface, a function requiring MLC 

activity to move granules through the cytosol.  Activation of β2 integrins requires 

integrin clustering which is also dependent upon reorganization of the cytoskeleton, and 

therefore, MLC. 
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     The data presented here further demonstrates that β2 integrin activation and 

subsequent conversion of PMN to a pro-inflammatory state is regulated by PKA, and we 

have now seen that this regulation is mediated by regulation of MLCK activity.  As we 

gain a greater knowledge of the physiologic mechanisms that regulate inflammation, we 

will become better equipped to therapeutically modulate the inflammatory response in the 

face of disease. 
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Figure 1.  Treatment of PMN with the PKA inhibitor KT5720 results in a dose-dependent 

Phosphorylation of MLC - PMN were treated with the indicated concentration of KT5720 

or vehicle alone for 30 minutes at 370C and subsequently lysed.  The cleared lysate was 

resolved via SDS-PAGE and blotted with anti-phospho-MLC antibodies and detected 

with HRP-conjugated secondary antibodies.  The blot was stripped and reprobed with 

antibodies against any phosphorylation state of MLC and detected with HRP-conjugated 

secondary antibodies.  The relative densities (as compared to the vehicle treated group) of 

each phospho-MLC band were determined and are shown in the graph.  Data are 

representative of three separate trials. 
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Figure 2.  KT5720-induced MLC phosphorylation is prevented by inhibition of MLCK- 

PMN were treated with vehicle or the 10µM KT5720 alone or with 10µM ML-7, 10µM 

MLCK inhibitory peptide or 10µM scrambled control peptide for 30 minutes at 370C and 

subsequently lysed.  The cleared lysate was resolved via SDS-PAGE and blotted with 

anti-phospho-MLC antibodies and detected with HRP-conjugated secondary antibodies.  

The blot was stripped and reprobed with antibodies against any phosphorylation state of 

MLC and detected with HRP-conjugated secondary antibodies.  The relative densities (as 

compared to the vehicle treated group) of each phospho-MLC band were determined and 

are shown in the graph.  Data are representative of three separate trials. 
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Figure 3.  KT5720-induced PMN migration is decreased by inhibition of MLCK- PMN 

loaded with calcein were treated with the vehicle, 10µM ML-7 or 10µM MLCK 

inhibitory peptide for 30 minutes at 370C.  PMN were added to the upper wells of a 96-

well chemotaxis plate and the indicated concentrations of KT5720 were placed in the 

bottom wells to stimulated PMN migration across the membrane.  The plate was 

incubated for 30 minutes at 370C and then the calcein fluorescence of each well was 

measured.  PMN suspension was added to a set of bottom wells of the plate to serve as 

positive control for fluorescence detection.  The fraction of PMN that underwent 

migration was calculated as the fluorescence of the experimental well divided by the 

fluorescence of the positive control, and these values were normalized to the maximal 

migration induced by KT5720.  The data are the mean + standard deviation of triplicate 

wells.  Data are representative of three separate trials. “*” signifies values that are 

statistically different (p<0.05) between the no inhibitor and both ML-7 and MLCK 

peptide treated groups, as determined by Student’s T-test.  “**” signifies values that are 

statistically different (p<0.05) between the no inhibitor and ML-7 treated group.
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Figure 4.  Inhibition of KT5720-induced PMN migration by ML-7 is dose-dependent- 

PMN loaded with calcein were treated with the indicated concentrations of ML-7 for 30 

minutes at 370C.  PMN were added to the upper wells of a 96-well chemotaxis plate and 

25µM KT5720 was placed in the bottom wells to stimulated PMN migration across the 

membrane.  The plate was incubated for 30 minutes at 370C and then the calcein 

fluorescence of each well was measured.  PMN suspension was added to a set of bottom 

wells of the plate to serve as positive control for fluorescence detection.  The fraction of 

PMN that underwent migration was calculated as the fluorescence of the experimental 

well divided by the fluorescence of the positive control, and these values were 

normalized to the maximal migration induced by KT5720.  The data are the mean + 

standard deviation of triplicate wells.  Data are representative of three separate trials. 
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Figure 5.  Inhibition of KT5720-induced PMN migration by MLCK inhibitory peptide is 

dose-dependent- PMN loaded with calcein were treated with the indicated concentrations 

of MLCK inhibitory peptide or scrambled control peptide for 30 minutes at 370C.  PMN 

were added to the upper wells of a 96-well chemotaxis plate and 25µM KT5720 was 

placed in the bottom wells to stimulated PMN migration across the membrane.  The plate 

was incubated for 30 minutes at 370C and then the calcein fluorescence of each well was 

measured.  PMN suspension was added to a set of bottom wells of the plate to serve as 

positive control for fluorescence detection.  The fraction of PMN that underwent 

migration was calculated as the fluorescence of the experimental well divided by the 

fluorescence of the positive control, and these values were normalized to the maximal 

migration induced by KT5720.  The data are the mean + standard deviation of triplicate 

wells.  Data are representative of three separate trials. “*” signifies values that are 

statistically different (p<0.05) between the MLCK peptide and control peptide treated 

groups, as determined by Student’s T-test. 
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Figure 6.  KT5720-induced PMN adhesion is inhibited by ML-7 – Calcein loaded PMN 

were treated with vehicle or the indicated concentrations of KT5720 in the presence or 

absence of 10µM ML-7 at for 30 minutes at 37ºC and were subsequently added to FCS-

coated wells of a microtiter plate and incubated at room temperature for 10 minutes.  The 

data are the mean + standard deviation of triplicate wells, reported as % adhesion, the 

percentage of cells that remained adherent after washing as described in “Materials and 

Methods.”  The data are the mean + standard deviation of triplicate wells.  Data are 

representative of three separate trials. “*” signifies values that are statistically different 

(p<0.05) between the ML-7 treated and untreated groups, as determined by Student’s T-

test.
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Figure 7.  ML-7 inhibition of KT5720-induced PMN adhesion is dose-dependent– Calcein 

loaded PMN were treated with vehicle or the indicated concentrations of ML-7 in the 

presence or absence of 25µM KT5720 at for 30 minutes at 37ºC and were subsequently 

added to FCS-coated wells of a microtiter plate and incubated at room temperature for 10 

minutes.  The data are the mean + standard deviation of triplicate wells, reported as % 

adhesion, the percentage of cells that remained adherent after washing as described in 

“Materials and Methods.”  The data are the mean + standard deviation of triplicate wells.  

Data are representative of three separate trials. 
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Figure 8.  MLCK inhibitory peptide  inhibition of KT5720-induced PMN adhesion is 

dose-dependent– Calcein loaded PMN were treated with vehicle or the indicated 

concentrations of either MLCK inhibitory peptide or scrambled control peptide in the 

presence or absence of 25µM KT5720 at for 30 minutes at 37ºC and were subsequently 

added to FCS-coated wells of a microtiter plate and incubated at room temperature for 10 

minutes.  The data are the mean + standard deviation of triplicate wells, reported as % 

adhesion, the percentage of cells that remained adherent after washing as described in 

“Materials and Methods.”  The data are the mean + standard deviation of triplicate wells.  

Data are representative of three separate trials. “*” signifies values that are statistically 

different (p<0.05) between the MLCK peptide and scrambled peptide treated groups, as 

determined by Student’s T-test. 
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Figure 9.  Treatment of PMN with the PKA inhibitor KT5720 results in up-regulation of 

ß2 integrin expression via an MLCK-dependent pathway– PMN were treated with vehicle 

control, 25µM KT5720, 10µM ML-7 or a combination of 25µM KT5720 and 10µM ML-

7 for 30 minutes at 37ºC.  The PMN were then incubated with the anti-ß2 integrin 

antibody IB4 for 40 minutes on ice, washed and subsequently incubated with FITC-

conjugated anti-mouse F(ab’)2 for 20 minutes on ice.  The PMN were washed and the 

fluorescence of 10,000 gated PMN was then measured.  The reported relative 

fluorescence represents the mean fluorescence intensity of each treatment group 

normalized to the mean fluorescence intensity of the untreated control group.  The data 

are the mean + standard deviation of three separate trials. “*” signifies values that are 

statistically different (p<0.05) from the untreated group, as determined by Student’s T-

test.



111 

Figure 9 

control KT5720 ML-7 KT5720 + ML-7

R
el

at
iv

e 
Fl

uo
re

sc
en

ce

0

1

2

*



112 

Figure 10.  Treatment of PMN with the PKA inhibitor KT5720 results in a dose-

dependent activation of ß2 integrins via an MLCK-dependent pathway– PMN were 

treated with the indicated concentration of  KT5720 in the presence or absence of 10µM 

ML-7 for 30 minutes at 37ºC.  The PMN were then incubated with the anti-high affinity 

ß2 integrin antibody CBRM1/5 for 40 minutes on ice, washed and subsequently 

incubated with FITC-conjugated anti-mouse F(ab’)2 for 20 minutes on ice.  The PMN 

were washed and the relative fluorescence of 10,000 gated PMN was then measured.  The 

unstimulated PMN demonstrated a uniform low fluorescence intensity when compared to 

that seen in the KT5720 stimulated populations.  The PMN were gated to low and high 

fluorescence intensity based upon the fluorescence of the unstimulated PMN, and the 

data represent the percent of the total PMN expressing high fluorescence consistent with 

an increase in the presence of high affinity β2 integrins.  The data are the mean + 

standard deviation of three separate trials. “*” signifies values that are statistically 

different (p<0.05) between the ML-7 treated and untreated groups, as determined by 

Student’s T-test.
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Figure 11.  Treatment of PMN with the PKA inhibitor KT5720 results in a dose-

dependent activation of ß2 integrins via an MLCK-dependent pathway– PMN were 

treated with the indicated concentration of  KT5720 in the presence or absence of 10µM 

ML-7 for 30 minutes at 37ºC.  The PMN were then incubated with the anti-high affinity 

ß2 integrin antibody CBRM1/5 for 40 minutes on ice, washed and subsequently 

incubated with FITC-conjugated anti-mouse F(ab’)2 for 20 minutes on ice.  The PMN 

were washed and the relative fluorescence of 10,000 gated PMN was then measured.  The 

reported relative fluorescence represents the mean fluorescence intensity of each 

treatment group normalized to the mean fluorescence intensity of the untreated control 

group.  The data are the mean + standard deviation of three separate trials. “*” signifies 

values that are statistically different (p<0.05) between the ML-7 treated and untreated 

groups, as determined by Student’s T-test.



115 

Figure 11 

 

KT5720 (µM)
0 5 10 15 20 25

R
el

at
iv

e 
Fl

uo
re

sc
en

ce

0

2

4

6

8

10

control
10µM ML-7 

*

* *



116 

SUMMARY 

 

We have demonstrated in the preceding experiments: 

 

1. Inhibition of PKA will induce β2 integrin-dependent adhesion in PMN. 

2. Augmentation of cAMP will inhibit β2 integrin-dependent adhesion in IC 

stimulated PMN, and this effect requires PKA activity. 

3. Upregulation of intracellular cAMP by either β adrenergic agonists or PDE 

inhibitors results in inhibition of β2 integrin-dependent adhesion and subsequent 

respiratory burst activity in IC stimulated PMN. 

4. Co-treatment of IC stimulated PMN with β adrenergic agonists and PDE 

inhibitors has a synergistic effect upon inhibition of β2 integrin-dependent 

adhesion and subsequent respiratory burst activity. 

5. Inhibition of PKA results in MLCK-dependent phosphorylation of MLC in PMN. 

6. Inhibition of PKA results in MLCK-dependent, β2 integrin-dependent migration 

in PMN. 

7. Inhibition of PKA results in MLCK-dependent, β2 integrin-dependent adhesion in 

PMN. 

8. Inhibition of PKA results in MLCK-dependent upregulation of β2 integrin 

expression on PMN. 

9. Inhibition of PKA results in MLCK-dependent affinity activation of β2 integrin 

on PMN. 
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CONCLUSION 

     To test our hypothesis that PKA inhibits β2 integrin affinity and avidity, and 

subsequent PMN activation, via inhibition of MLC phosphorylation by MLCK, we 

first set out to demonstrate the effect of PKA upon β2 integrin-dependent adhesion.  

We observed that inhibition of PKA induced β2 integrin-dependent adhesion of PMN 

to FCS, suggesting that constitutive PKA activity in the quiescent PMN prevents this 

adhesion.  To confirm this, we augmented PKA activity via treatment of PMN with a 

cell permeant analog of cAMP and observed the effect upon β2 integrin-dependent 

adhesion upon stimulation of the PMN with IC.  As previously demonstrated, 

stimulation of PMN with IC induced β2 integrin-dependent adhesion and we 

observed that augmentation of PKA activity prevented this adhesion, further 

strengthen the role of PKA in inhibiting β2 integrin adhesion.  The effect of the 

cAMP analog upon IC stimulated PMN was blocked by inhibition of PKA activity, 

demonstrating that this inhibitory effect of cAMP is mediated through PKA. 

     The inhibitory effect of cAMP upon adhesion witnessed with the cAMP analog 

was also seen with pharmacologic augmentation of intracellular cAMP by both 

adrenergic agonists, which increase cAMP generation, and PDE inhibitors, which 

prevent cAMP degradation.  Since β2 integrin-dependent adhesion is required for 

further phagocyte activation in the face of stimulation of PMN through the FcγR, we 

examined the effect of PKA upon respiratory burst activity subsequent to IC induced 

β2 integrin-dependent adhesion.  As expected, pharmacologic augmentation of cAMP 

resulted in an inhibition of respiratory burst activity, demonstrating that PKA activity 

can prevent phagocyte activation to pro-inflammatory stimuli which require β2 
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integrin-dependent adhesion for PMN activation.  Interestingly, the adrenergic 

agonists and PDE inhibitors had a synergistic effect upon the inhibition of both β2 

integrin-dependent adhesion and the subsequent respiratory burst activity in PMN.  A 

possible mechanism for this synergistic effect is that the PDE inhibitors prevent the 

degradation of the increased cAMP concentrations generated by the adrenergic 

stimulation, resulting in higher cAMP concentrations obtained from either 

pharmacologic agent alone. 

     Since β2 integrins both generate and are affected by intracellular signals, it can be 

difficult to determine if an inhibitory event is upon β2 integrin aviditiy activation or 

upon the subsequent integrin-generated outside-in signal.  To assess the role of PKA 

upon integrin activation, we examined the effect of PKA upon β2 integrin expression 

upon the surface of PMN.  We found that inhibition of PKA activity resulted in an 

upregulation of β2 integrin expression on PMN, demonstrating that the constitutive 

PKA activity of quiescent PMN prevents upregulation of β2 integrins.  Further 

examination of these PKA-inhibited PMN showed that not only were the number of 

β2 integrins increased on the cell surface, but the integrins expressed high affinity for 

ligand, demonstrating that PKA prevents integrin affinity activation in the resting 

PMN. 

     We had hypothesized that PKA exerted its inhibitory effects upon the β2 integrins 

via the activity of MLCK upon MLC and the subsequent alteration of the actin 

cytoskeleton.  To address this, we first needed to confirm that PKA could affect 

MLCK activity in PMN.  We inhibited PKA activity in PMN and witnessed an 

increase in MLC phosphorylation.  To ensure that this effect was via MLCK and not 
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due to alterations in MLC phosphatase activity or phosphorylation of MLC by kinase 

other than MLCK, we demonstrated that inhibition of MLCK activity blocked the 

PKA-mediated upregulation of MLC phosphorylation.  These findings confirm that 

PKA can inhibit MLCK and prevent the subsequent MLC activation required for 

cytoskeletal rearrangement in PMN. 

     To determine if the PKA inhibition of β2 integrin-dependent adhesion is via 

inhibition of MLCK activity, we demonstrated that the PMN adhesion generated by 

PKA inhibition could be blocked by inhibition of MLCK activity.  Similar to β2 

integrin-dependent adhesion, we found that the β2 integrin-dependent migration of 

PMN induced by inhibition of PKA activity is also blocked by inhibition of MLCK.  

These findings show that PKA inhibits both β2 integrin-dependent adhesion and 

migration in quiescent PMN via inhibition of MLCK.  Finally, we examined the role 

of MLCK activity in PKA regulation of β2 itegrin avidity activation.  We found that 

both the upregulation of β2 integrin expression and affinity upon PMN caused by 

inhibition of PKA activity could be blocked by inhibition of MLCK, demonstrating 

that the inhibitory effect of PKA upon β2 integrin avidity activation in PMN is via 

MLCK. 

  We have demonstrated here that the constitutive activity of PKA prevents β2 

integrin avidity activation, β2 integrin-dependent adhesion and the subsequent 

phagocyte activation of PMN.  Further, we have shown that these effects of PKA are 

mediated through the inhibition of MLCK activity, supporting our hypothesis. 

 


