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ABSTRACT

JEFFREY A. SUNM AN
Inhibitors o f  Neuropeptide Amidation: Pharmacological Effects and M echanisms in 
Inflammation and Tumorgenic Cells
(Under the direction o f  DR. STANLEY H. POLLOCK and DR. DIANE F. MATESIC)

The inflammatory neuropeptide Substance P (SP) requires a-amidation by 

peptidylglycine a-m onooxygenase (PAM) and peptidylamidoglycolate lyase (PGL) to 

become biologically active. PAM is the rate-limiting enzyme in this pathway and, 

therefore, a target for the inhibition o f  inflammation. 4-Phenyl-3-butenoic acid (PBA) is 

an inhibitor o f  PAM that attenuates acute inflammation in rats. N-acetylphenylalanyl 

acrylate (APAA) is a more potent inhibitor o f  PAM in vitro  than PBA. In Part I, we 

evaluated PBA, APAA, and APAA methyl ester (APAA-M e) for inhibition o f  PAM  

activity in vivo, inhibition o f  inflammation in rats, and for mechanisms contributing to 

their effects in vivo.

W e observed that each compound produced dose-dependent inhibition o f  serum 

PAM activity. PBA produced greater inhibition than A PAA or APAA-M e and sustained 

inhibition when continuously administered. Furthermore, PBA inhibited adjuvant 

arthritis while APAA-M e produced potent inhibition o f  carrageenan edema. Direct and 

indirect measurements o f  SP, however, suggested that these compounds did not alter

xvii
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levels o f  SP. Therefore, we conducted experiments to evaluate possible mechanisms that 

may have contributed to the observed anti-inflammatory effects. Our studies suggested 

that these compounds weakly inhibit prostaglandin synthesis, protein denaturation, and/or 

collagenase activity.

The proliferation o f  some tumorgenic cells is dependent on amidated growth 

factors, which require a-amidation to become active. Therefore, PAM also represents a 

target for the treatment o f  certain tumorgenic cells. In Part II, we evaluated the effect o f  

PBA on cell growth, PAM activity, and gap junctional communication in normal (WB- 

Neo) and ras-transformed tumorgenic cells (W B-Ras). Ours studies demonstrated that 

PBA inhibited only WB-Ras proliferation, although it produced a decrease in PAM  

activity in both cell types. W e also observed an increase in gap junctional 

communication between W B-Ras cells, increased expression o f  phosphorylated gap 

junction connexin 43, and an increase in the percent o f  the W B-Ras plasma membrane 

covered by gap junctions. These results indicate the expression o f  a more normal 

phenotype following PBA treatment.

Taken together, the experiments conducted herein suggest that PBA produces 

beneficial effects in models o f  inflammation and in tumorgenic cells by mechanisms that 

may be related to the inhibition o f  PAM or additional, unknown mechanisms o f  action.
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PA R TI  

CHAPTER 1 

INTRODUCTION A N D LITERATURE SURVEY  

General Aspects o f  Inflammation 

Inflammation is complex series o f  responses to a stimulus or injury with the 

primary purpose o f  eliminating the stimulus and subduing its harmful effects. The four 

cardinal signs that accompany acute inflammation are pain, heat, redness, and swelling  

(Selak, 1994). These signs result from physiological reactions mediated by chemical 

substances that are derived from cells or plasma and w ill subside upon removal o f  the 

stimulus. W hile inherently a beneficial and protective response to injury, inflammation 

may also becom e harmful or life threatening. Chronic inflammatory diseases may arise 

as reactions to many stimuli including medications, environmental allergens, and chronic 

diseases (Chung and Adcock, 2001). The events that occur during both the acute and 

chronic inflammatory processes are summarized in Figure 1.

Acute Inflammation

Acute inflammation is an immediate response to injury that is relatively short, 

lasting as little as a few  hours or days. Its primary purpose is the rapid elimination o f  the 

inflammatory stimulus (Delgado and Ganea, 2001). Acute inflammation is characterized 

by the exudation o f  fluid and plasma proteins and the emigration o f  leukocytes, primarily
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macrophages and neutrophils, to the site o f  injury. Four major processes are involved in 

the development o f  acute inflammation: vascular changes in tone that alter blood flow, 

structural changes in the microvasculature near the site o f  injury, emigration o f  

leukocytes into the extracellular tissues at the site o f  injury, and elimination o f  the 

stimulus by phagocytosis (Maier and Bulger, 1996).

Changes in the tone o f  blood vessels occur rapidly in response to chemical 

mediators released at the site o f  inflammation. Transient vasoconstriction is followed by 

vasodilation o f  arterioles, which increases blood flow  and hydrostatic pressure in 

capillary beds. Blood flow  begins to slow  due to an increase in vascular permeability, 

allowing leakage o f  protein-rich fluid into the extracellular space. The increase in 

vascular permeability may be caused by the formation o f  endothelial gaps or channels in 

venules in response to chemical mediators, injury to the endothelium that affects 

arterioles, capillaries, and venules, or leukocyte-mediated endothelial injury. The escape 

o f  protein and fluid from the vasculature raises the concentration o f  cells within the 

vessel, increasing blood viscosity and resulting in stasis o f  blood flow  in the area (Cotran 

et al., 1994).

As stasis develops, leukocytes in the blood travel closer to the endothelial walls, 

an event referred to as margination (Hawkins et al., 1996). During margination, 

leukocytes weakly interact with the endothelium, a process referred to as rolling, through 

the binding o f  adhesion m olecules called selectins (Hicks et al., 2002). There are three 

predominant types o f  selectins. L-selectin (LAM -1) is found on most leukocytes and 

binds weakly to carbohydrates on endothelial surfaces. P-selectin is found on platelets
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and endothelial cells. E-selectin (ELAM -1) is found only on endothelial cells and is 

primarily responsible for the slowing o f  leukocytes during rolling. Although selectins 

slow  leukocyte movement, firm adhesion to the endothelium is facilitated by leukocyte 

membrane proteins called integrins. Integrins are transmembrane adhesion proteins on 

leukocytes that are formed in response to chemical mediators, and consist o f  an alpha and 

beta peptide chain (Diez-Fraile et al., 2002). Integrins, including LFA-1, M AC-1, and 

VLA-4, act as receptors for immunoglobulin-like m olecules on endothelial cells. The 

immunoglobulin superfamily adhesive m olecules are expressed on the surface o f  

activated endothelial cells (Cybulsky et al., 2001). These adhesive m olecules, in 

particular ICAM-1 and VCAM -1, bind to integrins and facilitate firm adhesion o f  the 

leukocyte to the endothelium.

Leukocyte adhesion is followed by diapedesis, the process o f  transmigration 

across the endothelium in response to chemotactic signals released from the site o f  

inflammation (von Andrian and Arfors, 1993). Additional adhesion m olecules such as 

PECAM-1, a member o f  the immunoglobulin supergene family, facilitate diapedesis 

(Mamdouh et al., 2003). Once in the extracellular space, leukocytes m ove by chemotaxis 

towards the site o f  injury in response to a gradient o f  chemical substances. These 

substances may be released from the stimulus, such as bacterial products, or may be 

endogenous substances such as components o f  complement (C3a and C5a), leukotrienes 

(LTB4), or cytokines (IL-8 ) (Schraufstatter et al., 2002; W oo et al., 2002; Cooper et al., 

2001). Binding o f  these chemicals to receptors on the leukocyte cell surface directs 

movement by activating the assembly o f  contractile proteins.
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Upon reaching the site o f  injury, leukocytes attempt to engulf and destroy the 

stimulus by phagocytosis (Meszaros et al., 1999). Leukocytes recognize and bind to 

opsonins, substances that coat the foreign material and promote engulfment o f  the 

particle. Types o f  opsonins include antibody Fc fragments, C3b, and carbohydrate 

binding proteins called collectins (Garcia-Garcia and Rosales, 2002; Shoshan et al., 2001; 

Lu et al., 2002). Following engulfment, the foreign particle is destroyed by one o f  

several mechanisms. Oxygen-dependent mechanisms, such as the oxygen burst reaction, 

result in the formation o f  oxygen metabolites including hydrogen peroxide, superoxide 

anion, and hydroxy and oxygen-halide free radicals (Verhoef, 1991). Oxygen- 

independent mechanisms include the actions o f  lysosomal enzymes such as lysozym e, 

which destroys bacterial cell walls and major basic protein (Sharma et al., 2000). 

Proteases, also found in the lysosom e, can destroy foreign materials (Pillay et al., 2002). 

When contents o f  the lysosom e are released outside o f  the cell during phagocytosis, 

severe tissue damage may occur. This detrimental process is referred to as regurgitation 

during feeding. I f  the foreign material is cleared during by phagocytosis, the 

inflammatory reaction w ill subside.

I f the insult persists following acute inflammation, T- and B-lym phocytes will be 

recruited to the site o f  inflammation to initiate an immune response, which can lead to the 

development o f  chronic inflammation.

Chronic Inflammation

Chronic inflammation can persist for months or years, demonstrating a continuous 

cycle o f  inflammation, tissue destruction, and attempts to clear the stimulus. Chronic
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inflammatory diseases, such as rheumatoid arthritis (RA), may occur following acute 

inflammation, persistent infections, prolonged exposure to toxic substances, or may result 

from immune reactions. Although the specific triggering factor for RA has still not been 

identified, much is known about the development o f  chronic inflammatory disease 

(Straub and Cutolo, 2001; Redlich et al., 2002). The characteristic hemodynamic 

changes o f  acute inflammation are not prominent in chronic inflammation. M onocytes, 

lymphocytes, and fibroblasts migrate to the site o f  inflammation and induce tissue 

destruction. The body attempts to repair damaged tissue by replacing it with connective 

tissue, leading to fibrosis and the formation o f  new blood vessels by angiogenesis (Leask 

et al., 2002; Auerbach et al., 2003).

The cells primarily involved in chronic inflammation are lymphocytes, 

neutrophils, and macrophages, which migrate by a similar mechanism as cells during 

acute inflammation. Lymphocytes, unlike macrophages and neutrophils, express 

addressins on their cell surface, which bind to integrins on the endothelial wall. Upon 

failing to destroy the foreign particle at the site o f  inflammation, macrophages and other 

antigen presenting cells (APCs) process the material and present it to T-lymphocytes as 

an antigen on their cell surface via a major histocompatibility com plex (MHC). T- 

lymphocytes that have CD4 co-receptors (CD4+) are referred to as T-helper cells. T- 

helper cells recognize and bind to exogenous antigens that are presented on MHC II 

proteins via a T-cell receptor (TCR) and a CD3 protein complex, which promotes higher 

affinity binding o f  the cells. Binding results in activation o f  the T-helper cell and the 

release o f  cytokines, which recruit additional lymphocytes to aid in the destruction o f  the
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foreign material. This process o f  T-cell activation and recruitment o f  additional cells to 

destroy foreign material is referred to as a cellular immune response (D elves and Roitt, 

2000).

T-cells which have CD8  co-receptors (CD 8 +) are referred to as T-cytotoxic cells. 

T-cytotoxic cells recognize endogenous antigens presented on MHC-I proteins via its 

TCR and CD3 complex, activating the cell. Unlike T-helper cells that recruit additional 

cells to aid in destruction o f  the material, T-cytotoxic cells are capable o f  destroying the 

foreign material without additional help. This process is also part o f  the cellular immune 

response (Delves and Roitt, 2000).

In addition to initiating the cellular immune response, activation o f  T- 

lymphocytes stimulates B-lymphocytes to differentiate into antibody-secreting plasma 

cells. Secreted antibodies bind to the foreign material and form antigen-antibody 

complexes. Antigen-antibody complexes enhance the rate o f  engulfment o f  the material 

by phagocytes present at the site o f  inflammation. This process is referred to as the 

humoral immune response (Delves and Roitt, 2000). Growth factors released during the 

immune response stimulate angiogenesis and the proliferation o f  fibroblasts at the site o f  

inflammation. These actions result in the replacement o f  healthy tissue with connective 

tissue, leading to fibrosis and scarring (Leask et al., 2002).

Degradation o f  cartilage is also characteristic o f  some chronic inflammatory 

diseases. A  balance usually exists between the synthesis and breakdown o f  matrix 

components. In chronic inflammation, however, breakdown o f  collagen and 

proteoglycans in the extracellular matrix is enhanced by matrix metalloproteinases
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(MMPs) such as collagenase and stromelysin which are synthesized by synovial 

fibroblasts (Jenkins et al., 2002).

In summary, acute and chronic inflammation are fundamentally healthy responses 

to injury or invading pathogens. Inflammation can, however, produce severely  

detrimental effects to normal tissue and continue without suppression, leading to the 

development o f  diseases such as RA. An understanding o f  the mediators and 

mechanisms involved in the inflammatory process is essential for the development o f  

strategies to treat inflammatory disease.

Chemical Mediators o f  Acute and Chronic Inflammation

Chemical mediators are released in response to injury or stimuli to enhance the 

inflammatory response. These mediators originate either from plasma, where they exist 

as precursors, or from cells, where they may be preformed or synthesized de novo  in 

response to an inflammatory stimulus. Chemical mediators produce their effects by 

binding to cell surface receptors and may induce the release o f  additional chemical 

mediators. Mediators may possess autocrine, paracrine, or endocrine activities that are 

generally short-lived and may produce harmful effects in addition to their normal role in 

the inflammatory response (Sjostrom et al., 2002; Haeggstrom and Wetterholm, 2002). 

Pre-Synthesized Mediators o f  Inflammation

Pre-synthesized chemical mediators are stored in intracellular granules and 

include the vasoactive amines histamine and serotonin. Histamine, found in the granules 

o f  basophils and mast cells, is synthesized from histidine (Lazar-Molnar et al., 2002). 

Stimuli, such as physical injury, immune reactions, complement factors, neuropeptides,
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and cytokines induce degranulation o f  the cells and release o f  histamine (Kikuchi and 

Kaplan, 2002; Matucci-Cerinic and Partsch, 1992). The vascular and inflammatory 

effects mediated by histamine primarily occur via HI and H2 receptors. Vascular effects 

include vasodilation, an increase in vascular permeability, contraction o f  bronchial 

smooth muscle, and stimulation o f  gastric acid release. Histamine may also enhance the 

inflammatory response by inducing cytokine release, stimulating sensory nerves to 

produce pain, upregulating the synthesis o f  adhesion m olecules, and upregulating the 

formation o f  prostaglandins (Greaves and Sabroe, 1996).

Serotonin is stored in nerves, platelets, and cells in the GI tract (Goettl et al., 

2002; Novak et al., 2002; Hunyady et al., 2000). Like histamine, serotonin release 

produces vasodilation, contraction o f  smooth muscle, and stimulation o f  sensory nerves 

(Sand et al., 2002; Evora et al., 2002). Histamine and serotonin enhance the early events 

o f  the inflammatory response by promoting vascular changes.

Cytokines are pre-synthesized polypeptides stored by white blood cells that 

modulate the function o f  other cell types. The primary cytokines involved in 

inflammation include tumor necrosis factor-a (TN F-a), interleukin-1 (IL-1), interleukin- 

6 (IL-6), and interleukin-8 (IL-8). IL-1 causes the release o f  prostaglandins, an increase 

in lymphocyte activity, an increase in adhesion m olecule expression, and the 

development o f  fever (Morioka et al., 2002; Szekanecz et al., 2000). Like IL-1, IL-6 

produces fever and the release o f  prostaglandins as well, but it also stimulates 

differentiation o f  B -cells into antibody-secreting plasma cells (Friederichs et al., 2001). 

IL-8 is a powerful chemotactic factor for neutrophils (Heit et al., 2002), while TN F-a
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produces fever, activation o f  macrophages and neutrophils, and an increase in the 

synthesis o f  adhesion m olecules (Szekanecz et al., 2000).

Chemical Mediators Synthesized de novo

Chemical mediators can also be synthesized by cells de novo following an 

inflammatory stimulus. These mediators produce local inflammatory effects, acting as 

autocoids upon release (Kulkami, 1991). Stimulation o f  phospholipase A 2 (PLA2), an 

enzyme found in the lipid membrane o f  inflammatory cells, initiates hydrolysis o f  

membrane bound arachidonic acid (AA) at its sn-2 position to produce free A A  (Santini 

et al., 2001). Free A A  is converted by cyclooxygenase or lipoxygenase enzymes to 

prostaglandins (PG), leukotrienes (LT), or thromboxane-A2 (TxA2) (Danz et al. 2002). 

Prostaglandins are prominent mediators o f  inflammation, in particular PGE2, PGF2,

PGD2, and PGI2 (prostacyclin). They produce a variety o f  inflammatory effects including 

vasodilation, fever, and sensory nerve stimulation (Bennett and Tavares, 2001; Kamper et 

al., 2002). Leukotrienes, in particular LTC4, LTD4, and LTE4, increase vascular 

permeability and contract bronchial and vascular smooth muscle (Kolaczkowska et al., 

2002; Walch et al., 2000). Additionally, LTB4 acts as a powerful chemotactic agent for 

neutrophils and stimulates leukocyte adhesion (Hiet et al., 2002; Steiner et al., 2001).

The events involved in the synthesis o f  prostaglandins, thromboxane, and leukotrienes 

are summarized in Figure 2 .

Platelet activating factor (PAF) is also a phospholipid-derived mediator liberated 

by PLA2, which increases vascular permeability, expression o f  adhesion m olecules, and 

platelet aggregation (Zhao et al., 2003; Saeed and Rasheed, 2003; Klabunde and
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Summary o f  the events involved in prostaglandin and leukotriene synthesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Anderson, 2002). Additionally, PAF stimulates the formation o f  leukotrienes, sensitizes 

sensory nerves to pain, and acts as a chemotactic agent (Tsuruta et al., 1999; Teather et 

al., 2002; Kato et al., 2002).

Nitric oxide (NO) is a free radical synthesized from L-arginine that requires the 

enzyme nitric oxide synthase (NOS). The constitutive form o f  NOS (cNOS) is found in 

platelets, neurons, and endothelial cells (Stichenoth and Frolich, 1998). It is activated by 

an influx o f  calcium, has a fast response time, but produces a relatively small amount o f  

NO. Inducible NOS (iNOS) appears in macrophages and neutrophils activated by 

cytokines. Unlike cNOS, activation o f  iNOS is calcium-independent. Additionally, 

iNOS has a longer response time and produces a larger amount o f  NO than cNOS. 

Although NO has a short half-life o f  a few  seconds, it produces powerful vasodilation 

and may be toxic to surrounding cells due to formation o f  free radicals (Ialenti et al., 

1992).

Plasma-Derived Mediators o f  Inflammation

Chemical mediators o f  inflammation also exist as inactive precursor proteins in 

the plasma. Stimulation by injury or endogenous mechanisms initiates the proteolytic 

cleavage o f  these precursors to form active inflammatory mediators. The three systems 

that produce plasma-derived mediators are the complement system, the kinin system, and 

the clotting system.

The complement system is a complex and tightly regulated system  that can be 

activated by one o f  three pathways (Sahu and Lambris, 2000). Antigen-antibody 

complexes primarily activate the classical pathway o f  complement activation. The
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alternative and lectin pathways o f  complement activation can be activated directly by a 

microbial surface without the assistance o f  an antibody. The components o f  complement, 

regardless o f  the means o f  activation, interact to form a lethal membrane attack complex 

(MAC) on the surface o f  infected or invading cells. The anaphylatoxins C3a and C5a, 

which are produced within the complement system, potentiate inflammation by binding 

to receptors on mast cells, basophils, phagocytic cells, and endothelial cells. C3a and 

C5a act as chemotactic substances and induce the release o f  histamine to increase 

vascular permeability. Additionally, the complement component C3b acts as an opsonin, 

enhancing phagocytosis (W etsel, 1995; Takizawa et al., 1996).

The kinin system is initiated by inflammatory mediators that activate the enzyme 

kallikrein. Tissue and plasma kallikrein act on the plasma precursor protein kininogen to 

produce bradykinin (BK). Once active, BK elicits a variety o f  inflammatory effects via 

B1 and B2 receptors. These include vasodilation, an increase in vascular permeability, 

stimulation o f  sensory nerve endings, contraction o f  bronchial smooth muscle, bone 

resorption, and the release o f  prostaglandins and interleukins (Kuga et al., 1997; Tamaka 

and Yamashita, 2002; Ferreira et al., 2002; Tsubone et al., 1997; Lemer, 1994).

In addition to its role in coagulation, the clotting system plays a role in 

inflammation. Activation o f  the Hageman factor (factor XII) induces the formation o f  the 

enzyme thrombin, which converts fibrinogen to fibrin and fibrinopeptides. Thrombin 

stimulates endothelial cell activation, upregulates adhesion m olecule expression, and 

stimulates formation o f  PAF (Esmon, 2001). Fibrinopeptides are chemotactic agents and 

increase vascular permeability. Additionally, factor Xa increases vascular permeability.
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Along with the complement, kinin, and clotting systems, denaturation o f  proteins 

in the plasma also contributes to inflammation. Protein denaturation accompanies the 

increase in temperature at the site o f  inflammation, making proteins more susceptible to 

glycation (Seidler and Yeargans, 2002). Glycation o f  denatured proteins leads to the 

production o f  advanced glycation endproducts (AGEs), which promote inflammation by 

activating macrophages (Schwedler et al., 2001; Schmidt and Stem, 2000).

The role o f  plasma and cell-derived chemical mediators has been extensively  

evaluated in human and animal models o f  inflammation. Recently, however, the 

importance o f  the sympathetic nervous system in inflammation has becom e more 

apparent.

The Role o f  the Sympathetic Nervous System in Inflammation

The role o f  the sympathetic nervous system in inflammation has been studied 

extensively. Evidence o f  this role has been derived from a variety o f  experimental 

conditions in animals. Spontaneously hypertensive rats, which posses increased 

sympathetic tone, experience increased severity o f  chronic inflammation compared to 

normal animals (Kidd et al., 1992). Additionally, (32 antagonists and a 2  receptor 

agonists both increase bradykinin-induced plasma extravasation (Coderre et al., 1991). 

The selective stimulator o f  sympathetic nerve fibers, 6 -hydroxydopamine (6 -OHDA), 

also increases bradykinin-induced plasma extravasation, an effect than can be attenuated 

by sympathectomy (Green et al., 1993).

Involvement o f  the sympathetic nervous system is also apparent in human RA. 

Studies have shown that the symptoms and inflammation associated with RA can be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



alleviated following regional sympathectomy (Kidd et al., 1992). Additional studies have 

shown that basal autonomic nervous system function is significantly higher in patients 

with RA than healthy patients (Bekkelund et al., 1996).

The Role o f  Sensory Neurons in Inflammation

Many studies have focused on primary afferent sensory nerves o f  the peripheral 

nervous system and their role in inflammation. Peripheral stimulation o f  these 

unmyelinated C-fibers results in afferent transmission o f  the sensory signal to the dorsal 

horn o f  the spinal cord, utilizing neuropeptides as neurotransmitters to deliver the 

message to the brain (Neugebauer et al., 1995). In addition to the afferent discharge to 

the CNS, there is an efferent release o f  neuropeptides from the dendrites o f  the afferent 

sensory nerve fibers, a process referred to as the antidromic response. Neuropeptides 

released from sensory nerve terminals by the antidromic response produce local 

inflammatory effects including vasodilation, an increase in vascular permeability, plasma 

extravasation, and stimulation o f  nociceptive fibers that transmit pain signals to the CNS. 

The inflammatory response produced by neuropeptides following their release from 

afferent sensory nerves is referred to as neurogenic inflammation (Richardson and Vasko, 

2002). Synovial joints are rich in sympathetic and afferent sensory nerve fibers, which 

contain pro-inflammatory neuropeptides (Kidd et al., 1990). The concentration o f  

neuropeptides increases in the synovial fluid during RA while decreasing in nerve fibers, 

suggesting neuropeptide release from these nerves during inflammation (Larsson et al., 

1991; Marshall e ta l., 1990).
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The influence o f  sensory nerves in animal models o f  inflammation has been 

demonstrated utilizing compounds that are cytotoxic to sensory nerves. Administration 

o f  gold salts to rats with chronic inflammation produces a neurotoxic effect on sensory 

nerves, depleting the animals o f  inflammatory neuropeptides. As a result, arthritic 

animals showed a decrease in inflammation accompanied by a decrease in endogenous 

SP and a reduction o f  unmyelinated sensory nerves (Levine et al., 1986; Levine et al., 

1988). High concentrations o f  capsaicin, an extract from chili peppers, are also cytotoxic 

to sensory nerves. Treatment o f  neonatal rats with capsaicin reduced peripheral nerve 

stimulation-evoked vasodilation by destruction o f  sensory nerves and a depletion o f  

neuropeptides (Basbaum and Levine, 1990).

The Role o f  Substance P in Inflammation

The neuropeptide Substance P (SP) is a member o f  the tachykinin family, along 

with neurokinin A  (NKA) and neurokinin B (NKB) (Harrison and Geppetti, 2001). Each 

tachykinin shares the carboxy terminal sequence Phe-X-Gly-Leu-M et-NH 2, where X  is 

Phe or Val (Otsuka and Yoshioka, 1993). SP is released centrally from endings o f  

primary afferent neurons, where it functions as a neurotransmitter, and in the periphery 

by the antidromic response, where it exerts pro-inflammatory effects (Harrison and 

Geppetti, 2001).

Upon release, SP binds to one o f  three neurokinin (NK) receptors (NK-1, NK-2, 

or NK -3) in a variety o f  tissues. Although any o f  the tachykinins may bind to any o f  the 

N K  receptor under certain conditions, SP preferentially binds to NK-1 receptors (Regoli 

et al., 1994). NK-1 receptors are seven-transmembrane domain receptors that are
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coupled to Gq/n, G as, or Gao proteins (Roush and Kwatra, 1998). SP binds to NK-1 

receptors by inserting itself into a hydrophobic pocket between the transmembrane 

domain, the extracellular surface, and the center bilayer, with the remainder o f  the 

peptide on the extracellular surface o f  the receptor (Huang et al., 1994). Stimulation o f  

the receptor by SP activates phospholipase Cp (PLCp), which increases IP3 and 

intracellular calcium concentrations (Garcia et al., 1994; Takeda et al., 1992).

Metabolism o f  SP is catalyzed by the actions o f  several enzymes. These include 

neutral endopeptidase (NEP), substance-P-degrading enzyme (SP-DE), angiotensin 

converting enzyme (ACE), dipeptidyl aminopeptide IV (DPIV), post-proline 

endopeptidase (PEP), cathepsin-D, and cathepsin-E (Harrison and Geppetti, 2001). Each 

o f  these enzymes actively cleaves SP in v itro ; however, NEP and ACE are most likely the 

primary enzymes involved in peripheral SP metabolism (Nadel, 1991). Both enzymes 

catalyze hydrolysis o f  the Phe8-Gly9 or Gly9-Leu10 bonds o f  SP, cleaving the carboxyl 

terminal o f  SP that is required for neurokinin receptor binding (Skidgel and Erdos, 1987).

Upon release from primary afferent sensory nerve endings, SP elicits a variety o f  

inflammatory effects, which are summarized in Figure 3. SP has several vascular effects 

including vasodilation, an increase in vascular permeability, plasma extravasation, and an 

increase in blood flow  (Richardson and Vasko, 2002). In addition to vascular effects, SP 

also produces a variety o f  pro-inflammatory effects on immune cells. Binding to NK-1 

receptors on mast cells causes degranulation and release o f  histamine by increasing 

intracellular calcium levels (Suzuki et al., 1995). SP also increases leukocyte adhesion to 

the endothelium and induces eosinophil and neutrophil infiltration (Suzuki et al., 1995;
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Role o f  SP in central pain transmission and local inflammation at the area o f  insult.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

Matsuda et al., 1989). Additionally, SP activates platelets, which release both serotonin 

and PAF to produce inflammatory effects and promote aggregation o f  platelets (Ohlen et 

al., 1989). SP stimulates the proliferation o f  B-cells and subsequent antibody production 

(Laurenzi et al., 1989). SP also increases T-lymphocyte and m onocyte chemotaxis to the 

site o f  inflammation (Hood et al., 2000).

SP can also induce the release o f  several pro-inflammatory interleukins. SP 

stimulates IL-1 release from macrophages and potentiates IL-1-induced fibroblast 

proliferation (Kimball et al., 1988a; Kimball et al., 1988b). SP also stimulates the release 

o f  IL-2 from lymphocytes and IL-12 from macrophages (Rameshwar et al., 1993; Kincy- 

Cain and Bost, 1997).

SP has several additional pro-inflammatory effects on a variety o f  cells. It 

induces the expression o f  adhesion m olecules by endothelial cells and stimulates 

synoviocytes to synthesize and release prostaglandins (Matis et al., 1990; Lotz et al., 

1987). SP also induces T N F-a release, as well as the secretion o f  the matrix 

metalloproteinase gelatinase-A from synovial fibroblasts (Okabe et al., 2000; Hecker-Kia 

et al., 1997).

Role o f  SP in Inflammatory Diseases

Due to the many pro-inflammatory effects o f  SP, there has been an increasing 

effort to define the role o f  SP in the pathogenesis o f  human and animal inflammatory 

diseases. In patients with RA, SP levels in synovial fluid are elevated compared to 

normal subjects. However, the levels o f  SP in synovial tissue are lower, suggesting that
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the pool o f  SP in the tissue is mobilized into the synovial fluid during inflammation 

(Menkes et al., 1992).

Increases in SP have also been observed in animal models o f  inflammation. 

Adjuvant arthritis is a chronic model o f  inflammation that is a cell mediated immune 

response similar to human RA (Waksman, 2002). It is induced by an injection o f  

Freund’s Incomplete Adjuvant (FIA), a suspension o f  M ycobaterium  butyricum  in 

mineral oil, into the subplantar region o f  one hindpaw (Szekanecz et al., 2000).

Following induction is a three-phase response to the antigen HSP65, a heat shock protein 

found in FIA (van Eden, 1990). Phase 1 o f  adjuvant arthritis is characterized by acute 

inflammation o f  the injected hindpaw, which peaks on day 2. During this period o f  onset, 

HSP65 in FIA is recognized by and activates T-lymphocytes. Phase 2 occurs from day 2 

through day 1 0 , a period during which no further inflammation occurs in the injected 

hindpaw. In Phase 2, activated lymphocytes specific for HSP65 undergo proliferation 

and clonal expansion. Development o f  the cell-mediated immune response occurs after 

day 10 during Phase 3. The immune response is characterized by further inflammation o f  

the injected hindpaw as w ell as systemic inflammation o f  the contralateral hindpaw and 

the forepaws. Additionally, nodules develop on the eyes, ears, and tail o f  the animal 

(Szekanecz et al., 2000). Adjuvant arthritis produces an increase in SP synthesis in the 

dorsal root ganglia, where SP is synthesized, and in the sciatic nerves, which transport SP 

to the periphery (Kar et al., 1991; Donnerer et al., 1992). SP levels are also elevated in 

inflamed hindpaws on day 29 o f  adjuvant arthritis (Ahmed et al., 1995).
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Carrageenan edema is an acute model o f  inflammation induced by injecting 

carrageenan into the subplantar region o f  the rat hindpaw (Yamamoto et al., 1993). 

Carrageenan induces swelling o f  the hindpaw over a 4 to 6  hour time period, 

accompanied by an increase in SP levels in inflamed hindpaws during the onset o f  

inflammation (Ogonowski et al., 1997). This model o f  acute inflammation is also 

mediated by bradykinin, serotonin, and inflammatory prostaglandins (Di Rosa et al., 

1971).

The direct inflammatory effects o f  SP further support the role o f  SP in 

inflammation. A  subcutaneous injection o f  SP beneath the skin w ill produce the wheel 

and flare response with redness, itching, and edema (Okabe et al., 2001). Additionally, 

subplantar injections o f  SP into rat hindpaws have been shown to produce plasma 

extravasation and swelling (Damas et al., 1996).

Inhibition o f  SP Pro-Inflammatory Effects in M odels o f  Inflammation

In light o f  the pro-inflammatory effects o f  SP, it is reasonable to assume that 

blocking the effects o f  SP will reduce inflammation. This principle has been 

demonstrated extensively using compounds that block SP receptors, prevent SP release, 

or deplete nerve endings o f  SP.

Oral administration o f  the NK-1 receptor antagonist CP-96,345 to rats inhibits 

mustard oil-induced neurogenic inflammation (MOINI) (Lowe et al., 1993). MOINI is a 

SP-mediated inflammatory response in which mustard oil is used to stimulate SP release 

from sensory nerves on the dorsal side o f  the hindpaw. SP released from sensory nerve 

endings increases vascular permeability at the site o f  application and allows Evans Blue,
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a chromophore that is injected intravenously at the beginning o f  the protocol, to leak out 

o f  the local blood vessels and into the dorsal hindpaw tissue. There is a direct correlation 

between the amount o f  SP released and the amount o f  Evans Blue that leaks into the 

tissue, making this an indirect assay for SP in sensory nerves. CP-96,345 and FK224, a 

non-selective N K -l/N K -2 receptor antagonist, also inhibit inflammation associated with 

carrageenan edema (Yamamoto et al., 1993).

Blocking the release o f  SP from the sensory nerve endings also inhibits models o f  

inflammation. The K-opioids, such as morphine and buprenorphine, and the p-opioids, 

such as asimadoline, act on inhibitory pre-junctional receptors to prevent the release o f  

SP from the nerve ending (Binder et al., 1999; Walker et al., 1996). Studies have shown 

that morphine inhibits neurogenic inflammation induced by vagal nerve stimulation, an 

effect that is nullified by co-administration with SP. This suggests that morphine is 

blocking the release o f  SP rather than the NK-1 receptors directly. Additional inhibitory 

pre-junctional receptors that prevent the release o f  SP include histamine H3 receptors, 

dopamine D 2 receptors, adenosine Ai receptors, and 5-H Tjb/d receptors (M aggi, 1991).

Depletion o f  SP from sensory nerves is another well-characterized strategy to 

inhibit inflammation. As previously mentioned, capsaicin is comm only used to deplete 

sensory nerve endings o f  SP. Capsaicin is a natural ligand for the vanilloid receptor-1 

found on some primary sensory nerves (Caterina et al., 1997). These receptors are seven 

transmembrane domain proteins that form non-selective cation channels and are 

stimulated naturally by heat (Bevan and Geppetti, 1994). Capsaicin selectively  

stimulates subsets o f  primary sensory nerves, inducing the release o f  SP and other
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neuropeptides. High concentrations o f  capsaicin are neurotoxic, preventing further 

release o f  SP and suppressing its inflammatory effects (Szallasi and Blumberg, 1999). 

Subcutaneous administration o f  capsaicin effectively inhibits both MOINI and 

carrageenan edema in rats (Donnerer et al., 1996; Raychaudhuri et al., 1991). 

Additionally, treatment o f  sciatic nerves with capsaicin inhibits rat adjuvant arthritis 

(Donaldson et al., 1995). Studies have shown that subcutaneous treatment with capsaicin 

not only inhibits hindpaw swelling associated with adjuvant arthritis, but also decreases 

the concentration o f  SP in the hindpaws (Ahmed et al., 1995).

Inhibition o f  SP Synthesis

SP is a product o f  the preprotachykinin-A (PPT-A) gene, which also codes for 

neurokinin A, neuropeptide K, and neuropeptide y (Carter and Krause, 1990). SP 

mRNA, synthesized in the nucleus o f  neurons, is abundant in both the central and 

peripheral nervous systems (Kotani et al., 1986). Synthesis o f  the SP precursor protein 

occurs on ribosomes in the rough endoplasmic reticulum (Harmar et al., 1980; Harmar 

and Keen, 1982). The precursor protein is then channeled through the lumen o f  the 

endoplasmic reticulum where it undergoes a variety o f  post-translational modifications 

including glycosylation, endoproteolysis, phosphorylation, and sulfation (Dores et al., 

1990). The precursor protein is then packaged into storage vesicles within the Golgi 

apparatus where it undergoes additional post-translational modifications. As storage 

vesicles are axonally transported to the peripheral nerve terminals, SP is cleaved from the 

precursor protein by proteases called convertases. SP then undergoes acetylation and 

amidation in the vesicle to become biologically active (Harrison and Geppetti, 2001).
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The rate-limiting step in the synthesis o f  more than 50% o f  neuropeptides, 

including SP, is the process o f  a-amidation (Yun et al., 1993). The enzymes that catalyze 

a-amidation have been isolated and studied extensively. Within the secretory vesicle, a 

glycine-extended SP precursor is first acted on by peptidylglycine a-m onooxygenase  

(PAM), the rate-limiting enzyme in the pathway, to form an a-hydroxyglycine 

intermediate (Katopodis and May, 1990). PAM catalyzes a hydroxylation reaction that 

oxidizes the a-carbon and requires copper, oxygen, and ascorbate for activity (Bradbury 

et al., 1990; Bolkenius and Ganzhom, 1998). PAM activity has been observed in the 

serum and a variety o f  tissues, including the anterior and neurointermediate lobes o f  the 

pituitary, the hypothalamus, the submandibular glands, and the rest o f  the brain (Eipper et 

al., 1985).

Peptidylamidoglycolate lyase (PGL) catalyzes the dealkylation o f  the a -  

hydroxyglycine intermediate to form the amidated peptide and glyoxilic acid (Katopodis 

et al., 1991). The amidated form o f  SP is then capable o f  producing inflammatory effects 

once released from nerve terminals. The conversion o f  the glycine-extended precursor to 

amidated SP is summarized in Figure 4.

Previous work has focused primarily on the antagonism o f  SP receptors, 

inhibition o f  SP release, and depletion from sensory nerves. Recently, however, studies 

in our laboratory have evaluated PAM as a novel target to inhibit the inflammatory 

effects o f  SP (Ogonowski et al., 1997). Based on the above scheme, inhibition o f  the a -  

amidation pathway should lead to a buildup o f  glycine-extended SP and a reduction in 

active amidated SP. PAM is the most attractive target for inhibition because it is the rate-
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o
GLYCINE-EXTENDED PRECURSOR

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-N-CIL-C-OH

Ascorbic
Acid
02

Copper

Peptidylglycine a-m onooxygenase  
(PAM)

O H O

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-N-CH-C-OH

Peptidylamidoglycolate lyase 
(PGL)

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

AMIDATED SUBSTANCE P

Figure 4.
Steps involved in the synthesis o f  a-amidated Substance P from its glycine-extended  
precursor.
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limiting enzyme in the pathway. Studies have shown that a non-specific reduction o f  the 

co-factors required for PAM activity reduces endogenous levels o f  amidated 

neuropeptides in vivo  (Mains et al., 1996). N ovel first and second-generation inhibitors 

o f  PAM have been developed to evaluate this enzyme for its potential as a 

pharmacological target for inflammation. The structures o f  three inhibitors o f  PAM  

activity used in our studies are shown in Figure 5. Previous studies have evaluated the 

olefm ic substrate 4-phenyl-3-butenoic acid (PBA) for in vivo  inhibition o f  serum PAM  

activity and for anti-inflammatory activity in carrageenan edema (Ogonowski et al,

1997). PBA is a mechanism-based irreversible inhibitor o f  PAM in vitro  with no effect 

on the activity o f  PGL (Katopodis and May, 1990). Subcutaneous administration o f  PBA  

produces a dose-dependent inhibition o f  serum PAM activity as w ell as inhibition o f  

hindpaw swelling in carrageenan edema, accompanied by a decrease in SP concentration 

in the inflamed hindpaws. Additional studies suggested that PBA may also produce anti

inflammatory effects through inhibition o f  cyclooxygenase activity. W hile effective in 

carrageenan edema, PBA was not further evaluated in a chronic model o f  inflammation.

Second-generation inhibitors have also been developed that are more potent 

inhibitors o f  PAM in vitro  than PBA (Moore and May, 1999). These include n- 

acetylphenylalanyl acrylate (APAA) and its methyl ester (APAA-M e). APAA-M e is a 

pro-drug with no inhibitory activity until de-esterification to the parent compound in vivo. 

These compounds have been shown to be potent inhibitors o f  PAM in vitro; however, 

they have not been previously evaluated for inhibition o f  PAM in vivo  or in animal 

models o f  inflammation. If the anti-inflammatory effect o f  PBA is based on PAM
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Figure 5.
Chemical structures o f  4-phenyl-3-butenoic acid (PBA) (a), N-acetylphenylalanyl 
acrylate (APAA) (b), and N-acetylphenylalanyl acrylate methyl ester (APAA-M e) (c).
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inhibition, we would expect that the second-generation compounds would be more potent 

anti-inflammatory drugs.

Goals and Specific Aims 

Due to the pro-inflammatory effects o f  SP and previous data demonstrating that 

PBA inhibits acute inflammation, the general purpose o f  Part I o f  this dissertation was to 

determine whether the anti-inflammatory effects o f  PBA extend to a chronic model o f  

inflammation and to evaluate the second-generation inhibitors o f  PAM in models o f  

inflammation. Additionally, we sought to determine whether anti-inflammatory doses o f  

each compound reduced endogenous levels o f  amidated SP and whether they possessed  

any additional anti-inflammatory mechanisms o f  action. To accomplish these general 

goals, the following specific aims were established:

1. Confirm that PBA produces dose-dependent inhibition o f  PAM activity in vivo  
following acute administration and sustained inhibition during chronic administration.

Previous studies have established that PBA produces dose-dependent inhibition o f  
serum PAM activity in vivo  following acute administration. Additionally, studies 
have shown that chronic delivery o f  PBA from osmotic pumps produces sustained 
inhibition o f  serum PAM activity. W e sought to repeat these studies to ensure that 
the results were valid and reproducible.

2. Evaluate changes in tissue and plasma SP levels during the course o f  adjuvant 
arthritis, a model o f  chronic inflammation in rats similar to human RA.

Prior to evaluating PBA in adjuvant arthritis, we wanted to measure changes in SP in 
hindpaw tissue and plasma during the development o f  this disease to further 
understand the role o f  SP in the pathogenesis o f  chronic inflammation.

3. Evaluate PBA in adjuvant arthritis and determine whether its anti-inflammatory effect 
is related to a reduction o f  endogenous SP in tissue and plasma.

PBA produced significant inhibition o f  carrageenan edema, but has not been 
evaluated in chronic inflammation. These experiments are necessary to show that the 
anti-inflammatory effect o f  PBA extended to a chronic model o f  inflammation.
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Additionally, these studies should determine whether the anti-inflammatory effect o f  
PBA is related to a reduction o f  endogenous SP by measuring changes in SP in 
several assays.

4. Evaluate APAA and APAA-M e for inhibition o f  serum PAM activity in vitro  and 
determine which is most appropriate for study in animal models o f  inflammation.

Neither APAA nor APAA-M e have previously been evaluated for inhibition o f  serum 
PAM activity in vivo. Therefore, these experiments are necessary to determine 
whether these compounds produce inhibition o f  serum PAM activity and determine 
which compound would be most suitable for evaluation in animal models o f  
inflammation.

5. Evaluate APAA-M e for inhibition o f  acute and chronic inflammation in rats and 
determine whether any anti-inflammatory effect observed is related to a reduction in 
endogenous levels o f  SP.

I f  the anti-inflammatory mechanism o f  PBA in carrageenan edema was related to 
inhibition o f  PAM activity and a reduction in endogenous SP levels, the second- 
generation compounds should be more potent anti-inflammatory drugs due to their 
increased affinity for PAM. These studies are designed to evaluate the effect o f  
APAA-M e on carrageenan edema and adjuvant arthritis, as w ell as determine whether 
any anti-inflammatory effect is related to a reduction in endogenous SP.

6 . Determine additional mechanisms o f  PBA, APAA, and APAA-M e that may 
contribute to an anti-inflammatory effect in animal models o f  inflammation.

Previous data obtained in our laboratory suggested that PBA might possess 
mechanisms o f  action that could produce an anti-inflammatory response in addition to 
inhibition o f  PAM activity. In particular, PBA produced dose-dependent inhibition o f  
PGE2 production in a calcium ionophore-stimulated human whole blood assay, 
suggesting inhibition o f  cyclooxygenase. In addition to cyclooxygenase, we designed 
the experiments herein to evaluate several potential mechanisms o f  action that may 
contribute to the effects o f  our compounds in vivo.
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CHAPTER 2 

METHODS 

Animals

Adult male, Sprague Dawley rats were purchased from Harlan Sprague Dawley, 

Inc. (Indianapolis, IN) and allowed to acclimate for at least 5 days in appropriate caging 

prior to experimentation. Animals were kept in the animal facility at Mercer University 

in Atlanta, GA and received food and water a d  libitum. A ll experiments were approved 

by the Mercer University Institutional Animal Care and U se Committee (Macon, GA).

Drugs and Reagents

PBA and isothiocyanate were obtained from Aldrich Chemical Co. (Milwaukee, 

WI). APAA, APAA-M e, SP-Gly, and tripeptide TNP-D-Tyr-Val-Gly were synthesized 

and donated by the Georgia Institute o f  Technology Department o f  Chemistry and 

Biochemistry. Indomethacin, EDTA, M ycobacterium  butyricum, type IV lambda 

carrageenan, flufenamic acid, formamide, capsaicin, dithiothreitol, calcium ionophore 

A 2 3 187, lipopolysaccharide (from E. coli serotype 0111 :B4), stannous chloride, 

ninhydrin, sodium citrate, methyl cellosolve, and Evans Blue were all purchased from 

Sigma Chemical Co. (St. Louis, MO). Bovine serum albumin (B SA  Fract V) was 

o b ta in e d  f ro m  F is h e r  S c ie n tif ic  (P ittsb u rg h , P A ). SP  e n z y m e  im m u n o a s s a y  (E IA ) a n d  

COX colorimetric inhibitor screening assay kits were obtained from Cayman Chemical
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(Ann Arbor, MI). Rat plasma SP enzyme linked immunosorbent assay (ELISA) kits 

were obtained from Peninsula Laboratories (San Carlos, CA). Prostaglandin E2 (PGE2) 

ELISA kits were obtained from Oxford Biomedical (Oxford, MI). Ketamine and 

xylazine were obtained from Fort Dodge Laboratories (Fort Dodge, IA). Collagen and 

chromatographically purified collagenase were both obtained from Worthington 

Biochemical Corporation (Lakewood, NJ). Osmotic pumps (2L1) were obtained from 

Alza Corporation (Palo Alto, CA). Heparinzed vacutainers were obtained from Becton, 

Dickinson and Company (Franklin Lakes, NJ). A ll other chemicals, reagents, and 

solvents used in these experiments were o f  analytical grade.

Preparation and Administration o f  PBA and APAA-M e 

Prior to use, PBA was purified by dissolution in boiling hexane and precipitation 

overnight at 4°C. For each experiment, PBA was dissolved in saline or water and 

adjusted to pH 7.4 using sodium hydroxide and hydrochloric acid. PBA solutions were 

administered by subcutaneous injection (between the scapulae) or by osmotic pump. 

Osmotic pumps were filled with 2 ml o f  PBA solution and surgically implanted between 

the scapulae, providing continuous dosing for 7 days. APAA-M e was dissolved in 10% 

DMSO in ethanol and was also administered by subcutaneous injection.

Collection o f  Serum from Rat Tail Vein  

Serum was collected from animals anesthetized with ether by clipping the tail, 

collecting 0.5 ml o f  blood from the tail vein in a microcentrifuge tube, allowing the blood 

to clot at room temperature for 2 0  minutes, and centrifuging at 16,000 x g in a
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refrigerated centrifuge for 5 minutes. Serum was collected from the tubes and stored at 

-80°C.

Determination o f  Serum PAM Activity  

Serum PAM activity was determined using a method previously described 

(Katopodis et al., 1991). Briefly, 50 pi o f  serum sample was incubated with 200 pi o f  

assay mixture containing 40 pM tripeptide TNP-D-Tyr-Val-Gly (substrate), 40 pM  

copper sulfate, 8  mM ascorbate, and 1 mg/ml catalase in 100 mM MES buffer (pH 6.5). 

Following incubation for 45 minutes in a 37°C water bath, the reaction was halted by 

adding 100 pi o f  assay mixture to 10 pi o f  3M HCIO4 . This solution was then 

centrifuged at 14,000 x g for 20 minutes. Twenty microliters were then removed and 

assayed for the a-hydroxyglycine and amidated products using reverse phase HPLC at 

344 nm on a C 8  column with a mobile phase o f  56% water, 0.1% trifluoroacetic acid, and 

44% acetonitrile at a flow rate o f  1.5 ml per minute. Both the amidated product and the 

glycine-extended intermediate were quantified simultaneously. PAM  activity was 

expressed as milliunits per milliliter, which is the amount o f  enzyme required to produce 

one nanomole o f  product per minute.

Induction o f  Adjuvant Arthritis and Carrageenan Edema 

Adjuvant arthritis was induced by a subplantar injection o f  0.1 ml Freund’s 

Incomplete Adjuvant (1 mg/ml M. butyricum  in mineral oil) into the right hindpaw. The 

contralateral paw and control animals received subplantar injections o f  mineral oil only. 

Carrageenan edema was induced by a subplantar injection o f  0.05 ml o f  carrageenan (20 

mg/ml in saline). Contralateral paws and control animals received subplantar injections
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o f  saline only. Changes in hindpaw volume were determined plethysmographically by 

mercury displacement at various time points following injections.

Extraction o f  SP from Paw Tissue 

SP was extracted from animal paw tissue using a modification o f  a method that 

was previously described (Ahmed et al., 1995). Animals were euthanized and both paws 

were excised. The paw tissue was weighed, snap frozen with acetone and dry ice, and 

stored at -80°C. The frozen paw tissue was boiled whole for 7 minutes as a 10% w/v  

solution in an extraction buffer (2 M acetic acid in 4% EDTA, pH 3.5). The boiled tissue 

was cut into small pieces and boiled again in extraction buffer for 7 minutes. The 

solution was homogenized for 90 seconds using a Brinkman Polytron, sonicated for 30 

seconds, and centrifuged at 3000 x g for 20 minutes. The supernatant was collected, 

lyophilized, and stored at -80°C until assayed by EIA for SP.

Measurement o f  SP in Extracted Paw Tissue by EIA 

Lyophilized samples were reconstituted in 10 ml o f  0.05 M phosphate buffer (pH 

7.4) and sonicated with two 30 second pulses. The concentration o f  SP was determined 

using a SP EIA kit from Cayman Chemical (Ann Arbor, Michigan). Briefly, 50 pL o f  

reconstituted sample or SP standards were added in duplicate to a 96 w ell plate coated 

with mouse SP monoclonal antibody. Additionally, 50 pi o f  SP antiserum and 50 pi o f  

SP acetylcholinesterase (ACE) tracer (SP linked to ACE from E. electricus) were added 

to each well. The plate was incubated at 4°C for 18 hours, rinsed 5 times with wash 

buffer, and developed by adding 200 pi o f  Ellman's Reagent to each well. Absorbance 

was read at 405 nm. The percent bound divided by the maximum bound (% B/Bo) was
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calculated for standards and plotted on the Y-axis. The concentration o f  each standard 

was plotted on the X-axis. Concentrations o f  SP in samples were determined by 

comparison with standard values. The total SP in each sample was divided by the weight 

o f  the paw tissue to calculate SP per gram o f  tissue.

Collection o f  Plasma from Rat Tail Vein  

Plasma was collected from animals anesthetized with ether by clipping the tail, 

collecting 1 .0  ml o f  blood from the tail vein in a microcentrifuge tube containing 1 0 0  pi 

o f  a 15% EDTA solution, and immediately centrifuging at 16,000 x g in a refrigerated 

centrifuge for 5 minutes. Plasma was collected from the tubes and stored at -80°C.

Measurement o f  Plasma SP by ELISA  

The concentration o f  plasma SP was determined using extraction-free rat plasma 

SP ELISA kits from Peninsula Laboratories, Inc. (San Carlos, California). Briefly, 50 pL 

o f  reconstituted sample or SP standards were added in duplicate to a 96 w ell plate coated 

with SP antigen. Additionally, 25 pi o f  SP primary antisera and 25 pi o f  Biotinylated 

Peptide Solution were added to each well. The plate was covered and incubated at room  

temperature overnight. The plate was washed 5 times with wash buffer, then 100 pi o f  

Streptavidin-Horseradish Peroxidase (HRP) was added to each well. The plate was 

covered and incubated for 60 minutes at room temperature. The plate was washed 5 

t im e s  w ith  w a s h  b u ffe r , th e n  100 p i  o f  T M B  (3 ,3 '5 ,5 '-T e tra m e th y l B e n z id in e  

Dihydrochloride) Solution was added to each well. The reaction was stopped after 20 

minutes by adding 100 pi o f  2N HC1 to each well. Absorbance was read at 450 nm. The 

%B/Bo was calculated for standards and plotted on the Y-axis. The concentration o f
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each standard was plotted on the X-axis. Concentrations o f  SP in samples were 

determined by comparison with standard values.

Mustard Oil-Induced Neurogenic Inflammation 

The effect o f  our compounds on mustard oil-induced neurogenic inflammation 

was evaluated using a method previously described (Louis et al. 1989). Briefly, animals 

were anesthetized with ketamine (75 mg/kg) and xylazine (10 mg/kg) and the carotid 

artery was exposed. A  canula was then surgically inserted into the carotid artery. Evans 

Blue (50 m g/kg in saline) was injected into the carotid artery via the canula, and allowed  

to circulate for 5 minutes. Mustard oil (5% v/v isothiocyante in mineral oil) was painted 

with 4 strokes on one hindpaw while the contralateral paw was painted with 4 strokes o f  

mineral o il only. This was performed 3 times at 5 minute intervals. Five minutes 

following the third painting the dorsal skin o f  each hindpaw was removed, weighed, and 

placed in 4 ml o f  formamide for extraction o f  Evans Blue. Samples were placed in a 

heater/shaker for 24 hours at 50°C. Samples were then centrifuged and the absorbance o f  

the resulting supernatants measured at 620 nm. The concentration o f  Evans Blue in each 

sample was determined by comparison to a standard curve o f  Evans Blue concentrations. 

The concentration o f  Evans Blue in the tissue was calculated by dividing the amount o f  

extracted Evans Blue by the weight o f  the tissue.

Extraction o f  SP from Rat Sciatic Nerves 

SP was extracted from sciatic nerves using a method previously described 

(Donnerer et al., 1996). Briefly, animals were euthanized with CO2 and the left and right 

sciatic nerves were removed and weighed. Each nerve was placed immediately in a
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microcentrifuge tube containing 500 pi o f  extraction solution (2M  acetic acid, 1 mM  

EDTA, 1 mM dithiothreitol, and 10 mM HC1). Nerves were boiled for 10 minutes, 

homogenized with a porcelain pestle at 400 rpm for 30 seconds, and centrifuged at 

16,000 x g for 5 minutes in a refrigerated centrifuge. The resulting supernatants were 

stored at -80°C  until assayed for SP by EIA.

COX-1 and COX-2 W hole Blood Assays 

W e evaluated the effect o f  our compounds on COX-1 and COX-2 using two 

whole blood assays previously described (Brideau et al., 1996).

Calcium Ionophore-Stimulated W hole Blood Assay

Human whole blood was collected in heparinized vacutainers from healthy 

volunteers who had not taken any non-steroidal anti-inflammatory drugs for at least 30 

days. Aliquots o f  whole blood (2 ml) were incubated for 15 minutes in a 37°C water bath 

with 200 pi o f  vehicle or drug dissolved in PBS or 10% DM SO in PBS. Each sample 

was then treated with 22 pi o f  calcium ionophore (5 mM in 100% ethanol) and incubated 

for an additional 20 minutes at 37°C with gentle shaking. Each sample was then 

centrifuged at 1000 x g for 5 minutes. Aliquots o f  each supernatant (0.5 ml) were added 

to 1 ml o f  acetonitrile to precipitate plasma proteins. Each mixture was then vortexed 

and centrifuged at 1000 x g for 5 minutes. Supernatants were frozen, lyophilized, and 

stored at -80°C until assayed for PGE2 by ELISA.

Lipopolvsaccharide-Stimulated Human W hole Blood Assay

Human whole blood was collected in heparinized vacutainers from healthy 

volunteers who had not taken any non-steroidal anti-inflammatory drugs for at least 30
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days. Aliquots o f  whole blood (1.0 ml) were incubated in microcentrifuge tubes with 2 

pi o f  either vehicle or drug solution for 15 minutes in a 37°C water bath. Following  

incubation with drug solutions, 10 pi o f  lipopolysaccharide (1 mg/ml in PBS) was added 

to each sample and slow ly shaken for 24 hours in a 37°C water bath. Plasma was 

collected from each sample by centrifugation at 12,000 x g for 5 minutes. An aliquot 

(100 pi) o f  each plasma sample was added to 400 pi o f  methanol to precipitate plasma 

proteins. The mixtures were centrifuged at 12,000 x g for 5 minutes and 375 pi o f  each 

supernatant was collected, frozen and lyophilized. The lyophilized samples were stored 

at -80°C until assayed for PGE2 by ELISA.

Measurement o f  PGE? by ELISA

The concentration o f  PGE2 was determined using a PGE2 ELISA kit from Oxford 

Biomedical (Oxford, Michigan). Briefly, lyophilized samples were reconstituted in 300 

pi o f  extraction buffer and vortexed. If necessary, dilutions o f  1:2 or 1:4 were made in 

extraction buffer. Fifty pL o f  reconstituted samples or SP standards were added in 

duplicate to a 96 well plate coated with anti-PGE2 rabbit antibody. Additionally, 50 pi o f  

PGE2 enzyme conjugate (PGE2-HRP) was added to each well. The plate was shaken 

lightly, covered, and incubated at room temperature for 1 hour. The plate was then 

washed 3 times with wash buffer and developed by adding 150 pi o f  TMB substrate to 

each well. Absorbance was read after 15 minutes at 630 nm. The %B/Bo was calculated 

for standards and plotted on the Y-axis. The concentration o f  each standard was plotted 

on the X-axis. Concentrations o f  PGE2 in samples were determined by comparison with 

standard values.
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Colorimetric COX Inhibitor Screening Assay  

The direct effect o f  compounds on C O X -1 and COX-2 activity was evaluated 

using a colorimetric COX (ovine) inhibitor screening assay from Cayman Chemical. 

Briefly, 10 pi o f  vehicle or inhibitor solution was added in duplicate to a 96 well plate. 

Additionally, 150 pi o f  assay buffer, 10 pi o f  heme, and 10 pi o f  enzyme (COX-1 or 

COX-2) were added to each well. The plate was carefully agitated and incubated for 5 

minutes at 25°C. Following incubation, 20 pi o f  colorimetric substrate solution was 

added to each well along with 20 pi o f  arachidonic acid solution. The plate was gently 

agitated and incubated again for 5 minutes at 25°C. The absorbance was measured at 595 

nm. Percent inhibition was calculated by dividing the absorbance o f  inhibitor-treated 

w ells by the absorbance o f  vehicle-treated w ells and multiplying by 1 0 0 .

Lymphocyte Transformation Assay 

The procedure described was performed under sterile conditions. M edia used 

during these experiments was colorless RPMI 1640 media without 1-glutamine, 

supplemented with penicillin G (10 units/ml), streptomycin (10 pg/m l), fungizone (25 

ng/ml), and the mitogen Con A (2 pg/ml). Human whole blood was collected in 

heparinized vacutainers from patients who had not taken any immunosuppressive drugs. 

The anticoagulated whole blood (approximately 7 ml) was diluted 1:2 in isotonic saline, 

and then slow ly layered on top o f  a density gradient o f  ficoll-24 parts (9% w/v) and 

hypaque-10 parts (40% w/v) in a 50 ml tube. A  lymphocyte rich band was isolated by 

centrifuging each tube for 35 minutes at 400 x g at 25°C. The lymphocyte band was 

pipetted into a sterile 15 ml tube and diluted to a volume o f  10 ml with media. Tubes
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were centrifuged again at 400 x g for 10 minutes at 25°C to pellet the cells. The pellet 

was resuspended in 2 ml o f  media and incubated in a 25 cm2 tissue culture flask for 45 

minutes to remove macrophages present in the sample. Following incubation, 100 pi o f  

cell suspension was mixed with 100 pi o f  0.4% Trypan Blue. The number o f  cells/ml 

was determined by adding 1 0  pi o f  this solution to a hemocytometer and counting only 

the viable lymphocytes. Cell suspensions were then diluted to a concentration o f  100,000 

cells/m l with media. Lymphocytes (100 pi) were added to a 96-w ell plate and incubated 

at 37°C in 5% CO2 for 24 hours prior to the addition o f  experimental compounds. 

Compounds were dissolved in sterile DM SO, diluted in media, and added (100 pi) to 

lymphocyte containing wells. Lymphocytes were incubated with experimental 

compounds and Con A  for 72 hours at 37°C in 5% CO2.

The proliferation o f  lymphocytes was determined using the MTS assay, a simple 

colorimetric assay that, unlike the tritium (3H) incorporation assay, requires no 

radioactive components. Components o f  the MTS reagent were made fresh on the day o f  

each experiment. A  100 pi aliquot o f  a 0.92 mg/ml phenazine methosulfate (PMS) 

solution was added to 2 ml o f  a 2 mg/ml MTS (3-(4,5-dim ethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) solution to prepare the MTS 

reagent. Forty pi o f  MTS reagent was added to each well and incubated for an additional 

4 hours. The absorbance in each w ell was measured at 490 nm following incubation to 

determine the proliferation o f  lymphocytes in each well.
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Heat-Induced Protein Denaturation 

The effect o f  our compounds on heat-induced protein denaturation was 

determined using a method previously described (Saso et al., 1998). Briefly, BSA  was 

dissolved at various concentrations in 0.066 M sodium phosphate buffered saline (pH 

5.3). Experimental compounds were dissolved in PBS and adjusted to pH 5.3 with 

hydrochloric acid. BSA solutions were mixed 1:1 with drug solutions in glass or 

polypropylene tubes. Aliquots o f  each solution (100 pi) were added in duplicate to wells 

on a 96 w ell plate. The plate was covered with aluminum foil and incubated at 70°C in 

an oven for 30 minutes to induce protein denaturation. Turbidity in each w ell was 

determined by measuring the absorbance at 595 nm. Percent inhibition o f  protein 

denaturation was calculated by dividing the absorbance o f  drug treated solutions by the 

absorbance o f  control solutions and multiplying by 1 0 0 .

Collagenase Assay

The effect o f  our compounds on collagenase activity in vitro  was determined 

using a modification o f  method previously described (Mandl et al., 1953).

Breakdown o f  Collagen by Collagenase

Briefly, 2.75 ml o f  0.05 M TES and 0.36 mM calcium chloride solution (TES 

buffer) at pH 7.5 was incubated for 10 minutes at 37°C with 0.25 ml o f  vehicle or drug 

dissolved in TES buffer or 10% DM SO in TES buffer. Twenty-five m g o f  collagen was 

added to each solution along with 2.5 pg o f  chromatographically purified collagenase 

dissolved in TES buffer to initiate the breakdown o f  collagen. Collagenase was 

incubated with the solutions and collagen for 24 hours in a shaking 37°C water bath. An
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aliquot o f  each solution (0 .2  ml) was collected following incubation to determine the 

breakdown o f  collagen using the ninhydrin reaction.

Ninhydrin Reaction

The liberation o f  amino acids from collagen by collagenase was determined using 

the ninhydrin reaction originally described by Moore and Stein in 1948. Briefly, 

ninhydrin reagent was prepared by mixing a solution o f  7.09 mM stannous chloride in 

4% ninhydrin (dissolved in methyl cellosolve) 1:1 with a solution o f  0.2 M sodium citrate 

(pH 5.0). An aliquot o f  each sample solution (0.2 ml) was added to 1.0 ml o f  ninhydrin 

reagent in a microcentrifuge tube, loosely covered, and placed in a boiling water bath for 

20 minutes. Tubes were cooled for 10 minutes in a 25°C water bath. Each solution was 

diluted with 5 ml o f  n-propanol, votexed, and allowed to stand for 15 minutes. The 

absorbance o f  each solution was then read at 595 nm. Percent inhibition o f  collagenase 

activity was calculated by dividing the absorbance o f  drug treated solutions by the 

absorbance o f  control solutions and multiplying by 1 0 0 .

Statistical Analysis

Data are presented as the mean ±  standard error o f  the mean (S.E.M .).

Significance was determined using the Student's t test to compare the means between two 

groups. The one-way analysis o f  variance (ANO VA) was used to test for significance 

between repeated measures. Tukey's post-hoc test was used following the one-way  

ANO VA to determine significant differences within a group. A  probability o f  P < .05 

was considered statistically significant in all calculations.
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CHAPTER 3 

RESULTS

Inhibition o f  Serum PAM Activity by PBA, APAA, and APAA-M e

Inhibition o f  Serum PAM Activity by PBA Administered by Injection

Prior to evaluating PBA in a chronic model o f  inflammation, we wanted to 

reexamine the ability o f  PBA to inhibit serum PAM activity in a dose-dependent manner 

in vivo  in rats. To accomplish this, we evaluated the effect o f  several doses and dosing 

schedules o f  PBA administered by subcutaneous injection on serum PAM activity in 

normal rats. Control animals received injections o f  saline. One experimental group was 

treated once with PBA at a concentration o f  500 mg/kg. Additional groups were treated 

with 125, 250, or 500 m g/kg o f  PBA every 3 hours for 24 hours. Serum samples were 

collected at 0, 3, 6 , 9, 12, 15, and 24 hours and analyzed for PAM activity. Figure 6  

shows that, following a single injection o f  PBA at a concentration o f  500 mg/kg, serum 

PAM activity decreased to 71% o f  control at 3 hours and returned to control activity 

levels by 9 hours. Repeated administration o f  the 500 m g/kg dose produced greater than 

90% inhibition through 12 hours, falling to 85% at the 24 hour time point. Repeated 

administration o f  the 250 mg/kg dose every 3 hours also produced sustained inhibition 

th ro u g h  24 h o u rs , w ith  a  m a x im u m  effect o f  78% in h ib itio n  a t 9 h o u rs . Repeated d o s in g  

o f  125 m g/kg produced a maximum effect o f  46% inhibition at 6  hours; however, 

inhibition fell to approximately 15% at 9 hours.

42
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Figure 6.
Effect o f  PBA on serum PAM activity in vivo. PBA was administered to rats by 
subcutaneous injection either once at a concentration o f  500 mg/kg or every 3 hours at 
concentrations o f  500, 250, or 125 mg/kg. Control animals received vehicle injections. 
Serum samples were taken at time points between 0 and 24 hours and assayed for PAM  
activity as described in “M ethods”. PBA 500 mg once (o); PBA 500 m g/kg every 3 
hours (• );  PBA 250 mg/kg every 3 hours (A);  PBA 125 mg/kg every 3 hours (■). Data 
are presented as the mean ±  S.E.M. for each group (n= l-3).
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Inhibition o f  Serum PAM Activity by PBA Administered by Osmotic Pump

In addition to subcutaneous administration, we also sought to demonstrate i f  PBA, 

when administered slow ly by surgically implanted osmotic pumps, could produce 

sustained inhibition o f  serum PAM activity in vivo  over an extended period o f  time. 

Experimental animals received PBA at a dose o f  60 mg/kg/hr by osmotic pump for 6  

days while control animals were sham-treated. Serum was collected at 0, 0.5, 1, 2, 3 ,4 ,

5, and 6  days after treatment and assayed for PAM activity. As shown in Figure 7, PBA  

produced sustained inhibition o f  serum PAM activity throughout the experiment with a 

maximum o f  100% on day 2, decreasing over time to a minimum o f  42% on day 6 . 

Inhibition o f  Serum PAM Activity by APAA and APAA-M e

Prior to these studies, the effect o f  A PAA and APAA-M e on serum PAM  activity 

in vivo  had not been established. Therefore, we wanted to determine whether each drug 

was capable o f  inhibiting serum PAM activity in vivo  and whether inhibition was dose- 

dependent. To accomplish this, normal animals received subcutaneous injections o f  10, 

50, or 100 mg/kg o f  either APAA or APAA-M e. Control animals received subcutaneous 

injections o f  vehicle. Serum samples were collected at 0, 1, 2, 3, 4, and 6  hours post

injection. Our results showed clearly the ability o f  both APAA and APAA-M e to 

produce dose-dependent inhibition o f  serum PAM activity. Figure 8  shows that the 100 

m g/kg dose o f  A PAA produced a maximum inhibition o f  38% one hour post-injection 

with the 50 and 10 mg/kg doses producing 28% and 21% inhibition, respectively. 

Inhibition o f  PAM activity by APAA was brief, rapidly returning to normal after peaking
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Figure 7.
Effect o f  continuous administration o f  PBA on serum PAM activity in vivo. Surgically 
implanted osmotic pumps slow ly delivered PBA (60 mg/kg/hr) to animals for 6  days. 
Control animals were sham treated. Serum samples were taken at time points between 0 
and 6  days and assayed for PAM activity as described in “M ethods”. Data are presented 
as the mean ±  S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to controls for that day (Student's t test).
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Figure 8.
Effect o f  APAA on serum PAM activity in vivo. APAA was given as a single 
subcutaneous injection at three different concentrations to determine its effect on serum 
PAM activity in vivo. Control animals received injections o f  vehicle. Serum was 
collected at time points between 0 and 6  hours. PAM activity was analyzed as described 
in “M ethods”. A PAA 10 mg/kg ( • ) ;  APAA 50 mg/kg (■); APAA 100 mg/kg (A) .  Data 
are presented as the mean ± S.E.M. for each group (n=6 ).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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at 1 or 2 hours. Only the 100 mg/kg dose o f  APAA still produced significant inhibition 

o f  PAM activity 3 hours post-injection.

APAA-M e (100 mg/kg) produced a similar but more sustained inhibition o f  

serum PAM activity compared to APAA (Figure 9). At a dose o f  100 mg/kg, APAA-M e 

produced significant inhibition o f  PAM activity, between 37% and 38%, through 3 hours 

post-injection. Inhibition o f  PAM activity is reduced but still significant at the 4 hour 

time point for this dose. The 50 mg/kg dose demonstrated a similar but less potent effect 

on PAM activity, with sustained inhibition over the first 3 hours and significant inhibition 

o f  PAM activity at 2, 3, and 4 hours post-injection. The lowest dose o f  10 mg/kg 

produced no significant inhibition o f  serum PAM activity at any time point measured.

In a subsequent experiment, each compound was administered at a dose o f  150 

mg/kg to determine whether a further increase in dose would produce greater inhibition 

o f  serum PAM activity. Serum samples were collected at 0 and 2 hours post-injection 

and analyzed for PAM activity. A  complete dose-response curve for each compound is 

shown in Figure 10. Two hours post-injection, a 150 m g/kg dose o f  A PA A  produced 

only 27% inhibition o f  PAM activity. This is substantially lower than the inhibition 

APAA produced at a dose o f  100 mg/kg. A  150 mg/kg dose o f  APAA-M e, however, 

produced 42% inhibition o f  serum PAM activity, an increase o f  5% above the 100 mg/kg 

dose (Figure 9). The ability o f  APAA-M e to produce both higher and sustained 

inhibition o f  serum PAM activity compared to APAA made it a more suitable compound 

to evaluate for anti-inflammatory activity.
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Figure 9.
Effect o f  APAA-M e on serum PAM activity in vivo. APAA-M e was given as a single 
subcutaneous injection at three different concentrations to determine its effect on serum 
PAM activity in vivo. Control animals received injections o f  vehicle. Serum was 
collected at time points between 0 and 6  hours. PAM activity was analyzed as described 
in “Methods”. APAA-M e 10 m g/kg ( • ) ;  APAA-M e 50 mg/kg (■); APAA-M e 100 
mg/kg (A) .  Data are presented as the mean ± S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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Figure 10.
Effect o f  APAA and APAA-M e on serum PAM activity in vivo. A PAA and APAA-M e  
were both administered at doses o f  10, 50, 100, and 150 mg/kg to normal rats to 
determine their effect on serum PAM activity. Control animals received injections o f  
vehicle. Serum was collected at 2 hours post-injection and PAM activity was analyzed as 
described in "Methods". APAA (• );  APAA-M e (■). Each point represents the percent 
inhibition produced by each concentration o f  drug 2 hours post-injection (n=3).
* Statistically significant (P < .05) compared to vehicle-treated controls (Tukey's test).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

Validation o f  SP Measurement and Extraction 

Cross-Reactivity o f  SP-Glv in SP EIA Kit

To accurately determine whether or not our drugs were capable o f  reducing 

endogenous levels o f  amidated SP in animals, we first needed to demonstrate that the SP 

EIA kit being used was capable o f  distinguishing between amidated SP and glycine- 

extended SP (SP-Gly). To evaluate the reactivity o f  SP-Gly in this kit, known 

concentrations o f  SP-Gly and amidated SP ranging from 7.8-1000 pg/ml were added to 

w ells in quadruplicate. The SP EIA kit was then developed as described in “M ethods”. 

As shown in Figure 11, the SP EIA kit was capable o f  detecting concentrations o f  

amidated SP up to 1000 pg/ml. SP-Gly was not detected at any concentration evaluated, 

demonstrating that this kit is capable o f  distinguishing between amidated SP and its 

inactive precursor.

Validation o f  SP Extraction from Paw Tissue and Measurement by EIA

The method used to extract SP from paw tissue is a modification o f  a method 

previously described (Ahmed et al., 1995). To validate our modified method o f  SP 

extraction, a 5 ng spike o f  SP in saline was added to extraction buffer containing a 

normal rat hindpaw prior to boiling the paw tissue. Saline was added as a vehicle control 

to the extraction buffer o f  control samples containing normal paws prior to boiling. The 

extraction procedure and determination by EIA were performed as described in 

“M ethods” at two dilutions. Subtracting endogenous SP concentrations from spiked 

concentrations, and dividing the difference by 5 ng determined the percent recovery o f  

the SP spike in each dilution. A s shown in Table 1, 11.5 ng/ml and 9.75 ng/ml o f  SP
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Figure 11.
Cross-reactivity o f  SP-Gly in SP EIA kit. Solutions o f  SP and SP-Gly ranging from 7.8 
to 1000 pg/ml were added in quadruplicate to a SP EIA kit, as described in “M ethods”. 
SP (• );  SP-Gly (■). Data are presented as the mean ±  S.E.M for each group (n=4).
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Table 1. Recovery o f  SP spike from animal hindpaw tissue by EIA

SP ng/paw
1:2 dilution 1:3 dilution

Endogenous concentration of SP 8 5.85
SP added 5 5
SP recovered 11.5 9.75
Expected recovery 13 10.85

% Recovery 70% 78%

Average recovery 74%

Hindpaws collected from normal animals were placed in extraction solutions containing a 
5 ng SP spike (n=9) or an equal volume o f  vehicle (n=10). Extraction o f  each hindpaw 
and quantification o f  SP by EIA occurred as described in “M ethods” at 2 different 
dilutions to determine the recovery o f  the SP spike.
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were recovered from the 1:2 and 1:3 dilutions o f  our SP spiked samples, respectively. 

The endogenous concentration o f  SP in normal paws (no spike) was found to be 8.0 and 

5.85 ng/ml in the 1:2 and 1:3 dilutions. Therefore, the recovery o f  the 5 ng spike in each 

dilution was 78% and 70% for the 1:2 and 1:3 dilutions, respectively.

Validation o f  SP Extraction from Plasma and Measurement by EIA

We also sought to validate our method o f  quantifying SP in rat plasma using an 

extraction-free plasma SP EIA kit. A  2.5 ng spike o f  SP in saline was added to plasma 

samples obtained from normal rats. Saline was added to control samples also obtained 

from normal animals. The plasma SP EIA kit was developed as described in “M ethods”. 

Table 2 shows that SP spiked plasma samples contained 3.6 ng/ml while control samples 

(no spike) had a SP concentration o f  1.8 ng/ml. Therefore, the average recovery o f  the 

SP spike in plasma samples was 72% using this SP EIA kit.

Evaluation o f  PBA in Chronic Inflammation and Effects on SP 

Changes in Levels o f  SP in Paw Tissue and Plasma During Adjuvant Arthritis

Before evaluating PBA in rat adjuvant arthritis, we wanted to determine changes 

in SP in the paw tissue and plasma during the development o f  the disease. Adjuvant 

arthritis was induced in experimental animals as described in “M ethods”. Non-arthritic 

control animals received mineral oil only. The concentration o f  SP in both paw tissue 

and plasma was measured at several time points during the first 21 days. Additionally, 

animal weights and hindpaw volumes were both measured during the same period. In 

Figure 12 we observed changes in animal weight that were consistent with the 

development o f  adjuvant arthritis. We also observed changes in hindpaw volume
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Table 2. Recovery o f  SP spike from animal plasma by EIA

SP ng/ml
Endogenous concentration of SP 1.8
SP added 2.5
SP recovered 3.6
Expected recovery 4.3

% Recovery 72%

Plasma was collected from normal animals. A  2.5 ng SP spike or an equal volume o f  
vehicle was added to each plasma sample. Quantification o f  SP in each plasma sample 
by EIA occurred as described in “Methods” to determine the recovery o f  the SP spike 
(n= 6  for each group).
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Figure 12.
Changes in animal weight during adjuvant arthritis. Adjuvant arthritis was induced as 
described in “M ethods” on day 0. Animal weights were measured everyday through the 
first 21 days o f  adjuvant arthrits. Non-arthritic control animals (■); arthritic animals (A) .  
Data are presented as the mean ±  S.E.M. for each group (n=5 or greater for each time 
point).
* Statistically significant (P < .05) compared to controls (Student's t test).
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Figure 13.
Change in hindpaw volume during adjuvant arthritis. Adjuvant arthritis was induced in 
animals on day 0 as described in “M ethods”. Volumes o f  injected and contralateral paws 
were measured plethysmographically by mercury displacement on days 0, 2, 9, 14, and 
16. Change in hindpaw volume was calculated as the difference between the volume o f  
arthritic hindpaws and non-arthritic control hindpaws. Arthritic injected hindpaw (• );  
arthritic contralateral hindpaw (■). Data are presented as the mean ±  S.E.M. for each 
group (n=6 ).
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Figure 14.
Changes in tissue SP concentration during adjuvant arthritis. Adjuvant arthritis was 
induced in animals on day 0 as described in “Methods”. Control and arthritic hindpaws 
were collected on days 0 ,2 , 12, 16, and 21 and assayed for SP as described in “Methods”. 
Data are presented as the mean ±  S.E.M for each group. Numbers in parentheses indicate 
the n value for each group.
* Statistically significant (P < .05) compared to controls (Student’s t test or Tukey’s test).
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Figure 15.
Changes in plasma SP concentrations during adjuvant arthritis. Adjuvant arthritis was 
induced in animals on day 0 as described in “M ethods”. Serum was collected on days 0, 
2, 12 ,16 , and 21 from control and arthritic animals and assayed for SP as described in 
“Methods”. Data are presented as the mean ±  S.E.M. for control (n=5) and arthritic (n=4) 
animals.
* Statistically significant (P < .05) compared to controls (Student’s t test).
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characteristic o f  the 3 phases o f  adjuvant arthritis (Figure 13), which were previously 

described in the introduction.

The levels o f  SP in the hindpaws o f  control and adjuvant arthritic rats were 

measured on days 0, 2, 12, 16, and 21 and are shown in Figure 14. On day 2, the 

concentration o f  SP in paws injected with FIA was significantly less than controls. On 

day 12, there was no statistical difference in levels o f  SP between the control paws, paws 

injected with FIA, or the contralateral hindpaws o f  arthritic animals. B y day 16, 

however, the concentration o f  SP in the injected hindpaw was significantly less than 

controls and, on day 21, levels o f  SP in both the injected and contralateral arthritic 

hindpaws were significantly less than controls.

Levels o f  SP in plasma were measured on days 0 ,2 ,  12, 16, and 21 in both control 

and adjuvant arthritic animals. As shown in Figure 15, the concentration o f  SP in the 

plasma o f  arthritic animals on day 2  was dramatically lower than controls, becoming 

nearly undetectable. Conversely, the plasma concentration o f  SP on day 12 was 

significantly higher in arthritic animals than controls. There was no significant difference 

in plasma SP levels between control and arthritic animals on days 16 or 21. 

Anti-Inflammatory Effect o f  PBA in Adjuvant Arthritis

PBA has previously been evaluated for its anti-inflammatory activity in 

carrageenan edema, an acute model o f  inflammation in rats. We sought to further 

evaluate its anti-inflammatory effects in a chronic model o f  inflammation, adjuvant 

arthritis. In these experiments, PBA was administered for 7 days by osmotic pump at a 

dose o f  60 mg/kg/hr during each o f  the three phases o f  adjuvant arthritis. The three

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



periods o f  administration were day -5 to 2 (Phase 1), day 2 to 9 (Phase 2), and day 10 to 

16 (Phase 3). Control animals and untreated arthritic animals were sham treated. As 

shown in Figure 16, administration o f  PBA during Phase 1 produced a significant 

decrease in the acute inflammation o f  the injected hindpaw on day 2  compared to arthritic 

controls. On day 9, the injected hindpaw o f  PBA-treated animals still had significantly 

less swelling than arthritic control animals. By days 14 and 16, the inhibitory effect 

produced by PBA in the early phase o f  the disease was no longer present. There was no 

significant difference at any time point between the contralateral hindpaws o f  the PBA- 

treated and arthritic control animals.

As expected, animals used in the Phase 2 study developed characteristic swelling 

o f  the FIA-injected hindpaw by day 2, as shown in Figure 17. Treatment with PBA from 

day 2 to 9 produced a significant decrease in swelling o f  the injected hindpaw compared 

to arthritic control animals when measured on day 9. On day 16, the injected hindpaw o f  

PBA-treated animals still had significantly less swelling than arthritic controls. 

Interestingly, we also observed a significant decrease in swelling o f  the contralateral 

paws o f  PBA-treated animals on day 16.

As shown in Figure 18, animals used in the Phase 3 study developed acute 

inflammation o f  the injected hindpaw by day 2 , then no further inflammation through day 

9. Osmotic pumps delivering PBA were surgically implanted on day 10. PBA treatment 

during Phase 3 produced a significant decrease in the swelling o f  the FIA injected 

hindpaw as early as 3 days after dosing began and persisted through day 16.
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Figure 16.
Effect o f  PBA on adjuvant arthritis when administered during Phase 1. Osmotic pumps 
slow ly delivered PBA (60 mg/kg/hr) from days - 5  to 2. Non-arthritic and arthritic 
controls were sham treated. Adjuvant arthritis was induced in animals on day 0 as 
described in “M ethods”. Volumes o f  injected and contralateral paws were measured 
plethysmographically by mercury displacement on days 0, 2, 9, 14, and 16. Change in 
hindpaw volume was calculated as the difference between the volum es o f  arthritic control 
or PBA treated hindpaws and volumes o f  non-arthritic control hindpaws. The period o f  
administration is indicated by the arrows. Arthritic injected hindpaw ( • ) ;  PBA treated 
injected hindpaw (o); arthritic contralateral hindpaw (■); PBA treated contralateral 
hindpaw (□). Data are presented as the mean ±  S.E.M. for each group (n=6 ).
* Statistically significant (P < .05) compared with arthritic controls (Student's t test).
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Figure 17.
Effect o f  PBA on adjuvant arthritis when administered during Phase 2. Osmotic pumps 
slow ly delivered PBA (60 mg/kg/hr) from days 2 to 9. Non-arthritic and arthritic 
controls were sham treated. Adjuvant arthritis was induced in animals on day 0 as 
described in “M ethods”. Volumes o f  injected and contralateral paws were measured 
plethysmographically by mercury displacement on days 0, 2, 9, 14, and 16. Change in 
hindpaw volume was calculated as the difference between the volum es o f  arthritic control 
or PBA treated hindpaws and volumes o f  non-arthritic control hindpaws. The period o f  
administration is indicated by the arrows. Arthritic injected hindpaw (• );  PBA treated 
injected hindpaw (o); arthritic contralateral hindpaw (■); PBA treated contralateral 
hindpaw (□). Data are presented as the mean ±  S.E.M. for each group (n=6 ).
* Statistically significant (P < .05) compared with arthritic controls (Student's t test).
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Figure 18.
Effect o f  PBA on adjuvant arthritis when administered during Phase 3. Osmotic pumps 
slow ly delivered PBA (60 mg/kg/hr) from days 10 to 16. Non-arthritic and arthritic 
controls were sham treated. Adjuvant arthritis was induced in animals on day 0 as 
described in “M ethods”. Volumes o f  injected and contralateral paws were measured 
plethysmographically by mercury displacement on days 0 ,2 ,9 ,1 4 ,  and 16. Change in 
hindpaw volume was calculated as the difference between the volum es o f  arthritic control 
or PBA treated hindpaws and volumes o f  non-arthritic control hindpaws. The period o f  
administration is indicated by the arrows. Arthritic injected hindpaw ( • );  PBA treated 
injected hindpaw (o); arthritic contralateral hindpaw (■); PBA treated contralateral 
hindpaw (□). Data are presented as the mean ±  S.E.M. for each group (n=6 ).
* Statistically significant (P < .05) compared with arthritic controls (Student's t test).
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Contralateral paw swelling during Phase 3 was also significantly inhibited by PBA  

treatment by day 16.

Effect o f  PBA on SP Levels in Paw Tissue and Plasma During Adjuvant Arthritis

Following treatment with PBA during Phase 1 and Phase 3, the concentration o f  

SP was measured in the hindpaws and plasma o f  non-arthritic, untreated arthritic, and 

PBA-treated arthritic animals. Figure 19 shows that FIA-injected arthritic paws had a 

lower concentration o f  SP than non-arthritic paws. Surprisingly, Figure 19 also shows 

that PBA treatment during Phase 1 produced no significant change in the concentration o f  

SP in the FIA injected or contralateral hindpaw compared to untreated arthritic controls.

Although we saw no change in the concentration o f  SP in the hindpaw, PBA  

treatment during Phase 1 produced an interesting effect on levels o f  SP in the plasma, as 

shown in Figure 20. Again, we saw that, on day 2 o f  adjuvant arthritis, the concentration 

o f  SP in the plasma o f  untreated arthritic animals was substantially less than non-arthritic 

controls. However, the administration o f  PBA during Phase 1 appeared to return levels 

o f  SP in the plasma o f  arthritic rats back to that o f  controls so that there was no 

significant difference between control and arthritic rats treated with PBA.

Administration o f  PBA during Phase 3 produced similar effects on levels o f  SP in 

tissue and plasma as those seen following administration during Phase 1. Figure 21 

shows that, on day 16, arthritic hindpaws possess a lower concentration o f  SP than non- 

arthritic controls. Moreover, there was no significant change in the concentration o f  SP 

in either the injected or contralateral hindpaws o f  arthritic rats treated with PBA  

compared to untreated arthritic controls on day 16. Figure 22 demonstrates that SP in the
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Figure 19.
Effect o f  PBA treatment during phase 1 o f  adjuvant arthritis on tissue SP concentrations. 
PBA (60 mg/kg/hr) was administered by osmotic pump from day - 5  to 2 o f  adjuvant 
arthritis. Adjuvant arthritis was induced in animals on day 0 as described in “M ethods”. 
Non-arthritic, arthritic, and PBA treated hindpaws were collected on day 2 and assayed 
for SP as described in “Methods”. Data are presented as the mean ±  S.E.M. for each 
group (n=7).
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Figure 20.
Effect o f  PBA treatment during phase 1 o f  adjuvant arthritis on plasma SP 
concentrations. Osmotic pumps slow ly administered PBA (60 mg/kg/hr) from day -5  to 
2 o f  adjuvant arthritis. Adjuvant arthritis was induced in animals on day 0 as described in 
“Methods”. Plasma was collected on day 2 from non-arthritic, arthritic, and PBA treated 
animals and assayed for SP as described in “Methods”. Data are presented as the mean ± 
S.E.M. for each group (n=7).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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Figure 21.
Effect o f  PBA treatment during phase 3 o f  adjuvant arthritis on tissue SP concentrations. 
Osmotic pumps slow ly delivered PBA (60 mg/kg/hr) from day 10 to 16 o f  adjuvant 
arthritis. Adjuvant arthritis was induced in animals on day 0 as described in “M ethods”. 
Non-arthritic, arthritic, and PBA treated hindpaws were collected on day 16 and assayed 
for SP as described in “Methods”. Data are presented as the mean ±  S.E.M. for each 
group (n=6 ).
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Figure 22.
Effect o f  PBA treatment during phase 3 o f  adjuvant arthritis on plasma SP 
concentrations. Osmotic pumps slow ly delivered PBA (60 mg/kg/hr) from day 10 to 16 
o f  adjuvant arthritis. Plasma was collected on day 16 from control, arthritic, and PBA  
treated animals and assayed for SP as described in “M ethods”. Data are presented as the 
mean ± S.E.M. for each group (n=7).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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plasma o f  arthritic control animals was significantly lower than non-arthritic controls on 

day 16. PBA treatment during Phase 3 increased the plasma SP concentration so that it 

was no longer significantly different than non-arthritic controls.

Evaluation o f  APAA-M e in Acute and Chronic Inflammation 

Effect o f  APAA-M e on Carrageenan Edema

APAA-M e had not been previously evaluated for anti-inflammatory effects in 

animal models o f  inflammation. To determine whether APAA-M e possessed an anti

inflammatory effect in carrageenan edema, an acute model o f  inflammation, experimental 

animals were initially treated with the highest dose o f  APAA-M e evaluated for PAM  

inhibition (150 mg/kg) thirty minutes prior to inducing carrageenan injection. As shown 

in Figure 23, this high dose o f  APAA completely abolished the acute inflammation 

observed in carrageenan edema, producing nearly 1 0 0 % inhibition o f  paw swelling  

compared to vehicle-treated controls during the entire 6  hour post-injection period.

To determine i f  the acute anti-inflammatory effect o f  APAA-M e was dose- 

dependent, APAA-M e was administered at doses o f  10, 50, and 100 mg/kg to 

experimental animals 30 minutes prior to inducing carrageenan edema. Figure 24a 

demonstrates that these doses o f  APAA-M e produced clearly a dose-dependent inhibition 

o f  carrageenan edema for 6  hours post-injection. Both the 50 and 100 mg/kg doses 

significantly reduced paw swelling at all time points measured while 1 0  mg/kg was 

significantly less than controls only at the 1 hour post-injection time. Figure 24b shows a 

complete time-response curve for all doses in which the 50, 100, and 150 m g/kg doses 

produced significant inhibition o f  carrageenan edema at all time points through 6  hours.
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Figure 23.
Anti-inflammatory effect o f  a high dose o f  APAA-M e in carrageenan edema. APAA-M e 
(150 mg/kg) was administered to animals by subcutaneous injection 30 minutes prior to 
induction o f  carrageenan edema as described in “M ethods”. Injected and contralateral 
hindpaw volumes were measured plethysmographically by mercury displacement at 0 , 1 , 
2, 3, 4, and 6  hours. Change in paw volume was calculated as the difference in injected 
and contralateral hindpaw volumes at each time point. Vehicle treated animals (A);  
APAA-M e 150 m g/kg (■). Data are presented as the mean ± S.E.M. for each group 
(n=6).
* Statistically significant (P < .05) compared to controls for that time point (Student’s t 
test).
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Figure 24.
Anti-inflammatory effect o f  APAA-M e on carrageenan edema. Different concentrations 
o f  APAA-M e were administered to animals by subcutaneous injection 30 minutes prior to 
induction o f  carrageenan edema as described in “M ethods”. Injected and contralateral 
hindpaw volumes were measured plethysmographically by mercury displacement at 0 , 1 , 
2, 3, 4, and 6  hours. Change in paw volume was calculated as the difference in injected 
and contralateral hindpaw volumes at each time point, a) Vehicle treated animals (□); 
APAA-M e 10 m g/kg (■); APAA-M e 50 mg/kg ( • ) ;  APAA-M e 100 m g/kg (A) .  Data are 
presented as the mean ±  S.E.M. for each group (n=6 ). b) APAA-M e 10 mg/kg (□); 
APAA-M e 50 m g/kg (• );  APAA-M e 100 mg/kg (A);  APAA-M e 150 m g/kg (■). Data 
are presented as the percent inhibition o f  paw swelling versus vehicle treated animals at 
each time point (n=6 ).
* Statistically significant (P < .05) compared to control time point (Tukey’s test).
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Additionally, Figure 25 shows the dose-response relationship for these doses at 3 hours 

post-carrageenan induction, demonstrating that the IC50 o f  APAA-M e in carrageenan 

edema is 31.3 mg/kg three hours after induction.

Effect o f  APAA-M e on Adjuvant Arthritis

Following the observation that APAA-M e possessed a potent anti-inflammatory 

effect in a model o f  acute inflammation, we next evaluated APAA-M e in adjuvant 

arthritis, a model o f  chronic inflammation. The goal o f  this experiment was to administer 

APAA-M e (150 mg/kg) daily by s.c. injection from day 0 through day 16 o f  adjuvant 

arthritis and observe changes in weight and hindpaw volume. Figure 26 shows that, 

following treatment on days 0 ,1 , and 2, APAA-M e produced significant inhibition o f  

swelling in the FIA-injected hindpaw on day 2. W hile the administration o f  APAA-M e 

produced an anti-inflammatory effect, we also observed some signs o f  toxicity, such as 

edema and lethargy, which led us to discontinue dosing after day 2. However, we 

continued to measure animal weights (Figure 27) and hindpaw volum es over the next 14 

days. The anti-inflammatory effect o f  APAA-M e seen on day 2 was not significantly 

different on day 4 and was totally absent on day 16. Complications in subsequent 

experiments suggested that experimental animals could not tolerate repeated 

administration o f  APAA-M e when dissolved in a variety o f  vehicles. Unfortunately, this 

prevented a full characterization o f  APAA-M e as an anti-inflammatory compound in 

chronic inflammation.
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Figure 25.
Anti-inflammatory effect o f  APAA-M e on carrageenan edema 3 hours post-induction. 
The percent inhibition versus vehicle-treated animals was determined 3 hours post
induction o f  carrageenan edema for concentrations o f  APAA-M e ranging from 10 mg/kg 
to 150 mg/kg. Data are presented as the dose received versus the percent inhibition 
produced by each dose at 3 hours post-induction (n=6).
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Figure 26.
Effect o f  APAA-M e and discontinuation on adjuvant arthritis. APAA-M e (150 mg/kg) 
was administered by subcutaneous injection once daily from day 0 to day 2 o f  adjuvant 
arthritis. Injected (right) and uninjected (left) hindpaw volumes were measured 
plethysmographically by mercury displacement on day 0, 2, 4, and 16. Open bars -  
vehicle-treated controls (n=4); solid bars -  vehicle-treated arthritic animals (n=4); dashed 
bars -  APAA-Me-treated animals (n=3). Data are presented as the mean ±  S.E.M. for 
each group.
* Statistically significant (P < .05) compared to arthritic controls (Student's t test).
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Figure 27.
Effect o f  APAA-M e on body weight o f  animals during the course o f  adjuvant arthritis. 
APAA-M e (150 mg/kg) was administered by subcutaneous injection once daily from day 
0 to day 2 o f  adjuvant arthritis. Animals were weighed on days - 1 ,0 ,  1, 2, 3, 4, 15 and 
16. Non-arthritic controls (■); arthritic controls (A);  APAA-M e-treated arthritic animals 
( • ) .  Data are presented as the mean ± S.E.M. (n=6).
* Statistically significant (P < .05) compared to controls for that day (Tukey's test).
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Evaluation o f  PBA and APAA-M e in Mustard Oil-Induced Neurogenic Inflammation 

Effect o f  PBA on Mustard Oil-Induced Neurogenic Inflammation

Results from the adjuvant arthritis study suggested that, while PBA treatment 

reduced inflammation and returned plasma SP levels to normal, the anti-inflammatory 

dose o f  PBA appeared to have no effect on the concentration o f  SP in hindpaw tissue. To 

further clarify whether PBA treatment produced an effect on endogenous SP levels, 

mustard oil-induced neurogenic inflammation (MOINI) was used as an indirect assay for 

SP levels in peripheral sensory nerves.

A  standard curve o f  Evans Blue concentrations ranging from 0 to 20 pg/ml was 

obtained to determine the amount o f  Evans Blue extracted from the skin. Three 

independent standard curves were made and averaged to determine the absorbance for 

each concentration o f  Evans Blue. As shown in Figure 28, increasing concentrations o f  

Evans Blue produced a linear increase in absorbance at 620 nm with little variation.

We next determined the most appropriate solution for extraction o f  Evans Blue 

from hindpaw skin tissue. Two extraction solutions, 4 ml o f  formamide and a solution o f  

14 ml o f  acetone and 6 ml o f  0.5% sodium sulfate (acetone/sodium sulfate), have been 

widely used for extraction (Louis et al., 1989; Arvier et al., 1977). To determine which 

solution was most appropriate for these studies, the MOINI procedure was performed on 

normal rats and Evans Blue was extracted from hindpaw skin samples using each 

solution. As seen in Figure 29, both solutions extracted large amounts o f  Evans Blue 

from skin that had been painted with mustard oil. Skin painted with mineral oil only did 

not contain substantial amounts o f  Evans Blue; therefore, little was extracted into
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Figure 28.
Standard curve o f  Evans Blue concentrations. Evans Blue was dissolved in saline at a 
concentration o f  20 pg/ml and dilutions were made to several concentrations. The 
absorbance o f  each concentration was read at 620 nm. Data are presented as the mean ±  
S.E.M. for each concentration o f  Evans Blue. Each point represents the average o f  three 
experiments performed in duplicate.
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Figure 29.
Comparison o f  formamide and acetone/sodium sulfate solution for Evans Blue extraction 
from paw tissue. Paw skin tissue containing extravasated Evans Blue was placed in 4 ml 
o f  formamide or 10 ml o f  an acetone/sodium sulfate solution for extraction o f  Evans Blue 
as described in “M ethods”. Control paws were painted with mineral oil only. Data are 
presented as the mean ±  S.E.M. for formamide (n=13) or acetone/sodium sulfate (n=4) 
solutions.
* Statistically significant (P < .05) compared to other mustard oil-treated group 
(Student's t test).
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solution. Although the acetone/sodium sulfate solution extracted significantly more 

Evans Blue, formamide was used for extraction in subsequent MOINI experiments, 

because formamide produced consistent results, required a smaller volume for extraction, 

and preparation was substantially less compared to the acetone/sodium sulfate solution.

To validate that our MOINI procedure detected changes in SP in peripheral 

sensory nerves, capsaicin was used to show that SP depletion would reduce the MOINI 

response. Capsaicin was dissolved in a vehicle o f  10% ethanol and 10% Tween-80 in 

saline. Capsaicin was administered s.c. to rats over a 5 day period using the following  

dosage regimen: 5 m g/kg bid on day 1 ,1 0  m g/kg bid on day 2, 25 m g/kg bid on day 3, 

and 50 mg/kg once daily on days 4 and 5. Control animals received injections o f  vehicle 

on the same schedule and the MOINI procedure was performed 24 hours following the 

last injection o f  capsaicin. As predicted, Figure 30 shows that capsaicin treatment 

produced significant inhibition o f  the MOINI response, with 73% less Evans Blue per 

gram o f  tissue than vehicle-treated controls. Additionally, Figure 31 shows that the 

MOINI response was still significantly inhibited by 37% 12 days follow ing the end o f  

capsaicin treatment, demonstrating that this regimen o f  capsaicin produces long-term  

depletion o f  SP.

To determine the effect o f  PBA (250 mg/kg) on MOINI, the drug was 

administered s.c. to animals 30 minutes or 2 hours prior to the experiment. Previous 

studies in our laboratory have demonstrated that both o f  these pre-treatment times 

significantly inhibit carrageenan edema. Using this dosing regimen, w e did not observe 

any effect o f  PBA on the MOINI response in animals receiving PBA for 30 minutes
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Figure 30.
Effect o f  capsaicin treatment on MOINI 24 hours after the last dose was administered. 
Increasing concentrations o f  capsaicin were administered to animals over 5 days prior to 
MOINI. The MOINI procedure was performed as described in “M ethods”. Data are 
presented as the mean ±  S.E.M. for control (n=5) and capsaicin treated (n=7) animals.
* Statistically significant (P < .05) compared to controls (Student’s t test).
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Figure 31.
Effect o f  capsaicin treatment on MOINI 12 days after the last dose was administered. 
Increasing concentrations o f  capsaicin were administered to animals over 5 days. The 
MOINI procedure was performed 12 days after the final capsaicin treatment as described 
in “M ethods”. Data are presented as the mean ±  S.E.M. for control (n=5) and capsaicin 
treated (n=5) animals.
* Statistically significant (P < .05) compared to controls (Student’s t test).
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(Figure 32) or 2 hours (Figure 33) prior to inducing neurogenic inflammation. These 

results strongly suggest that acute administration o f  PBA does not reduce endogenous 

levels o f  SP, particularly in the peripheral sensory nerve terminals.

Although acute administration produced no inhibition o f  MOINI, we also sought 

to determine whether chronic administration o f  an anti-inflammatory dose o f  PBA could 

inhibit the response. Surgically implanted osmotic pumps delivered a constant dose o f  

PBA (60 mg/kg/hr) for 7 days prior to the MOINI procedure. Control animals were sham 

treated. Similar to acute administration, continuous administration o f  PBA for 7 days did 

not produce any significant decrease in the MOINI response compared to vehicle-treated 

controls (Figure 34).

Effect o f  APAA-M e on Mustard Oil-Induced Neurogenic Inflammation (MOINI)

We determined previously that APAA-M e was a very effective inhibitor o f  

carrageenan edema. To determine whether the anti-inflammatory effect o f  APAA-M e 

was related to changes in endogenous SP levels, a 150 mg/kg dose was administered s.c. 

to normal rats three hours prior to the MOINI procedure. This dose produced complete 

inhibition o f  carrageenan edema 3 hours post-induction (Figure 23). Figure 35 shows 

that, unlike PBA, acute administration o f  APAA-M e produced a significant decrease 

(33%) in the MOINI response compared with vehicle-treated controls.

Effect o f  PBA and APAA-M e on SP Concentrations in Rat Sciatic Nerves 

Effect o f  PBA on SP Concentration in Rat Sciatic Nerves

Extraction and measurement o f  SP from the rat sciatic nerve was used to directly 

measure changes in endogenous SP levels following treatment with PBA. To validate
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Figure 32.
Acute effect o f  PBA (30 minute pre-treatment) on MOINI. PBA (250 mg/kg) was 
administered to animals by subcutaneous injection 30 minutes prior to MOINI. The 
MOINI procedure was performed as described in “M ethods”. Data are presented as the 
mean ± S.E.M. for control (n=2) and PBA treated (n=6) animals.
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Figure 33.
Acute effect o f  PBA (2 hour pre-treatment) on MOINI. PBA (250 mg/kg) was 
administered to animals by subcutaneous injection 2 hours prior to MOINI. The MOINI 
procedure was performed as described in “M ethods”. Data are presented as the mean ±  
S.E.M. for control (n=2) and PBA treated (n=5) animals.
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Figure 34.
Effect o f  continuous administration o f  PBA on MOINI. Osmotic pumps slow ly  
administered PBA (60 mg/kg/hr) to animals for 7 days prior to MOINI. The MOINI 
procedure was performed as described in “Methods”. Data are presented as the mean ± 
S.E.M. for each group (n -5).
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Figure 35.
Acute effect o f  APAA-M e on MOINI. APAA-M e (150 mg/kg) was administered to 
animals by subcutaneous injection 3 hours prior to MOINI. The MOINI procedure was 
performed as described in “Methods”. Data are presented as the mean ±  S.E.M. for 
control (n=7) and APAA-M e treated (n=6) animals.
* Statistically significant (P < .05) compared to controls (Student’s t test).
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our method o f  extraction, sciatic nerves were excised from normal rats and either a 1000 

pg spike o f  SP or an equal volume o f  saline was added to sciatic nerve extraction 

solutions prior to the extraction procedure. The sciatic nerve extraction and measurement 

o f  SP by EIA was performed as described in "Methods". As shown in Table 3, the 

endogenous amount o f  SP in unspiked rat sciatic nerve samples was 1192 pg. The total 

amount o f  SP found in spiked samples was 1936 pg. B y calculating the difference 

between spiked and unspiked samples, these results indicated that 744 pg o f  the 1000 pg 

spike was recovered. Therefore, our procedure recovered 74.4% o f  SP in the initial 

extraction solution.

Capsaicin was used to demonstrate that our method o f  SP extraction was capable 

o f  detecting changes in SP levels within the rat sciatic nerve. Experimental animals were 

treated with capsaicin (50 mg/kg) 24 hours prior to SP extraction, a dose previously 

shown to reduce the concentration o f  SP in rat sciatic nerves (Donnerer et al., 1996). 

Control animals received vehicle injections. Figure 36 shows that, as expected, SP 

concentrations in sciatic nerves were significantly lower (44%) in capsaicin-treated 

animals than in vehicle-treated controls.

In order to evaluate the effect o f  PBA on endogenous levels o f  SP, osmotic pumps 

delivered PBA (60 mg/kg/hr) to normal animals for 7 days prior to sciatic nerve removal 

and extraction o f  SP. Control animals were sham-treated. In agreement with MOINI 

results, Figure 37 shows that PBA treatment did not produce any significant effect on SP 

concentrations in rat sciatic nerves compared with sham-treated controls. Therefore, the 

dosing regimen o f  PBA that produced significant anti-inflammatory effects in both
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Table 3. Recovery o f  SP from sciatic nerve tissue

SP (pg)
Endogenous SP per sciatic nerve 1192

SP added (spike) 1000

SP recovered 1936

Total SP recovered from 1000 pg spike 744

% Recovery of 1000 pg spike 74.4%

Sciatic nerves were collected from normal animals and placed in extraction solutions 
containing a 1000 pg SP spike or an equal volume o f  vehicle. Extraction o f  each nerve 
and quantification o f  SP by EIA occurred as described in “M ethods” to determine the 
recovery o f  the SP spike (n=6 for both groups).
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Figure 36.
Effect o f  capsaicin on the concentration o f  SP in rat sciatic nerves. Capsaicin (50 mg/kg) 
was administered by subcutaneous injection to animals 24 hours prior to extraction o f  SP 
from sciatic nerves. Extraction o f  SP was performed as described in “M ethods”. Data 
are presented as the mean ±  S.E.M. for each group (n=6).
* Statistically significant (P < .05) compared to controls (Student’s t test).
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Figure 37.
Effect o f  continuous administration o f  PBA on the concentration o f  SP in rat sciatic 
nerves. Osmotic pumps slow ly administered PBA (60 mg/kg/hr) to animals for 7 days 
prior to the extraction o f  SP from sciatic nerves. Extraction o f  SP was performed as 
described in “Methods”. Data are presented as the mean ±  S.E.M. for each group (n=8).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



carrageenan edema and adjuvant arthritis did not have any effect on MOINI or levels o f  

SP in sciatic nerves, suggesting that mechanisms other than lowering levels o f  SP must 

be involved in the anti-inflammatory effect o f  the drug.

Effect o f  APAA-M e on SP levels in Rat Sciatic Nerves

APAA-M e produced significant inhibition o f  MOINI, indicating that it has the 

ability to interfere with the activity o f  SP. To determine i f  APAA-M e was interfering 

with the endogenous synthesis o f  SP, we evaluated the effect o f  APAA-M e directly on 

levels o f  SP in rat sciatic nerves. APAA-M e (150 mg/kg) was administered s.c. to 

normal rats 3 hours prior to sciatic nerve removal and extraction for SP because this was 

the latest time point at which the anti-inflammatory effect and inhibition o f  serum PAM  

by APAA-M e were both at a maximum. An additional group o f  animals were treated 

with capsaicin (50 mg/kg), a known inhibitor o f  the assay. As shown in Figure 38, 

capsaicin decreased the concentration o f  SP in the sciatic nerves; however, APAA-M e 

did not significantly decrease levels o f  SP in rat sciatic nerves compared to vehicle- 

treated controls.

Effect o f  PBA. APAA. and APAA-M e on COX-1 and COX-2 

Effect o f  PBA. APAA. and APAA-M e on PGE? Production in vitro  in a Calcium  

Ionophore-Stimulated Human W hole Blood Assay

Data previously obtained in our laboratory suggested that PBA might inhibit the 

activity o f  cyclooxygenase (COX). The two isoforms o f  cyclooxygenase, COX-1 and 

COX-2, both contribute to the production o f  inflammatory prostaglandins in carrageenan 

edema and adjuvant arthritis (Higgs and Salmon, 1979; Kirchhoff et al., 1990; Turull and
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Figure 38.
Effect o f  capsaicin and APAA-M e on the concentration o f  SP in rat sciatic nerves. 
Capsaicin (50 mg/kg) was administered to animals by subcutaneous injection 24 hours 
prior to SP extraction from sciatic nerves. APAA-M e (150 mg/kg) was also administered 
to an additional group o f  animals by subcutaneous injection 3 hours prior to SP extraction 
from sciatic nerves. Extraction o f  SP was performed as described in “M ethods”. Data 
are presented as the mean ±  S.E.M. for control (n=13), capsaicin treated (6), and APAA- 
Me treated (n=15) animals.
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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Queralt, 2000). In vitro  human whole blood assays have been developed as useful tools 

to evaluate the effect o f  compounds on C O X -1 and COX-2 activity.

The effect o f  PBA, APAA, and APAA-M e on COX-1 activity was evaluated in 

vitro  by stimulating COX-1 activity in human whole blood with a calcium ionophore. A  

concentration-response curve was first obtained using concentrations o f  calcium  

ionophore ranging from 0 to 50 pM. As shown in Figure 39, results o f  this experiment 

demonstrated that the calcium ionophore stimulates COX-1 to produce PGE2 in a 

concentration-dependent manner. Both the 25 and 50 pM concentrations o f  calcium  

ionophore produced significant increases in PGE2 production compared to vehicle-treated 

samples. As a result, a 50 pM concentration o f  calcium ionophore was used in 

subsequent experiments to induce the production o f  PGE2. Indomethacin, a non-selective 

cyclooxygenase inhibitor, was used as a known inhibitor o f  COX-1 in this assay.

As expected, indomethacin (10 pM) produced significant inhibition (88%) o f  

PGE2 production (Figure 40). In this initial experiment, PBA was evaluated for its effect 

on COX-1 activity at a concentration o f  1 mM. A lso shown in Figure 40, PBA produced 

a significant inhibition (59%) o f  PGE2 production compared with controls. Figure 41 

demonstrates that the inhibition o f  PGE2 production by PBA in this assay was also 

concentration-dependent.

Although APAA was not evaluated for anti-inflammatory activity, it was included 

in these experiments in vitro  due to the probable conversion o f  APAA-M e to A PAA in 

vivo  following administration. In Figure 42, we show that APAA had no significant 

inhibitory activity on PGE2 production at any concentration that was evaluated.
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Figure 39.
Production o f  PGE2 in human whole blood incubated with increasing concentrations o f  
calcium ionophore. Human whole blood was incubated with concentrations o f  calcium  
ionophore ranging from 0 to 50 pM to stimulate production o f  PGE2. Data are presented 
as the mean ±  S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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Figure 40.
Effect o f  PBA and indomethacin on calcium ionophore-induced PGE2 production in 
human whole blood. PBA (1 mM) and indomethacin (10 pM) were initially evaluated at 
several concentrations for inhibition o f  PGE2 production in the calcium ionophore 
stimulated human whole blood assay described in “M ethods”. Data are presented as the 
mean ± S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to stimulated controls (Tukey’s test).
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Figure 41.
Effect o f  PBA on calcium ionophore-induced PGE2 production in human whole blood. 
PBA was evaluated at several concentrations for inhibition o f  PGE2 production in the 
calcium ionophore-stimulated human whole blood assay described in “M ethods”. Data 
are presented as the mean ±  S.E.M. for each group (n=3).
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Figure 42.
Effect o f  A PAA on calcium ionophore-induced PGE2 production in human whole blood. 
APAA was evaluated at several concentrations for inhibition o f  PGE2 production in the 
calcium ionophore-stimulated human whole blood assay described in “M ethods”. Data 
are presented as the mean ±  S.E.M. for each group (n=3).
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However, APAA-M e produced a significant inhibition o f  PGE2 production (Figure 43) 

with the 1 mM and 0.5 mM concentrations causing a 58% and 63% reduction, 

respectively. The inhibition o f  PGE2 production by APAA-M e was no longer significant 

at 0.1 mM where inhibition fell to only 24%.

Effect o f  PBA. APAA. and APAA-M e on PGE? Production in vitro  in a 

Lipopolvsaccharide-Stimulated Human Whole Blood Assay

The effects o f  PBA, APAA, and APAA-M e on COX-2 activity were then 

evaluated in vitro  by stimulating COX-2 expression in human w hole blood with 

lipopolysaccharide (LPS). A  concentration-response curve was first obtained using 0, 10, 

and 50 pg o f  LPS. A long with determining the optimal concentration o f  LPS in this 

study, we also wanted to determine i f  DM SO had any effect in this assay. As shown in 

Figure 44, LPS produced a concentration-dependent increase in COX-2-mediated PGE2 

production, with a 50 pM concentration producing approximately 70 ng/ml more PGE2 

than controls. Additionally, compared to water, DM SO did not produce any difference in 

response to either the 10 or 50 pM concentration o f  LPS.

PBA, APAA, and APAA-M e were all evaluated in this assay for their effect on 

COX-2 at concentrations o f  0.1, 0.5, and 1 mM. Again, indomethacin was used in this 

assay as the prototype inhibitor o f  COX-2, consistently producing inhibition o f  PGE2 

production at either 0.01 or 0.1 mM (Figures 45-47). PBA clearly produced a 

concentration-dependent inhibition o f  PGE2 production (Figure 45), with maximum  

inhibition o f  63% at 1 mM, an effect that is similar to indomethacin (0.01 mM).

Inhibition o f  PGE2 production was no longer significant at 0.5 mM or 0.1 mM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

40

35

30

25

O) 20

CM
LU
0
Q.

15

10

*
*

Unstimulated Stimulated APAA-Me 0.1 mM APAA-Me 0.5 mM APAA-Me 1 mM

Figure 43.
Effect o f  APAA-M e on calcium ionophore-induced PGE2 production in human whole 
blood. APAA-M e was evaluated at several concentrations for inhibition o f  PGE2 

production in the calcium ionophore-stimulated human whole blood assay described in 
“M ethods”. Data are presented as the mean ± S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to stimulated controls (Tukey’s test).
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Figure 44.
Stimulation o f  PGE2 production in whole blood by LPS. Human whole blood was 
incubated with 0, 10, or 50 pg o f  LPS to stimulate PGE2 production as described in 
“Methods”. Additionally, human whole blood samples were treated with either water or 
DM SO as a vehicle. Data are presented as the mean ±  S.E.M. for each group (n=3).
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Figure 45.
Effect o f  PBA on lipopolysaccharide-induced PGE2 production in human whole blood. 
PBA was evaluated at several concentrations for inhibition o f  PGE2 production in the 
LPS-stimulated human whole blood assay described in “M ethods”. Indomethacin was 
evaluated as a known inhibitor. Data are presented as the mean ±  S.E.M. for each group 
(n -3 ).
* Statistically significant (P < .05) compared to stimulated controls (Tukey's test).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

o>c

a
CL

14

12

10

8

6

4

2

0
Unstimulated Stimulated APAA 0.1 mM APAA 0.5 mM APAA 1 mM Indomethacin

0.1 mM

Figure 46.
Effect o f  APAA on lipopolysaccharide-induced PGE2 production in human whole blood. 
APAA was evaluated at several concentrations for inhibition o f  PGE2 production in the 
LPS-stimulated human whole blood assay described in “M ethods”. Indomethacin was 
evaluated as a known inhibitor. Data are presented as the mean ±  S.E.M. for each group 
(n=3).
* Statistically significant (P < .05) compared to stimulated controls (Tukey’s test).
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Figure 47.
Effect o f  APAA-M e on lipopolysaccharide-induced PGE2 production in human whole 
blood. APAA-M e was evaluated at several concentrations for inhibition o f  PGE2 

production in the LPS-stimulated human whole blood assay described in “M ethods”. 
Indomethacin was evaluated as a known inhibitor. Data are presented as the mean ±  
S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to stimulated controls (Tukey's test).
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concentrations. Figure 46 demonstrates that APAA, which showed no significant 

inhibition in the COX-1 whole blood assay, surprisingly produced a dose-dependent 

inhibitory effect in this assay, with significant inhibition o f  PGE2 production o f  80% at 1 

mM, 63% at 0.5 mM, and 25% at 0.1 mM. Figure 47 shows that APAA-M e produced a 

very dramatic concentration-dependent inhibitory effect in this assay, with significant 

inhibition o f  99% at 1 mM and 82% at 0.5 mM. Inhibition o f  PGE2 production by 

APAA-M e was no longer significant at 0.1 mM.

Direct Effect o f  PBA. APAA. and APAA-M e on the COX-1 and COX-2 enzymes

Although the human whole blood assays just described clearly demonstrated that 

PBA, APAA, and APAA-M e were capable o f  inhibiting PGE2 production in vitro, these 

assays did not evaluate the effect o f  these compounds directly on COX-1 and COX-2 

enzymes. Other mechanisms could explain the inhibitory effect o f  our compounds on 

PGE2 synthesis. Therefore, w e sought to evaluate the effect o f  each o f  our compounds 

specifically on COX-1 and COX-2 enzymes directly. The direct effects o f  PBA, APAA, 

and APAA-M e on COX-1 and COX-2 activity were evaluated simultaneously using a 

commercial colorimetric COX inhibitor screening assay. Each compound was evaluated 

at concentrations ranging from 1 pM to 1 mM. Indomethacin was included as a 

prototypic inhibitor o f  both COX-1 and COX-2. A s expected, indomethacin produced 

concentration-response curves for the inhibition o f  both enzymes, with an IC50 o f  0.1 pM  

for COX-1 (Figure 48a) and 10 pM for COX-2 (Figure 48b). Although all o f  our 

compounds inhibited PGE2 production in at least one o f  the whole blood assays, there 

was no significant direct inhibitory effect produced by any o f  these compounds on COX-
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Figure 48.
Inhibition o f  COX-1 and COX-2 enzymes in colorimetric COX inhibition screening 
assay by indomethacin. Indomethacin was evaluated at several concentrations for 
inhibition o f  COX-1 (a) and COX-2 (b) as described in “M ethods”. Data are presented as 
concentration o f  indomethacin versus percent inhibition o f  COX-1 or COX-2 activity 
compared to vehicle controls (n=2).
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1 (Figure 49a) or COX-2 (Figure 49b) activity using 1 mM concentrations o f  each 

compound. These results suggest that the inhibition o f  PGE2 production in both human 

whole blood assays may be independent o f  cyclooxygenase inhibition.

Effect o f  PBA on Lymphocyte Proliferation

The development o f  systemic inflammation during adjuvant arthritis is mediated 

by T-lymphocyte activation and proliferation in response to the HSP65 antigen in FIA. 

The anti-inflammatory effects produced by PBA in adjuvant arthritis suggested that this 

compound might be interfering with the proliferation o f  T-lymphocytes during phase 2 o f  

adjuvant arthritis, producing significant inhibition o f  the development o f  systemic 

inflammation during phase 3. Therefore, experiments were conducted to evaluate the 

effect o f  PBA on the proliferation o f  isolated T-lymphocytes activated by the mitogen 

Con A.

The number o f  lymphocytes per well to be used in these experiments was 

determined by adding 25,000, 50,000, and 100,000 cells to w ells on a 96 w ell plate and 

performing the assay as described in “M ethods”. W ells containing 0 lymphocytes were 

used as blanks and their absorbance values were subtracted from the absorbance values 

for each group. Lymphocytes were treated with vehicle only. A s shown in Figure 50, 

only the w ells with 100,000 cells produced a substantial increase in absorbance 4 hours 

after the addition o f  the MTS reagent. W ells containing 50,000 lymphocytes produced a 

very small increase in absorbance above blanks while w ells containing 25,000  

lymphocytes had an average absorbance slightly lower than the blanks. Since 100,000 

cells produced a measurable increase in absorbance, this number was used in further
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Figure 49.
Effect o f  PBA, APAA, and APAA-M e on COX-1 and COX-2 activity in a colorimetric 
COX inhibitor screening assay. PBA, APAA, and APAA-M e were evaluated for 
inhibition o f  ovine COX-1 (a) and COX-2 (b) at several concentrations. Indomethacin 
was evaluated as a known inhibitor o f  both COX-1 and COX-2. The kit was developed  
as described in “M ethods”. Data are presented as the mean ± S.E.M. for each compound 
(n=3).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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Figure 50.
Effect o f  lymphocyte number on the development o f  the MTS assay. The lymphocyte 
proliferation assay was performed as described in “M ethods”. In addition to wells 
receiving 100,000 cells, additional w ells received 25,000 and 50,000 cells/w ell. The 
absorbance o f  each o f  these groups was determined 4 hours after the addition o f  the MTS 
agent. Data are presented as the mean ±  S.E.M. for each group (n=4).
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lymphocyte experiments. Figure 51 shows a linear increase in absorbance during the first 

4 hours in vehicle-treated wells containing 100,000 lymphocytes.

The effect o f  PBA on lymphocyte proliferation was determined in two separate 

experiments. In each experiment, PBA was added to lymphocytes at concentrations 

between 0.1 and 1 mM. Additionally, the immunosuppressive drug cyclosporine was 

added to lymphocytes in one experiment to act as a known inhibitor o f  the assay. Figure 

52 represents two separate experiments, both demonstrating that the effect o f  PBA on 

lymphocyte proliferation was small at concentrations as high as 1 mM. Figure 52a 

showed that the absorbance o f  PBA-treated wells (1 mM and 0.1 mM) was not 

significantly different than controls. The absorbance in wells treated with PBA at a 

concentration o f  0.1 mM appeared to be slightly higher than w ells treated with 1 mM. In 

this same experiment, cyclosporine produced significant inhibition (53%) o f  lymphocyte 

proliferation a concentration o f  10 pg/ml. Figure 52b represents a repeat o f  the first 

experiment and shows a slightly more potent effect o f  PBA on lymphocyte proliferation. 

In this latter experiment, PBA produced significant inhibition (20%) o f  lymphocyte 

proliferation at a concentration o f  1 mM. Inhibition decreased at concentrations o f  0.5 

and 0.1 mM, becoming similar to control values.

Inhibition o f  Heat-Induced Protein Denaturation by PBA. APAA. and APAA-M e 

A  variety o f  anti-inflammatory compounds, including non-steroidal anti

inflammatory drugs (NSAIDs), have been shown to inhibit protein denaturation as a 

possible anti-inflammatory mechanism o f  action. To determine i f  this may be a potential 

mechanism o f  our compounds, the effects o f  PBA, APAA, and APAA-M e on heat-
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Figure 51.
Change in absorbance over time during development o f  the MTS assay. The lymphocyte 
proliferation assay was performed as described in “M ethods”. The absorbance values for 
control w ells were obtained at 0.5, 1, 2, and 4 hours following the addition o f  the MTS 
reagent to the wells. Data are presented as the mean ±  S.E.M. for each time point (n=4).
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Figure 52.
Effect o f  PBA on lymphocyte proliferation. Two independent experiments (a and b) 
were performed as described in “Methods” to determine the effect o f  PBA on lymphocyte 
proliferation. Cyclosporine, an immunosuppressive compound, was added in one 
experiment (a) to act as a known inhibitor o f  the assay. The absorbance represents the 
actual absorbance minus absorbance values obtained from media-only blanks. Data are 
presented as the mean ±  S.E.M. for each group (n=4).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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induced denaturation o f  bovine serum albumin (BSA) were evaluated. The pH o f  BSA  

solutions, usually reported as 5.3, is critical to protein denaturation in this assay. We 

confirmed this observation by adjusting the pH o f  B SA  solutions to values between 3 and 

8 and performing the assay as described in “Methods”. Figure 53 shows that only BSA  

solutions at pH 5 were denatured by heat. All other solutions remained clear without any 

precipitation o f  proteins.

Indomethacin, a known inhibitor o f  protein denaturation, was evaluated at two 

concentrations to validate our assay. Figure 54a shows that indomethacin, at a 

concentration o f  1 mM, produced significant inhibition o f  protein denaturation in 

solutions containing various concentrations o f  BSA. As seen in Figure 54b, the 

inhibitory effect o f  indomethacin appeared to be dose-dependent with less inhibition 

being produced by 0.1 mM (Figure 54b).

PBA, APAA, and APAA-M e were all evaluated for their ability to produce 

inhibition o f  heat-induced protein denaturation. Figure 55a shows that PBA, at a 

concentration o f  1 mM, produced inhibition o f  protein denaturation using a wide range o f  

BSA  concentrations. Maximum inhibition occurred in solutions containing 1.25 mg/ml 

o f  BSA. Figure 55b further shows that PBA produced dose-dependent inhibition o f  

protein denaturation in solutions that contained 1.25 mg/ml o f  B SA  with an IC50 value o f  

1.06 mM. Interestingly, APAA and APAA-M e, each at a concentration o f  1 mM, 

produced little or no inhibition o f  heat-induced BSA  denaturation (Figures 56 and 57).
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Figure 53.
Effect o f  pH on heat-induced BSA  denaturation. Solutions o f  B SA  were adjusted to a pH 
ranging from 3 to 8. Denaturation o f  each solution was induced by heat as described in 
“Methods”. Data are presented as the mean ±  S.E.M. for each pH (n=6).
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Figure 54.
Effect o f  indomethacin on heat-induced B SA  denaturation. Indomethacin was evaluated 
for inhibition o f  heat-induced denaturation o f  BSA  at concentrations o f  1 mM (a) and 0.1 
mM (b). Vehicle treated (■); Indomethacin 1 mM (a) or 0.1 mM (b) ( • ) .  Data are 
presented as the mean ±  S.E.M. for each concentration o f  BSA  (n=3).
* Statistically significant (P < .05) compared to controls (Student's t test).
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Figure 55.
Effect o f  PBA on heat-induced BSA  denaturation. a) PBA (1 mM) was evaluated for 
inhibition o f  heat-induced B SA  denaturation at various concentrations o f  BSA. BSA  
denaturation was induced as described in “M ethods”. Vehicle control (■); PBA 1 mM  
( • ) .  Data are presented as the mean ±  S.E.M. for each concentration o f  BSA  (n=3). 
b) Concentrations o f  PBA ranging from 0.1 to 10 mM were evaluated for inhibition o f  
heat-induced B SA  denaturation at a B SA  concentration o f  1.25 mg/ml. BSA  
denaturation was induced as described in “M ethods”. Data are presented as the mean 
percent inhibition versus vehicle control at each concentration o f  PBA  (n=3).
* Statistically significant (P < .05) compared to controls (Student's t test).
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Figure 56.
Effect o f  APAA on heat-induced BSA  denaturation. A PAA (1 mM) was evaluated for 
inhibition o f  heat-induced BSA  denaturation at various concentrations o f  BSA. BSA  
denaturation was induced as described in “M ethods”. Vehicle control (■); APAA 1 mM 
( • ) .  Data are presented as the mean ± S.E.M. for each concentration o f  BSA  (n=3).
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Figure 57.
Effect o f  APAA-M e on heat-induced BSA  denaturation. APAA-M e (1 mM) was 
evaluated for inhibition o f  heat-induced BSA  denaturation at various concentrations o f  
BSA. BSA  denaturation was induced as described in “M ethods”. Vehicle control (■); 
APAA-M e 1 mM ( • ) .  Data are presented as the mean ±  S.E.M. for each concentration o f  
BSA (n=3).
* Statistically significant (P < .05) compared to controls (Student's t test).
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Inhibition o f  Collagenase Activity In Vitro by PBA, APAA. and APAA-M e

Some anti-inflammatory compounds inhibit collagenase activity, which may 

explain, in part, their anti-inflammatory mechanism o f  action. Therefore, we evaluated 

PBA, APAA, and APAA-M e to determine whether these compounds can inhibit 

collagenase activity in vitro. First, a standard curve was obtained for various 

concentrations o f  the amino acid 1-leucine to validate the ninhydrin reaction, 

demonstrating that it was capable o f  detecting free amino acids in solution. Figure 58 

shows that increasing concentrations o f  1-leucine, ranging from 0 to 10 pM, were indeed 

detected by the ninhydrin reaction, producing a linear increase in absorbance at 595 nm.

Flufenamic acid, an anti-inflammatory compound and known inhibitor o f  

collagenase activity, was then evaluated in this assay. A s seen in Figure 59, flufenamic 

acid produced concentration-dependent inhibition o f  collagenase activity in vitro  with 

significant inhibition o f  85% at 2.5 mM and 96% at 5 mM. The inhibition o f  collagenase 

activity by this compound was no longer significant at 1 mM, falling to only 20% o f  

vehicle controls.

PBA, APAA, and APAA-M e were all evaluated at various concentrations to 

determine i f  they had the ability to inhibit collagenase activity in this assay. Figure 60 

shows that PBA produced weak inhibition o f  collagenase activity with only 21% 

inhibition at 5 mM and 7% inhibition at 1 mM. Inhibition o f  collagenase activity was not 

significant at either o f  these concentrations for PBA.

Unlike PBA, both APAA and APAA-M e produced concentration-dependent 

inhibition o f  collagenase activity. As shown in Figure 61, APAA significantly inhibited
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Figure 58.
Standard curve o f  1-leucine produced by ninhydrin reaction. The ninhydrin reaction 
described in “M ethods” was performed using known concentrations o f  1-leucine ranging 
from 0 to 10 pM. Data are presented as the mean ± S.E.M. for each concentration o f  
1-leucine (n=3).
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Figure 59.
Effect o f  flufenamic acid on collagenase activity in vitro. Flufenamic acid was evaluated 
at concentrations ranging from 0.5 mM to 5 mM for inhibition o f  the collagenase reaction 
described in “M ethods”. Data are presented as percent inhibition versus vehicle controls 
for each concentration o f  flufenamic acid (n=3).
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Figure 60.
Effect o f  PBA on collagenase activity in vitro. PBA (1 mM and 5 mM) was evaluated for 
inhibition o f  collagen breakdown by collagenase. Amino acids liberated by collagenase 
were quantitated using the ninhydrin reaction originally described by Moore and Stein. 
The assay was performed as described in “Methods”. Data are presented as the mean ± 
S.E.M. for each group (n=3).
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Figure 61.
Effect o f  A PAA on collagenase activity in vitro. APAA (1 mM and 5 mM) was 
evaluated for inhibition o f  collagen breakdown by collagenase. Am ino acids liberated by 
collagenase were quantitated using the ninhydrin reaction originally described by Moore 
and Stein. The assay was performed as described in “Methods”. Data are presented as 
the mean ±  S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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collagenase activity by 44% at 5 mM. Inhibition was no longer significant at 1 mM, 

falling to 22% o f  vehicle controls. APAA-M e also produced concentration-dependent 

inhibition o f  collagenase activity with significant inhibition o f  79% at 5 mM and 39% at 

2.5 mM (Figure 62). Inhibition was no longer significant at 1 mM, falling to only 20% o f  

vehicle controls.
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Figure 62.
Effect o f  APAA-M e on collagenase activity in vitro. APAA-M e (1, 2.5, and 5 mM) was 
evaluated for inhibition o f  collagen breakdown by collagenase. Amino acids liberated by 
collagenase were quantitated using the ninhydrin reaction originally described by Moore 
and Stein. The assay was performed as described in “M ethods”. Data are presented as 
the mean ±  S.E.M. for each group (n=3).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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DISCUSSION A N D CONCLUSIONS 

Substance P (SP) is an inflammatory mediator whose effects (Figure 3) have been 

targeted in animal models o f  acute and chronic inflammation. Greater than 50% o f  

neuropeptides, including SP, require post-translational a-amidation to become 

biologically active (Yun et al., 1993). Two enzymes, peptidylglycine a-m onooxygenase  

(PAM) and peptidylamidoglycolate lyase (PGL), catalyze the conversion o f  inactive, 

glycine-extended SP to biologically active amidated SP (Katopodis et al., 1991). PAM is 

the rate-limiting enzyme the amidation pathway shown in Figure 4 and a potential target 

for the inhibition o f  inflammation (Feng et al., 2000).

First and second-generation inhibitors o f  PAM have been developed for potential use as 

anti-inflammatory agents. 4-Phenyl-3-butenoic acid (PBA) is a first-generation 

mechanism-based, irreversible inhibitor o f  PAM in vitro  (Katopodis and May, 1990). 

Recent studies by Ogonowski et al. (1997) have shown that PBA produces dose- 

dependent inhibition o f  serum PAM activity in vivo  and inhibits carrageenan edema, a 

model o f  acute inflammation in rats. The second-generation compound N - 

acetylphenylalanyl acrylate (APAA), also an olefinic mechanism-based, irreversible 

inhibitor o f  PAM, is more potent in vitro  than PBA (Moore and M ay, 1999; Feng et al., 

2000). Prior to these studies, neither A PAA nor its methyl ester pro-drug APAA-M e had
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been evaluated for PAM inhibition in vivo  or in animal models o f  acute or chronic 

inflammation. The general purpose o f  this dissertation was to evaluate PBA, APAA, and 

APAA-M e for inhibition o f  serum PAM activity in vivo  and for inhibition o f  acute and 

chronic inflammation. Additionally, we evaluated each compound for additional 

mechanisms o f  action that might contribute to an anti-inflammatory effect.

Inhibition o f  Serum PAM Activity by PBA Injections 

In order to inhibit the synthesis o f  SP in animals, our compounds must be able to 

inhibit PAM activity in vivo  to block a-amidation o f  the glycine-extended SP precursor. 

Ogonowski et al. (1997) published data from our laboratory which showed that 

subcutaneous administration o f  PBA produced rapid and dose-dependent inhibition o f  

serum PAM activity that was short-lived, persisting for less than 24 hours. Similar 

results were observed by Mueller et al. (1999), who found that subcutaneous 

administration o f  PBA produced dose-dependent inhibition o f  serum PAM  activity that 

persisted for less than 24 hours.

Our results showed that PBA produced effects on PAM activity similar to those 

previously reported. As seen in Figure 6, a single subcutaneous injection o f  PBA  

produced inhibition o f  serum PAM activity that was rapid, short-lived, and dose- 

dependent. PBA is an irreversible inhibitor o f  PAM; therefore, it was surprising to see a 

rapid return o f  PAM activity following administration. Bradbury et al. (1990) observed 

that the administration o f  PBA produced an increase in PAM synthesis. Additionally, 

Mueller et al. (1999) demonstrated that de novo  protein synthesis was responsible for the 

rapid return o f  PAM activity following the administration o f  PBA. Therefore, our results
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suggest that the inhibition o f  PAM is short-lived due to a rapid upregulation o f  PAM  

synthesis following the administration o f  PBA.

Because o f  the rapid recovery o f  PAM activity, for future experiments we needed 

to evaluate whether PBA was capable o f  producing sustained inhibition o f  serum PAM  

activity. These experiments demonstrated that the inhibition o f  serum PAM  activity by 

PBA could be sustained by multiple doses o f  250 and 500 mg/kg every 3 hours (Figure 

6), suggesting that newly synthesized PAM is also inhibited by PBA. These results not 

only confirm previous findings that PBA produces inhibition o f  PAM  in vivo, they also 

demonstrate that PBA can produce sustained inhibition o f  PAM activity when multiple 

doses are administered.

Interestingly, Mueller et al. (1999) found that PBA did not inhibit PAM activity in 

the tissue to the same degree as PAM activity in the serum. Their experiments 

demonstrated that only a 500 mg/kg dose o f  PBA produced significant inhibition o f  tissue 

PAM activity, while lower doses o f  PBA could produce significant inhibition o f  serum 

PAM. Therefore, even though doses o f  PBA might inhibit serum PAM activity, one 

cannot conclude that these same doses are capable o f  inhibiting PAM activity within 

inflamed tissues.

Inhibition o f  Serum PAM Activity by PBA Administered by Osmotic Pumps 

Although w e observed inhibition o f  PAM activity for 24 hours using 

subcutaneous injections, this dosing schedule was not practical for long-term experiments 

that required sustained inhibition o f  PAM for several days. The use o f  osmotic pumps 

allows for the continuous delivery o f  a drug over the course o f  many days. Since several
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o f  our in vivo anti-inflammatory studies require a PBA dosing regimen for up to one 

week, we evaluated the effects o f  PBA, continuously released from surgically implanted 

osmotic pumps, on serum PAM activity over the course o f  6 days.

Results o f  these experiments (Figure 7) clearly demonstrate that the 

administration o f  PBA by osmotic pumps produced sustained inhibition o f  serum PAM  

activity during this 6 day period. Ogonowski et al. (1997) observed similar results when 

PBA was administered using this methodology. We also observed that inhibition o f  

PAM activity occurred rapidly, achieving greater than 60% inhibition within 12 hours. 

Therefore, our studies demonstrated that osmotic pumps were an effective method for 

drug delivery that could be used to produce sustained inhibition o f  serum PAM activity 

during future studies requiring PBA treatment over the course o f  many days.

Inhibition o f  Serum PAM Activity by A PAA and APAA-M e 

APAA was synthesized as a second-generation mechanism-based, irreversible 

inhibitor o f  PAM that is much more potent in vitro  than PBA (Moore and May, 1999; 

Feng et al., 2000). Feng et al. (2000) reported that PBA (309 pM ) produced 73% 

inhibition o f  PAM  activity in parallel dilution assays, while a much lower concentration 

o f  APAA (62 pM ) produced 94% inhibition under the same conditions. The increased 

potency o f  APAA results from improved secondary binding between the compound and 

the PAM active site (Moore and May, 1999). The methyl ester o f  A PAA (APAA-M e) is 

a more lipophilic pro-drug form o f  APAA (Feng et al., 2000), and possesses no inhibitory 

activity on PAM until metabolized to A PAA (unpublished data). Because APAA is a
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more potent inhibitor o f  PAM activity in vitro, we conducted experiments to determine 

the effects o f  APAA and APAA-M e on serum PAM activity in vivo.

The effects o f  APAA and APAA-M e, shown in Figures 8 and 9 respectively, 

demonstrate that these drugs produced inhibition o f  serum PAM activity that was rapid, 

dose-dependent, and short-lived. Since APAA-M e does not inhibit PAM activity in vitro 

unless converted to APAA, these data strongly suggest that APAA-M e was metabolized 

to APAA in vivo  in order to produce the observed inhibitory effect. Additionally, Figure 

9 shows that APAA-M e produced a persistent inhibitory effect on PAM activity not 

observed with APAA, possibly resulting from the in vivo  metabolism o f  the drug to its 

active form. Furthermore, we observed that these compounds were slightly more potent 

than PBA at the doses evaluated but achieved maximum inhibition o f  serum PAM  

activity that was far less than that produced by PBA (Figure 6). Therefore, while APAA  

and APAA-M e are more potent inhibitors o f  PAM activity in vitro, our studies suggest 

that PBA is a more effective inhibitor o f  PAM activity in vivo  than these second- 

generation compounds. This observation may result from the lipophilic nature o f  PBA, 

which might be absorbed from the site o f  action more readily than the more hydrophilic 

APAA and APAA-M e. This contention is supported by the duration o f  inhibition by 

each compound, shown in Figures 6-8. The most hydrophilic compound, APAA, 

demonstrated the least inhibition with the shortest duration, while the more lipophilic 

compounds, PBA and APAA-M e, were able to produce greater inhibition o f  PAM  

activity for longer periods o f  time following administration.
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Specificity o f  SP EIA Kit for Amidated SP 

Prior to measuring levels o f  SP in animal tissues, we first needed to validate our 

methods o f  SP extraction and measurement in tissue and plasma. The scheme shown in 

Figure 3 suggests that the inhibition o f  PAM activity by our compounds would lead to a 

decrease in endogenous levels o f  amidated SP and an accumulation o f  the glycine- 

extended precursor. Previous studies by Mains et al. (1986) have observed this effect in 

vivo. To evaluate whether this occurred following treatment with our compounds, our 

method o f  detection must have been capable o f  distinguishing between the two forms o f  

SP; otherwise, no changes would be observed. Therefore, we conducted an experiment to 

determine whether the EIA kit used for SP quantification was capable o f  distinguishing 

between glycine-extended and amidated SP. Our results clearly show that the EIA kit 

used in our studies detected up to 1000 pg/ml o f  amidated SP but not the glycine- 

extended SP precursor (Figure 11), indicating that changes in SP levels observed in future 

experiments represented changes in levels o f  the amidated form only.

Validation o f  SP Extraction and Detection in Hindpaw Tissue and Plasma 

To evaluate the changes in levels o f  SP in adjuvant arthritis and determine 

whether PBA treatment depleted endogenous levels o f  SP, we planned experiments 

involving the measurement o f  SP in both rat hindpaw tissue and plasma. Therefore, we  

first conducted experiments to validate our methods o f  SP extraction and detection in 

hindpaw tissue and plasma for use in future in vivo  studies.

Previous studies in our laboratory detected SP in extracted hindpaw tissue and 

plasma samples using a radioimmunoassay (RIA) kit (unpublished data). Unfortunately,
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this RIA kit was no longer available and attempts to replicate these experiments using a 

different RIA kit produced inconsistent results and/or poor recovery o f  SP (data not 

shown). Therefore, we performed experiments using EIA kits for the detection o f  SP in 

hindpaw tissue and plasma. Our results demonstrated a greater than 70% recovery o f  SP 

in hindpaw tissue and plasma using these EIA kits with our extraction methods (Tables 1 

and 2). Therefore, these kits were used for detecting SP in hindpaw and plasma samples 

in future experiments.

Changes in SP Concentrations in the Hindpaw During Adjuvant Arthritis

After demonstrating that we could measure levels o f  amidated SP in rat hindpaws 

and plasma, studies were conducted to evaluate changes in SP levels during the 

development o f  adjuvant arthritis. Previous studies have either shown that levels o f  SP 

are decreased during the early phase o f  adjuvant arthritis (Donnerer et al., 1992), or 

increased during the later stages o f  the disease (Ahmed et al., 1995). Therefore, our 

studies were designed to measure levels o f  SP during all phases o f  adjuvant arthritis in 

order to further clarify the role o f  SP in the development o f  this disease.

In these experiments, we observed changes in animal body weight (Figure 12) and 

hindpaw volumes (Figure 13) that were characteristic o f  adjuvant arthritis. Rats that 

develop adjuvant arthritis typically gain less weight than control animals and develop a 3 

phase inflammatory response, characterized by acute swelling o f  the FIA-injected 

hindpaw (phase 1), a latent period during which no further inflammation occurs (phase 

2), and the development o f  systemic inflammation in both the FIA-injected and
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contralateral hindpaws (phase 3) (Szekanecz et al., 2000). Therefore, adjuvant arthritis 

appeared to have developed normally in our studies.

Although one might expect that levels o f  SP would increase during the 

development o f  inflammation, our results consistently illustrated that SP levels in 

hindpaws were never increased above controls when measured through day 21  o f  the 

disease (Figure 14). In fact, levels o f  SP were found to be significantly lower than 

controls on days 2, 16, and 21. Only on day 12, following the latent period during phase 

2, are the levels o f  SP in both hindpaws similar to controls.

Two possible mechanisms might account for the reduced levels o f  SP observed in 

hindpaw tissue during adjuvant arthritis. The injury or depletion o f  nerve fibers during 

inflammation is one potential mechanism. Previous studies in human RA patients and 

adjuvant arthritic rats have shown a reduction o f  SP-containing nerve fibers in the 

articular tissues and synovium o f  affected joints (da Silva et al., 1996; Mapp et al., 1993). 

Additionally, studies performed by da Silva et al. (1996), which evaluated chronological 

changes in SP immunoreactive nerve fibers in the articular tissues during the 

development o f  adjuvant arthritis, showed a progressive decrease in joint innervation 

during the first two weeks o f  the disease, with the reduction o f  SP immunoreactive fibers 

being m ost apparent just after the peak o f  arthritis. On day 14 o f  adjuvant arthritis, a 

significant reduction o f  SP immunoreactive nerves was apparent in every articular tissue 

evaluated. The authors concluded that the development o f  adjuvant arthritis induced a 

general destruction o f  nerve fibers in the synovium, bone, and periarticular tissues, 

leading to the depletion o f  nerve products such as SP. Therefore, the decreased levels o f
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SP observed in inflamed hindpaws during our study might have resulted from the 

destruction o f  the SP-containing nerve fibers during inflammation resulting in the 

depletion o f  SP.

A second mechanism that could explain the decrease in SP observed in inflamed 

tissues o f  adjuvant arthritic rats is the continuous release o f  SP from nerve terminals 

during inflammation. If this were the case, the enzymatic degradation o f  SP by neutral 

endopeptidase in the tissue would lead to an overall depletion o f  the neuropeptide in the 

hindpaw (Nadel, 1991). Donnerer et al. (1992) reported that levels o f  SP in the inflamed 

hindpaws o f  adjuvant arthritis rats were significantly lower than controls or unchanged 

through day 5 o f  the disease, results similar to those w e observed on day 2 o f  our study 

(Figure 14). Interestingly, this observation was made in spite o f  significant increases in 

both SP synthesis and transport to the inflamed hindpaw via the sciatic nerve. The 

authors concluded from these observations that there was a rapid and continuous release 

o f  SP from nerve terminals in the inflamed hindpaw, reducing the stores o f  SP in the 

nerves and joints. Their conclusions further support our contention that the decrease in 

levels o f  SP observed in hindpaws o f  animals with adjuvant arthritis resulted from the 

continuous release o f  SP from nerve terminals during inflammation and subsequent 

degradation by neutral endopeptidase.

Several studies have also shown that SP levels increase during adjuvant arthritis. 

Ahmed et al. (1995) demonstrated that levels o f  SP are increased in arthritic ankle joints 

on day 29 o f  adjuvant arthritis. Additionally, da Silva et al. (1996) reported an extensive 

regeneration o f  nerves during later stages o f  the disease, which often exceeded the
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density o f  the control group. It is important to note, however, that the increases in 

hindpaw SP levels described in previous studies were observed at later stages o f  adjuvant 

arthritis than evaluated in our experiments.

Changes in SP Concentrations in the Plasma During Adjuvant Arthritis 

Following the observation o f  changes in levels o f  SP in the hindpaws during 

adjuvant arthritis, we conducted studies to measure changes in SP levels in the plasma 

during each phase. The most interesting observation during these experiments occurred 

on day 2. As shown in Figure 15, levels o f  SP in the plasma o f  arthritic animals were not 

only significantly less than controls on day 2, they were nearly undetectable. To our 

knowledge, this effect has not been previously reported in adjuvant arthritis.

Unpublished results previously obtained in our laboratory demonstrated a similar effect 

in carrageenan edema, in which plasma SP levels were substantially reduced for at least 

three hours following the administration o f  carrageenan.

Previous studies have found that levels o f  neutral endopeptidase, which catalyzes 

the enzymatic degradation o f  SP, can be altered during inflammation. Matucci-Cerinic et 

al. (1993) reported that levels o f  neutral endopeptidase are elevated in the plasma and 

synovial fluid o f  patients with rheumatoid arthritis. As a result, the observation on day 2 

could easily be explained by increased expression o f  neutral endopeptidase during phase 

1 o f  adjuvant arthritis. This mechanism may also explain the decreased levels o f  SP 

observed in hindpaws during phase 1 and phase 3 o f  this disease (Figure 14).

Figure 15 shows that on day 12, the concentration o f  SP in the plasma was 

significantly higher than controls. Since previous studies have also observed that levels
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o f  NEP decrease during inflammation (Hwang et al., 1993), these results might also 

indicate changes in NEP expression during phase 2. However, both Donnerer et al. 

(1992) and Calza et al. (1998) described an increase in SP synthesis during phase 2 o f  

adjuvant arthritis. Therefore, the increase in plasma SP levels on day 12 may also be a 

manifestation o f  increased SP synthesis during a period (phase 2) in which there is no 

substantial inflammation. The observation in Figure 14 that SP levels in arthritic 

hindpaws return back to normal by day 1 2  also support this contention.

Anti-Inflammatory Effect o f  PBA in Adjuvant Arthritis 

Previous studies have shown that interfering with the inflammatory effects o f  SP 

inhibits the development o f  adjuvant arthritis. Donaldson et al. (1995) inhibited adjuvant 

arthritis by depleting nerves o f  SP with capsaicin, while Walker et al. (2003) used opioids 

to interfere with the release o f  SP from nerve terminals. Only recently, however, have we 

shown that interfering with SP synthesis also prevents inflammation. This was 

accomplished by Ogonowski et al. (1997), who clearly demonstrated that PBA inhibited 

carrageenan edema in rats. Based on these observations, w e performed further 

experiments to determine whether the inhibition o f  SP synthesis by PBA also produced 

an anti-inflammatory effect in adjuvant arthritis, a model o f  chronic inflammation similar 

to human RA.

W e conducted three separate experiments to evaluate the effect o f  PBA treatment 

during each phase o f  the disease. Unlike carrageenan edema, which develops within 6  

hours, adjuvant arthritis develops over the course o f  2 1  days, with each phase requiring 

long-term dosing with PBA. Fortunately, surgically implanted osmotic pumps could be
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used to continuously administer PBA and produce sustained inhibition o f  serum PAM  

activity throughout the course o f  treatment (Figure 7). Arthritic animals that were treated 

with PBA during phase 2 or phase 3 developed characteristic signs o f  adjuvant arthritis 

prior to drug treatment.

Figure 16 clearly shows that PBA treatment during phase 1 inhibited the acute 

inflammation o f  the FIA-injected hindpaw that normally occurs by day 2. Although PBA  

treatment ended on day 2 , we also observed sustained inhibition o f  paw swelling through 

day 9, indicating a persistent anti-inflammatory effect. The inhibition o f  acute 

inflammation by PBA suggests that it interferes with one or more o f  the mediators that 

produce acute swelling in the rat hindpaw, such as SP, prostaglandins, histamine, or 

serotonin (Szekanecz et al., 2000).

An interesting observation in this study was that PBA treatment during phase 1 

did not prevent the development o f  the cellular immune response during phase 3. Since 

lymphocytes are activated by HSP65 found in FIA during phase 1, the development o f  

hindpaw inflammation during phase 3 suggests that PBA did not interfere with the 

recognition o f  HSP65 by lymphocytes or their subsequent activation and proliferation 

(Waksman, 2002). Previous studies have also shown that the administration o f  

immunosuppressive drugs during phase 1 o f  adjuvant arthritis prevents the development 

o f  the cellular immune response during phase 3 (Brown et al., 1971). However, our 

studies showed that PBA produced an acute and persistent anti-inflammatory effect 

during phase 1 (Figure 16) but did not prevent the cellular immune response, indicating 

that it does not possess immunosuppressive properties.
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PBA treatment during phase 2 was also very effective in reducing the volume o f  

the FIA-injected hindpaw on day 9 to nearly the same as non-arthritic controls (Figure

17). These results clearly show that PBA reverses the acute swelling o f  the FIA-injected 

hindpaw that occurred during phase 1. Interestingly, we also observed that PBA  

treatment during phase 2  inhibited the development o f  hindpaw inflammation during 

phase 3. Phase 2 o f  adjuvant arthritis is characterized by a latent period o f  inflammation 

and the proliferation o f  HSP65-activated lymphocytes, which are responsible for the 

cellular immune response observed in phase 3 (Szekanecz et al., 2000; Waksman, 2002). 

Therefore, these results also suggest that PBA may have interfered with lymphocyte 

proliferation, preventing the development o f  the cellular immune response during phase 3 

o f  adjuvant arthritis.

To test this hypothesis, we evaluated the effect o f  PBA on lymphocytes 

proliferation in vitro  to determine i f  this was a potential mechanism o f  the drug in these 

experiments. However, PBA produced only a minimal effect on lymphocyte 

proliferation (Figure 52) compared to the potent inhibitory effect seen in adjuvant 

arthritis, suggesting that the inhibition o f  lymphocyte proliferation probably did not 

contribute to the anti-inflammatory effect o f  the drug. Therefore, PBA may have 

interfered with other mediators o f  inflammation during phase 2, such as SP, 

prostaglandins, lysosomal enzymes, or neutrophils, which contribute to inflammation 

during phase 3 (Andersen, 1970; Santos et al., 1997; Ahmed et al., 1995).

PBA treatment during phase 3 only inhibited the manifestations o f  the cellular 

immune response by preventing further inflammation in the FIA-injected injected
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hindpaw and the development o f  any inflammation in the contralateral hindpaw (Figure

18). These results indicate that PBA produced an acute anti-inflammatory effect in phase 

3  (similar to that seen in phase 1) by inhibiting the actions o f  one or more o f  the 

mediators, such as SP or prostaglandins, which contribute to the development o f  

inflammation during this late phase o f  adjuvant arthritis (Turull and Queralt, 2000; 

Walker, 2003).

Taken together, these experiments clearly demonstrate the ability o f  PBA to 

inhibit each o f  the three phases o f  adjuvant arthritis. Since SP levels have been shown to 

change during adjuvant arthritis and since PBA is an inhibitor o f  PAM activity in vivo, 

our studies thus far suggested that PBA might have produced its anti-inflammatory effect 

through the inhibition o f  PAM and reducing endogenous levels o f  amidated SP.

Effect o f  PBA on SP Levels in Hindpaws and Plasma During Adjuvant Arthritis 

W e have hypothesized that the inhibition o f  PAM in vivo  by our compounds 

would lead to a reduction in endogenous levels o f  amidated SP, thus reducing its 

inflammatory effects in carrageenan edema and adjuvant arthritis. Figures 16-18 clearly 

demonstrated that PBA possesses an anti-inflammatory effect in all three phases o f  

adjuvant arthritis. Furthermore, previous studies performed by Ogonowski et al. (1997) 

showed that a seven-day pretreatment with PBA inhibited hindpaw swelling induced by 

carrageenan, an effect that correlated with decreased levels o f  SP in the hindpaws. Since 

these studies seemed to support our hypothesis, we performed experiments to determine 

whether the anti-inflammatory effect produced by PBA in adjuvant arthritis was related 

to a decrease in endogenous levels o f  SP. To accomplish this, we measured levels o f  SP
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in the hindpaws and plasma following PBA treatment during phase 1 and phase 3 o f  

adjuvant arthritis.

Figures 19 and 21 demonstrate that levels o f  SP are lower in inflamed hindpaws 

compared to controls, confirming our previous observations on days 2 and 16 (Figure 14) 

and those o f  others (Donnerer et al., 1992). However, we were surprised to find that the 

dose o f  PBA that produced an anti-inflammatory effect in adjuvant arthritis did not 

produce any change in levels o f  SP in either the FIA-injected hindpaw or the contralateral 

hindpaw during phase 1 or phase 3 o f  the disease. This observation differs from previous 

studies, which showed that PBA produced an anti-inflammatory effect in carrageenan 

edema that correlated with a reduction in levels o f  SP (Ogonowski et al., 1997).

However, an acute model o f  inflammation was used in those studies rather than the 

chronic model o f  inflammation used in ours. Additionally, we delivered a substantially 

lower dose o f  PBA in our studies, a difference o f  360 m g o f  drug per day. Therefore, it is 

not totally unexpected that w e observed different results in our experiments.

W hile our earlier observations showed that the administration o f  PBA using 

osmotic pumps produced sustained inhibition o f  serum PAM activity during each phase 

o f  adjuvant arthritis (Figure 7), which suggested that PBA should lower levels o f  

endogenous SP, Mueller et al. (1999) previously reported that higher doses o f  PBA are 

required to inhibit tissue PAM activity than serum PAM activity. In light o f  this 

observation, the lack o f  effect o f  PBA on tissue SP levels may be explained simply by the 

dose o f  PBA used in this study being sufficient to inhibit serum PAM activity but not 

high enough to inhibit tissue PAM activity. Therefore, these results suggest that the dose
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o f  PBA administered during each phase o f  adjuvant arthritis might have produced an 

anti-inflammatory effect through mechanisms other than the inhibition o f  PAM and a 

subsequent reduction o f  amidated SP in hindpaw tissue.

We also observed in these experiments that SP levels in the plasma o f  arthritic 

animals were significantly lower than controls on day 2 and day 16 (Figures 20 and 22). 

However, we were surprised to observe that PBA treatment during both phase 1 and 

phase 3 o f  adjuvant arthritis produced an increase in plasma SP levels so that they were 

no longer significantly different than controls. W e did not expect this effect since we 

previously showed that that the administration o f  PBA by osmotic pumps inhibited serum 

PAM activity in vivo. Therefore, these results suggest that the in vivo  effects o f  PBA  

administration during these two phases o f  adjuvant arthritis lead to an increase in SP 

release into the circulation from some unknown sources, returning SP levels to normal. 

These sources might include the intestines or the nervous system, from which most 

circulating SP originates (Pem ow, 1983).

Anti-Inflammatory Effect o f  APAA-M e in Carrageenan Edema 

Results from our laboratory have clearly shown that PBA, a first-generation 

inhibitor o f  PAM activity in vivo, possesses anti-inflammatory effects in both 

carrageenan edema (Ogonowski et al., 1997) and adjuvant arthritis (Figures 16-18). 

Therefore, we conducted experiments to evaluate a second-generation inhibitor, APAA- 

M e, in carrageenan edema and adjuvant arthritis to determine whether it also possessed  

anti-inflammatory effects that correlated with an ability to inhibit PAM and deplete levels 

o f  amidated SP.
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Initial experiments clearly showed that APAA-M e was a potent inhibitor o f  

carrageenan edema and that this inhibitory effect was dose-dependent (Figures 23 and 

24). Furthermore, we observed that the EC50 o f  APAA-M e was 31.3 m g/kg at the 3 hour 

time point (Figure 25), indicating that this drug was a much more potent inhibitor o f  

carrageenan edema than PBA, which required 500 mg/kg to produce 46% inhibition at 

the same 3 hour time point (Ogonowski et al., 1997). There does not appear to be a 

correlation between the effect o f  APAA-M e on inhibition o f  PAM activity in vivo  and a 

subsequent reduction o f  SP with its ability to inhibit the acute inflammation o f  

carrageenan edema since a dose o f  150 mg/kg produced nearly 100% inhibition o f  

carrageenan edema but only 42% inhibition o f  serum PAM activity. In addition, we have 

previously demonstrated that the administration o f  PBA 30 minutes before inducing 

inflammation in the hindpaws o f  rats with carrageenan produced significant inhibition o f  

the acute inflammatory response 2  hours post-administration o f  the phlogistic agent 

without producing any change in levels o f  SP in either the hindpaws or plasma o f  the 

animals (unpublished data). We used a similar dosing regimen for APAA-M e to inhibit 

carrageenan edema. Furthermore, the lifetime o f  newly synthesized SP in the rat is 4 to 5 

days (Keen et al., 1982). Thus, the inhibitory effects produced by either APAA-M e or 

PBA on carrageenan edema could not be explained by inhibiting PAM and depleting the 

sensory nerve endings o f  SP since the previously synthesized SP stored in these nerves 

would not have been affected by inhibiting the activity o f  PAM. Therefore, our results 

suggest that the potent anti-inflammatory effect o f  APAA-M e observed in carrageenan
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edema was likely produced by a mechanism other than the inhibition o f  PAM and a 

depletion o f  amidated SP.

Following the observation that APAA-M e possessed an anti-inflammatory effect 

in carrageenan edema, we conducted experiments to further evaluate this drug for its 

effects in adjuvant arthritis. Although we observed some anti-inflammatory activity 

following administration during phase 1 (Figure 26), we also observed signs o f  drug- 

induced toxicity, which led to the discontinuation o f  treatment. Similar complications in 

subsequent experiments prevented us from fully evaluating APAA-M e in adjuvant 

arthritis.

Effect o f  PBA and APAA-M e on Mustard Oil-Induced Neurogenic Inflammation

(MOINI)

W e observed in several experiments that PBA and APAA-M e may have produced 

their anti-inflammatory effects in carrageenan edema and adjuvant arthritis through 

mechanisms other than inhibition o f  PAM and the subsequent reduction o f  amidated SP. 

To provide further evidence for this case, we evaluated our compounds in additional 

pharmacological models that indirectly or directly measure levels o f  SP in vivo. Our 

compounds were first evaluated in mustard oil-induced neurogenic inflammation 

(MOINI), a SP-mediated animal model that indirectly measures endogenous levels o f  SP 

in peripheral nerve terminals.

We validated this assay by demonstrating that capsaicin, a chili pepper extract 

known to cause depletion o f  endogenous SP, produced substantial inhibition o f  MOINI 

(Figure 30), an effect also observed by Donnerer et al. (1996). More importantly, these
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results demonstrate that this assay is capable o f  identifying agents that decrease 

endogenous levels o f  SP.

Results following both acute and chronic administration o f  anti-inflammatory 

doses o f  PBA clearly demonstrated that several different pre-treatment regimens 

produced no effect on MOINI (Figures 32-34), suggesting that levels o f  SP in the 

peripheral nerve endings were unaffected by the drug. As previously mentioned, Keen et 

al. (1982) reported that the resident lifetime o f  newly synthesized SP is between 4 and 5 

days. Therefore, sustained inhibition o f  PAM activity by PBA for 7 days should have 

depleted stores o f  SP in peripheral nerve terminals. However, the inability o f  PBA to 

inhibit MOINI further supports our contention that PBA may be producing its anti

inflammatory effects through mechanism other than the inhibition o f  PAM and the 

subsequent reduction o f  levels o f  amidated SP.

Unlike PBA, an anti-inflammatory dose o f  APAA-M e produced significant 

inhibition o f  MOINI (Figure 35). This observation suggests that the mechanism o f  action 

o f  APAA-M e in reducing inflammation in carrageenan edema may be related to its 

ability to interfere in some way with the inflammatory effects o f  SP. It is not likely that 

APAA-M e rapidly reduced endogenous levels o f  SP by inhibiting its synthesis since 

previous studies in our laboratory showed that acute administration o f  PBA, which is a 

more potent inhibitor o f  PAM activity in vivo , was not capable o f  rapidly reducing 

endogenous levels o f  SP in the hindpaw (unpublished data).

Several compounds have been shown to inhibit MOINI by stimulating pre

junctional inhibitory receptors, such as histamine H3 receptors, dopamine D 2 receptors,
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adenosine A i receptors, and 5-H T jb /d  receptors (Maggi, 1991), or by preventing SP from 

binding to NK-1 receptors (Lowe et al., 1993). Therefore, it is possible that APAA-M e 

produced its effect on MOINI by decreasing the release o f  SP from the nerve terminals or 

preventing NK-1 receptor binding. Since the affinity o f  APAA-M e for these receptors is 

unknown, further experiments would need to be conducted to determine whether these 

mechanisms might contribute to the drug’s anti-inflammatory effects. Regardless o f  the 

mechanism, our data suggests that the ability o f  APAA-M e to inhibit carrageenan edema 

may be related, in part, to its ability to interfere with the inflammatory effects o f  SP.

Effect o f  PBA and APAA-M e on SP Levels in Rat Sciatic Nerves 

W hile MOINI suggested that APAA-M e might have produced its anti

inflammatory effect in carrageenan edema by interfering with the effects o f  SP, these 

experiments provided further evidence that PBA did not alter endogenous levels o f  

amidated SP. However, MOINI was an indirect assay and did not measure levels o f  SP 

directly in tissues. Previous studies by Donnerer et al. (1996) demonstrated that changes 

in endogenous levels o f  SP can easily be measured directly in the sciatic nerve.

Therefore, we evaluated the effects o f  PBA and APAA-M e on endogenous levels o f  SP 

by measuring the concentration o f  the neuropeptide directly in the sciatic nerve following  

anti-inflammatory doses o f  each drug.

W e first validated that method o f  SP extraction from sciatic nerves by recovering 

more than 74% o f  a SP spike that was added to sciatic nerve samples prior to extraction 

(Table 3). To further validate our methods, we demonstrated that capsaicin pre-treatment 

reduced the concentration o f  SP in the sciatic nerve by nearly half (Figure 36). A  similar
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result has been previously reported by Donnerer et al. (1996). Therefore, we  

demonstrated in these experiments the ability to directly measure changes in endogenous 

SP levels in the sciatic nerve. These results also showed that a compound known to 

deplete endogenous SP is capable o f  reducing levels in the sciatic nerve and inhibit 

MOINI.

We observed in these experiments that an anti-inflammatory dose o f  PBA had no 

effect on the levels o f  SP in rat sciatic nerves (Figure 37), further suggesting that the anti

inflammatory effects o f  this drug in carrageenan edema and adjuvant arthritis were 

unrelated to the inhibition o f  PAM and a reduction o f  amidated SP levels. Our results 

also showed that the administration o f  an anti-inflammatory dose o f  APAA-M e produced 

no change in SP levels in the sciatic nerve, suggesting that the inhibitory effect o f  APAA- 

Me seen in MOINI (Figure 35) was not the result o f  a rapid reduction in SP levels 

resulting from the inhibition o f  PAM, but some unknown mechanism o f  the drug.

Overall, the results o f  these experiments, taken together with those observed during the 

MOINI experiments, make a strong case that our compounds possess anti-inflammatory 

effects unrelated to the inhibition o f  PAM and reduction o f  amidated SP levels.

Effect o f  PBA. APAA. and APAA-M e on Cvclooxygenase (C O X ) Activity  

Since our findings suggest that PBA and APAA-M e are producing their anti

inflammatory effects through mechanisms other than inhibition o f  PAM and the 

subsequent lowering o f  levels o f  amidated SP, we evaluated other mechanisms unrelated 

to SP that might explain the effectiveness o f  our compounds in both carrageenan edema 

and adjuvant arthritis. Although APAA was not evaluated in animal models o f
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inflammation, its effect on several inflammatory mechanisms was studied in vitro  due to 

the probable conversion o f  APAA-M e to APAA in vivo, as suggested by Figure 9.

Many studies have demonstrated that prostaglandins produced by COX-1 and 

COX-2 contribute to the inflammatory processes o f  both carrageenan edema and adjuvant 

arthritis (M elli, 1988; Turull and Queralt, 2000; Pinheiro and Calixto, 2002). The two 

isoforms o f  COX catalyze the same reactions, however their expression and physiological 

roles are distinguishable (Chan et al., 1999). COX-1 is constitutive, ubiquitous, and 

involved in the maintenance o f  essential functions including cytoprotection o f  the 

stomach and normal kidney function (Brideau et al., 1996; Cirino, 1998). COX-2 is 

induced by a variety o f  cytokines and endotoxins during inflammation and produces 

prostaglandins that perpetuate the inflammatory response. Due to the different 

physiological roles o f  these enzymes, inhibitors specific for COX-2 are valuable 

pharmacological tools as anti-inflammatoiy drugs since they do not produce the 

gastrointestinal side effects that result from non-selective inhibitors o f  COX-1 and COX- 

2 (Chan et al., 1999). Therefore, we evaluated each o f  our compounds for their ability to 

inhibit COX-1 and COX-2 activity using human whole blood assays as w ell as a COX 

inhibitor screening assay designed to evaluate the effect o f  compounds directly on 

isolated COX-1 and COX-2 enzymes.

COX-1 Human W hole Blood Assay

Human whole blood assays are commonly used to evaluate compounds for their 

ability to inhibit COX-1 and COX-2 activity (Cutler et al., 1998; Chan et al., 1999). 

Results previously obtained in our laboratory demonstrated that PBA produced
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concentration-dependent inhibition o f  CO X-1-mediated PGE2 production in a calcium  

ionophore-stimulated human whole blood assay (unpublished data). In this assay, the 

calcium ionophore forms a channel in the plasma membrane o f  cells that is specific for 

calcium, leading to a rapid increase o f  intracellular calcium levels (Pressman, 1976; 

Pressman and Fahim, 1983). Calcium stimulates phospholipase A 2 (PLA2) to convert 

plasma membrane fatty acids to free arachidonic acid, which is then converted to 

prostaglandins by the COX-1 enzyme.

We conducted experiments to confirm the previous observation that PBA  

inhibited PGE2 production in this assay. To validate our methods, we first demonstrated 

that the stimulation o f  PGE2 production by the calcium ionophore was concentration- 

dependent and that a concentration o f  50 pM o f  the ionophore was sufficient to induce a 

substantial increase in PGE2 production (Figure 39). To further validate the methods 

used for this assay, we included indomethacin, a prototypic inhibitor o f  C O X -1. As seen 

in Figure 40, indomethacin produced significant inhibition o f  PGE2 production in our 

assay at a concentration similar to that previously reported (Brideau et al., 1996).

PBA produced a concentration-dependent inhibition o f  PGE2 production in this 

assay (Figure 41) with the 1 mM concentration producing a similar degree o f  inhibition 

as previously observed in our laboratory (Figure 40), confirming our previous findings. 

We also observed in these experiments that APAA-M e produced a concentration- 

dependent inhibitory effect on PGE2 synthesis similar to PBA (Figure 43), while APAA  

had no noticeable effect in this assay (Figure 42). These results suggest that APAA-M e 

is an inhibitor o f  C O X -1 while APAA is not. It is also possible that the lipophilic nature
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o f  APAA-M e allowed it to cross plasma membranes more easily than APAA and achieve 

a higher intracellular concentration to produce its effects. Additional experiments could 

be performed to determine the specific reason for the differing effects o f  APAA and 

APAA-M e in this assay.

Since many well-known anti-inflammatory drugs, such as aspirin and naproxen, 

are very effective inhibitors o f  carrageenan edema and adjuvant arthritis and have been 

shown to produce inhibition o f  COX-1 (Whitehouse et al., 1994; Cicala et al., 2000; 

Garcia-Gonzales et al., 2000; Duffy et al., 2001), our results strongly suggest that PBA  

and APAA-M e might have produced their anti-inflammatory effects through a dose- 

dependent inhibition o f  C O X -1-mediated PGE2 synthesis.

COX-2 Human W hole Blood Assay

Compounds that specifically inhibit COX-2 are pharmacologically valuable as 

anti-inflammatory drugs due to the important role o f  COX-2 upregulation during 

inflammation and the lack o f  gastrointestinal side effects that result from non-selective 

COX inhibitors (Chan et al., 1999). Therefore, w e evaluated our compounds in a 

lipopolysaccharide (LPS)-stimulated human whole blood assay to determine their effects 

on COX-2-mediated PGE2 production. LPS is a component o f  Gram-negative bacterial 

cell walls that induces the production o f  pro-inflammatory cytokines and prostaglandins 

by macrophages (Eliopoulos et al., 2002). Incubation o f  anticoagulated whole blood with 

LPS for 24 hours stimulates the synthesis o f  COX-2 and subsequent production o f  PGE2 

from PLA2-liberated arachidonic acid (Brideau et al., 1996). To be certain that all PGE2 

detected in this assay was a product o f  COX-2 and not COX-1, blood donors took 400
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mg o f  aspirin for two days prior to experiments to systemically inhibit COX-1.

Therefore, all PGE2 produced in this assay should have been a product o f  de novo COX-2 

synthesis.

Like the previous experiment, we first validated our methods by demonstrating 

that LPS produced a concentration-dependent increase in COX-2-mediated PGE2 

production in human whole blood (Figure 44). Furthermore, Figures 45-47 demonstrated 

that indomethacin (0.01 and 0.1 mM), an inhibitor o f  COX-2 at high concentrations, 

produced inhibition o f  PGE2 production at concentrations similar to those previously 

reported (Brideau et al., 1996).

In these experiments, we found that PBA produced a concentration-dependent 

inhibition o f  COX-2-mediated PGE2 production (Figure 45). Interestingly, the inhibition 

o f  PGE2 production produced by a 1 mM concentration o f  PBA in this assay was similar 

to that produced by PBA in the calcium ionophore-stimulated COX-1 assay (Figure 40). 

Therefore, our results suggest that PBA might act as a non-selective inhibitor o f  both 

COX-1 and COX-2 to produce its anti-inflammatory effects in carrageenan edema and 

adjuvant arthritis.

Although APAA had no effect on C O X -1-mediated PGE2 production (Figure 42), 

it did produce a concentration-dependent inhibition o f  PGE2 production in this COX-2- 

mediated assay (Figure 46). APAA was very effective at 1 mM and remained significant 

at concentrations as low as 0.1 mM. These observations suggest that APAA may be a 

selective inhibitor o f  COX-2 activity. Similar results are observed in Figure 47, which 

illustrates that APAA-M e produced a concentration-dependent inhibitory effect on COX-
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2-mediated PGE2 production that was more potent than the effect observed in the COX-

1-mediated whole blood assay (Figure 43). The ratio o f  the IC50 values for COX-1 and 

COX-2 inhibition (C O X -l/C O X -2) for APAA-M e is 1.52. Although compounds have 

been developed that are more than 100 times as selective for COX-2, the anti

inflammatory drug meloxicam has a selectivity ratio o f  just 2.0 (Riendeau et al., 2001). 

Therefore, our experiments suggest that APAA-M e may also be a selective inhibitor o f  

COX-2 activity.

In summary, these human whole blood experiments strongly suggest that the 

inhibition o f  prostaglandin synthesis is a potential mechanism o f  action for PBA and 

APAA-M e which may, in part, explain the anti-inflammatory effects observed for PBA  

and APAA-M e in carrageenan edema and PBA in adjuvant arthritis. PBA appeared to be 

equally potent against COX-1 and COX-2 while APAA and APAA-M e appeared to be 

selective inhibitors o f  COX-2 activity. Importantly, the more potent inhibition o f  COX-

2-mediated PGE2 production by APAA-M e suggests that a correlation exists between the 

ability o f  PBA and APAA-M e to inhibit COX-2-mediated PGE2 production and the 

ability o f  each compound to inhibit carrageenan edema.

Direct Effect on COX-1 and COX-2

Although whole blood assays are commonly used to evaluate compounds for 

inhibition o f  COX-1 and COX-2, they do not demonstrate direct inhibition o f  COX-1 and 

COX-2 enzymes. Furthermore, it is important to recognize that, in w hole blood assays, 

additional enzymes and processes contribute to the synthesis o f  prostaglandins and 

leukotrienes. Therefore, the inhibition o f  other processes may have lead to a decrease in
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PGE2 production (Cirino, 1998). To provide further evidence that the effects observed in 

the whole blood assays resulted from the inhibition o f  COX-1 and COX-2, we conducted 

experiments using a COX inhibitor screening assay designed to measure the inhibitory 

effects o f  compounds directly on isolated COX-1 and COX-2 enzymes.

W e first validated this assay by demonstrating that indomethacin produced 

predictable inhibition o f  both COX-1 (Figure 48a) and COX-2 (Figure 48b) activity, 

similar to that previously reported by the manufacturer (unpublished data). Furthermore, 

these experiments demonstrated that indomethacin was selective for COX-1 over COX-2 

in this assay, an effect also observed in our human whole blood assays (Figures 40 and 

45) and by other investigators (Brideau et al., 1996). The results o f  these experiments, 

shown in Figure 49, were very surprising. Based on our observations in the human whole 

blood assays, we would have expected our compounds to produce similar inhibition o f  

COX-1 and COX-2 in this assay. Interestingly, none o f  our compounds produced any 

direct inhibitory effect on either COX-1 (Figure 49a) or COX-2 (Figure 49b) activity in 

this assay.

W hile the human whole blood assays demonstrated that our compounds were 

capable o f  inhibiting the synthesis o f  prostaglandins, this assay does not allow us to make 

a specific conclusion as to the mechanisms o f  this effect. However, results o f  the COX  

inhibitor screening assay clearly showed that our compounds were not inhibiting COX 

activity directly. Therefore, this mechanism cannot explain the ability o f  our drugs to 

reduce the synthesis o f  prostaglandins as observed in the whole blood assays. This 

contention is further supported by the structures o f  our compounds (Figure 4), which do
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not possess the aryl acetic acid or aryl propionic acid groups characteristic o f  non- 

selective COX inhibitors (Li et al., 1996; Huang et al,. 1996), or the sulphonyl, sulphone, 

or sulfonamide groups that are characteristic o f  most COX-2 selective inhibitors 

(Hawkey, 1999). However, our compounds may be inhibiting other enzymes or 

processes involved in the synthesis o f  PGE2 in whole blood that are not present in the 

COX inhibitor screening assay. This possibility is supported by Cirino (1988), who 

suggested that many researchers fail to account for the upregulation o f  additional 

enzymes by the stimulus that might account for the effects observed in COX activity 

studies.

One such enzyme is PLA2, which converts plasma membrane phospholipids to 

arachidonic acid (Figure 2). Previous reports have suggested that PLA2 plays a 

prominent role in inflammation and may provide a target for anti-inflammatory 

compounds (Bomalaski and Clark, 1993). Additionally, compounds that inhibit PLA2 

activity, such as anti-inflammatory steroids and some natural products, have 

demonstrated anti-inflammatory properties in models o f  inflammation including 

carrageenan edema and adjuvant arthritis (Baek et al., 1999; Garcia-Pastor et al., 1999; 

Pinheiro and Calixto, 2002). Although PBA is structurally different than reported 

inhibitors o f  PLA2 (Kim et al., 1998; Lehr et al., 2001; Kokotos et al., 2002), further 

experiments could be performed to determine whether the inhibition o f  PLA2 is a 

mechanism o f  PBA or APAA-M e that contributed to the inhibition o f  prostaglandin 

synthesis observed in our human whole blood assay.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

Regardless o f  the specific pharmacological mechanism, these experiments clearly 

demonstrate that PBA and APAA-M e are capable o f  inhibiting PGE2 production in a 

whole blood system. This observation provides an alternate mechanism o f  action for the 

inhibitory effects o f  PBA and APAA-M e in both carrageenan edema and adjuvant 

arthritis.

Effect o f  PBA, APAA, and APAA-M e on Heat-Induced Protein Denaturation

Following the observation that our compounds inhibited prostaglandin 

production, we further evaluated PBA, APAA, and APAA-M e for additional 

mechanisms, including the inhibition o f  protein denaturation. The inhibition o f  heat- 

induced albumin denaturation has been used for many years to screen new anti

inflammatory compounds (Saso et al., 2001). Previous studies have shown that protein 

denaturation occurs at sites o f  inflammation, particularly in chronic inflammatory states 

such as RA (Silvestrini, 1985; Saso et al., 2001; Seidler and Yeargans, 2002). Recently, 

Seidler and Yeargans (2002) reported that denatured proteins are more susceptible to 

glycation, increasing the formation o f  advanced glycation endproducts (AGEs) at the site 

o f  inflammation, which potentiate the inflammatory response by activating macrophages. 

Additionally, studies have demonstrated that denatured proteins might activate 

chemotaxis and other leukocyte functions involved in the inflammatory response 

(Wilkinson, 1988). Based on these observations, we conducted experiments to evaluate 

our compounds for their effects on protein denaturation.

W e validated our methods by first demonstrating that only B SA  solutions near a 

pH o f  5.0 denatured when heated (Figure 53), an effect observed in previous studies
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(Saso et al., 2001). Furthermore, we showed that indomethacin produced inhibition o f  

heat-induced protein denaturation (Figure 54). Similar results were previously observed 

by Brown and Mackey (1967).

In these studies, PBA inhibited the heat-induced denaturation o f  several different 

concentrations o f  BSA  (Figure 55a), and this effect was also concentration-dependent 

(Figure 55b). Since previous studies have suggested that protein denaturation plays a 

more prominent role in chronic inflammation than in acute inflammation (Silvestrini, 

1985), these results suggest that inhibition o f  protein denaturation may have contributed 

to the anti-inflammatory effect o f  PBA observed in adjuvant arthritis.

Unlike PBA, APAA and APAA-M e produced little to no effect on protein 

denaturation at the concentrations tested (Figures 56 and 57). Thus, interfering with 

protein denaturation does not appear to play a role in the inhibitory effect observed with 

APAA-M e in carrageenan edema.

Effect o f  PBA, APAA, and APAA-M e on Collagenase Activity  

Following the observations that our compounds possessed some effects on 

prostaglandin production and protein denaturation in vitro, we further evaluated their 

effects on the degradation o f  collagen by collagenase.

The matrix in articular cartilage consists primarily o f  water, type II collagen, and 

proteoglycans (Lewis et al., 1997; Hamada et al., 2000). The enzymes primarily 

implicated in the breakdown o f  articular cartilage during inflammation are the matrix 

metalloproteinases (MMPs), a family o f  more than a dozen zinc-dependent 

endopeptidases that possess varying degrees o f  specificity for different matrix
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components (Lewis et al., 1997; Jenkins et al., 2002). The most influential MMPs in 

inflammatory diseases are those that degrade collagen and aggrecans (Jenkins et al., 

2002). The collagenases (MMPs 1, 8, and 13) are the only mammalian enzymes known 

to cleave the triple helix o f  collagen at a physiological pH (Lewis et al., 1997).

Therefore, the inhibition o f  collagenase enzymes represents an attractive potential target 

for the treatment o f  joint damage during chronic inflammation.

Previous in vitro  studies have demonstrated that many NSAIDs, including 

flufenamic acid, indomethacin, and acetylsalicylic acid successfully inhibit the 

degradation o f  articular cartilage in rat adjuvant arthritis (Brown and Pollock, 1970; 

Tmavska and Tmavsky, 1974; Barracchini et al., 1998). Recently, synthetic inhibitors o f  

collagenases have been shown to decrease inflammation and joint destruction in adjuvant 

arthritis and other inflammatory models (Lewis et al., 1997; Hamada et al., 2000). Based 

on these previous observations, we conducted experiments to evaluate PBA, APAA, and 

APAA-M e for their ability to inhibit collagenase activity in vitro.

We validated our methods by showing that flufenamic acid, a known inhibitor o f  

COX-1 and COX-2, produced concentration-dependent inhibition o f  collagenase activity 

in vitro  (Figure 59). The concentrations o f  flufenamic acid that w e used to produce 

inhibition o f  collagenase activity were similar to those previously shown to inhibit the 

activity o f  this enzyme in vitro  (Brown and Pollock, 1970).

In these experiments, PBA produced only weak inhibition o f  collagenase activity 

in this assay, not significantly different than controls at a concentration as high as 5 mM  

(Figure 60). Therefore, these results suggested that the anti-inflammatory effect o f  PBA
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observed in our models o f  inflammation was probably not related to substantial inhibition 

o f  collagenase activity. However, we also observed in these studies that APAA and 

APAA-M e produced significant inhibition o f  collagenase activity that was concentration- 

dependent between 1 mM and 5 mM (Figures 61 and 62). Therefore, inhibition o f  

collagenase activity by APAA-M e might explain, in part, the anti-inflammatory effects o f  

this drug in carrageenan edema.

Summary

The experiments conducted during Part I o f  this dissertation suggest that, while 

both first and second-generation inhibitors o f  PAM are effective inhibitors o f  both the 

acute inflammation o f  carrageenan edema or the chronic inflammation o f  adjuvant 

arthritis, their mechanism o f  action may be independent o f  PAM inhibition and a 

subsequent reduction o f  amidated SP. Moreover, we have demonstrated herein that 

inhibition o f  prostaglandin production, protein denaturation, or collagenase activity may 

have contributed, in part, to their anti-inflammatory effects observed in carrageenan 

edema and adjuvant arthritis.
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PART II 

CHAPTER 1 

INTRODUCTION A N D LITERATURE SURVEY  

The ras  genes are the most frequently mutated genes in solid tumors and in 

hematological cancers (Ahmadian, 2002). Ras genes are proto-oncogenes that code for 

three ras proteins: H a-ras, K i-ras, and N-ras. These proteins have a molecular weight o f  

approximately 21 kDa and are referred to as p21 ras proteins (Ruch et al., 1993; 

Ahmadian, 2002). Ras proteins mediate a variety o f  major functions including cellular 

proliferation, differentiation, and apoptosis. When mutated, the proto-oncogenes become 

oncogenes, expressing p 2 1 ras proteins that contribute to a tumorgenic phenotype 

(Ahmadian, 2002).

The frequency o f  mutation for each ras protein is dependent on the type o f  tissue 

in which the mutation occurs. For example, K -ras  mutations are most prominent in solid  

tumors, such as pancreatic and colorectal carcinomas, while N -ras  mutations predominate 

in forms o f  leukemia, including chronic m yelom onocytic and acute m yelogenous 

leukemia (Ahmadian, 2002). Ras mutations at codons 12, 13, 59, and 61 can result in a 

perpetually active state in which GTP remains bound and ras is no longer inactivated by 

G T P a se  a c tiv a tin g  p ro te in s  (G A P s)  (C e se n -C u m m in g s  e t a l., 1998). T h is  ty p e  o f
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mutation contributes to a tumorgenic phenotype and is seen in a wide variety o f  

neoplastic cells, such as lung carcinoma cells. Hallmarks o f  ras mutated cells, like many 

tumor cell types, include anchorage-independent growth, changes in cell morphology, 

and a reduction in gap junction-mediated intercellular communication.

Normal p21 ras activity oscillates between an inactive “O ff ’ state, during which 

ras is bound by GDP, and an active “On” state, during which ras is bound by GTP. The 

exchange o f  GDP and GTP on ras is regulated by several proteins including guanine 

nucleotide exchange factors (GEFs), such as mammalian Son-of-sevenless (mSOS), and 

GAPs (Garrison, 1998; Ahmadian, 2002). /tas-specific GEFs are activated by upstream 

signals and promote the exchange o f  ras-bound GDP for cytosolic GTP to activate the 

ras protein (Ahmadian, 2002). Activated ras proteins exhibit a slow  GTPase activity, 

which hydrolyzes bound GTP to form GDP, resulting in the inactivation o f  ras. GAPs 

stimulate this slow  intrinsic GTPase activity to inactivate ras (Ahmadian, 2002).

The association o f  ras with the plasma membrane is required for its biological 

activity in both normal and transformed cell types (Ruch et al., 1993). In order to bind to 

the plasma membrane, post-translational modifications o f  cytosolic ras proteins must 

occur. As reviewed by Ruch et al., (1993), modifications take place at the carboxy 

terminal CAAX m otif by the actions o f  several enzymes. Famesylation o f  cysteine 

residue 186 o f  ras by famesyltransferase is essential to anchorage in the plasma 

membrane (Casey et al., 1989; Ruch and Sigler, 1994; Ruch et al., 1993). N -ras and H a

ras undergo further modification by palmitoylation, a step that K i-ras  bypasses due to a
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lysine-rich region that enhances membrane interactions with negatively charged 

phospholipids (Ahmadian, 2002).

MAP Kinase Growth Factor Signaling Pathway 

Ras proteins are a key part o f  the mitogen-activated protein (M AP) kinase 

signaling pathway, which regulates normal and abnormal cellular growth and 

differentiation. Although p21 m s  also interacts with the PI3-kinase and RalGEF 

pathways, the MAP kinase pathway is the primary signaling pathway involved in cell 

transformation in murine models (Hamad et al., 2002). The initiation o f  signals in the 

MAP kinase pathway originates from membrane-bound growth factor (GF) receptors 

(Ahmadian, 2002). These receptors are ligand-activated tyrosine protein kinases, which 

phosphorylate intracellular substrates when activated. These include receptors for 

insulin, epidermal growth factor, and colony stimulating factor-1 (Garrison, 1998).

As reviewed by Garrison (1998), GF receptors are constructed o f  four subunits. 

Two a  subunits are extracellular and contain the binding domain for the ligand. The 

remaining two subunits are transmembrane (3 subunits that possess the receptor's tyrosine 

kinase activity. Binding o f  a ligand to the a  subunits induces the autophosphroylation o f  

the (3 subunits, a process that greatly enhances their tyrosine kinase activity (Wam- 

Cramer et al., 1998). The increase in tyrosine kinase activity initiates the 

phosphorylation o f  intracellular proteins containing SH2 domains, which allow the 

proteins to associate with (3 subunits. Among these are docking proteins such as Grb-2. 

Following docking, an SH3 domain on Grb-2 interacts with the guanine nucleotide 

exchange factor (GEF) mSOS. Subsequent interaction between mSOS and the
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membrane-bound protein ras activates the MAP kinase pathway. This is accomplished 

by stimulation o f  the serine kinase raf-1 at the plasma membrane by activated ras. R af-1 

phosphorylates the protein  kinase mitogen and extracellular signal-regulated kinase 

(MEK), also referred to as MAP kinase kinase, which then phosphorylates and activates 

MAP kinase. MAP kinase phosphorylates many substrates in the cytoplasm and also 

translocates into the nucleus. Within the nucleus, MAP kinase phosphorylates 

transcription factors such as Jun and Elk-1 to activate transcription and regulate cell 

function (Garrison, 1998).

A  mutation o f  a ras protein, which often leads to a permanently activated form, is 

found in at least 30% o f  all human cancers (Hamad et al., 2002). Many ras-transformed 

cells demonstrate changes in protein kinase activities downstream o f  ras in the MAP 

kinase pathway. Furthermore, ras-transformation may lead to an inhibition o f  

intercellular communication via membrane-bound gap junction proteins (de Feijter et al., 

1996). This process, which is down-regulated in most tumorgenic cells, is referred to as 

gap junctional communication (Cesen-Cummings et al., 1998).

Gan Junctional Communication 

Gap junctional communication between adjacent cells allows for the transfer o f  

low-molecular weight, metabolites, secondary messengers, and growth and regulatory 

m olecules, facilitating cellular homeostasis and developmental processes (Ruch et al., 

1993; Ruch et al., 1994; Houghton et al., 2002). Gap junctional communication regulates 

the release o f  growth factors and is critical in the regulation o f  cell proliferation, 

differentiation, apoptosis, wound-healing, and adaptive responses in multicellular
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organisms (Ruch et al., 1994; Na et al., 2000). Cell-to-cell communication is also 

essential for the synchronization o f  multicellular events, including the contraction o f  the 

myocardium and the uterus, as well as the propagation o f  action potentials in neurons and 

cardiac muscle (Manjunath and Page, 1986; Beyer et al., 1990; Wam-Cramer et al., 1998; 

de Feijter et al., 1996).

Gap Junction Structure and Phosphorylation 

Gap junctions exist between adjacent cells in most tissues, serving as membrane 

channels for the exchange o f  small m olecules less than about 1 kDa in size, such as Ca2+, 

cyclic AM P (cAM P), inorganic ions, and inositol triphosphate ( IP 3 ) (Jinn et al., 1998). 

These junctions are a highly conserved family o f  proteins that mediate intercellular 

communication (Houghton et al., 2002; Goodenough et al., 1996). Gap junctions are 

composed o f  protein subunits called connexins. At least 13 connexin subtypes have been 

identified in mammalian cells (Cesen-Cummings et al., 1998). Connexin 43, which was 

first identified in the heart, is the most widespread and abundant member o f  the gap 

junction family and is expressed in a variety o f  tissues (Postma et al., 1998; Contreras et 

al., 2002).

As described by Jinn et al. (1998), connexin proteins possess four a-helical 

transmembrane regions and two intracellular termini. This arrangement in the plasma 

membrane forms two extracellular loops and one intracellular loop. H om ology within 

the connexin family is high, with differences between subtypes existing primarily in the 

intracellualar loops and the carboxy terminal tail. Individual connexin subunits are 

assembled in the Golgi apparatus into hexamers, referred to as connexons or
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hemichannels, before they are inserted into the plasma membrane (Jinn et al., 1998). 

Connexons o f  two adjacent cells bind through non-covalent interactions involving the 

extracellular loops. Binding o f  two connexons results in the formation o f  the gap 

junction, an aqueous pore that allows for the passive exchange o f  small molecular weight 

m olecules, ions, and second messengers (Ruch et al., 1993; Ruch et al., 1994). The 

diameter o f  the gap junction channel is approximately 1.2 nm, allowing passage o f  

m olecules less than approximately 1 kDa in size (Contreras et al., 2002).

The various types o f  connexin subunits o f  gap junctions demonstrate unique 

properties, with differences in molecular permeability, unitary conductance, and 

regulation o f  channel gating. Selective permeability may be based on m olecule charge or 

molecular mass (Houghton et al., 2002; Goodenough et al., 1996). The assembly, 

permeability, and stability o f  gap junctions are dependent on multiple cellular and 

environmental factors including phosphorylation, pH, reactive oxygen species, 

prostanoids, and other factors (Ruch et al., 2001).

Proper assembly o f  connexin 43 requires post-translational phosphorylation. 

During normal growth, phosphorylation o f  connexins occurs primarily on serine residues, 

although threonine phosphorylation occurs as w ell (Goodenough et al., 1996). Studies 

have shown that connexin 43 is a substrate for src  kinase, protein kinase A  (PKA), 

protein kinase C (PKC), and mitogen-activated protein (MAP) kinase, which 

phosphorylates serine residues on the gap junction carboxy terminal tail and regulates 

connexin 43 function (Cesen-Cummings et al., 1998; Wam-Cramer et al., 1998). There 

is an intrinsic phosphorylation o f  connexin 43 proteins in cells that influences the
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activation state o f  the gap junction pore. Phosphorylated and non-phosphorylated forms 

o f  connexin 43 can be visualized on Western Blots as three bands located above the 41 

kDa molecular weight marker (Figure 63). The lowest band, referred to as Po, represents 

unphosphorylated connexin 43, which is primarily located intracellularly (Goodenough et 

al., 1996). The remaining two bands, referred to as Pi and P2, are found above the Po 

band and represent phosphorylated forms o f  connexin 43 (Matesic et al., 1994; Na et al.,

2000). Phosphorylated connexin 43 is associated almost entirely with the plasma 

membrane and studies have shown that the conversion o f  Po to P2 occurs subsequent to 

connexin assembly and localization at the plasma membrane (Goodenough et al., 1996).

In spite o f  the extensive research into gap junction assembly, function, and 

modulation, intracellular regulation o f  gap junctional communication is still poorly 

understood. It is established that gap junctional communication is regulated at several 

points including transcription, mRNA stabilization, m RNA translation, and post- 

translational modifications. Second messengers such as Ca2+, cAM P, and IP 3 have been 

demonstrated to be involved in regulating gap junction expression and function (Jinn et 

al., 1998).

Non-Tumor genic and Tumorgenic Cells used for Evaluation o f  Gap Junctional

Communication

A  variety o f  cell types are used to evaluate the effects o f  compounds on gap 

junctional communication. W B-F344 cells are rat liver epithelial cells that are derived 

from liver oval cells o f  Fisher 344 rats. Oval cells are proliferating cells, observed after 

the administration o f  certain carcinogens. Unlike adult hepatocytes, which express
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Figure 63.
Unphosphorylated (Po) and phosphorylated (Pi and P2) bands o f  connexin 43 observed in 
(a) W B-Neo and (b) WB-Ras cells by Western Blot.
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connexin 32, W B-F344 cells primarily express connexin 43 with little to no expression o f  

connexin 32 (Ruch et al., 1994). A  non-tumorgenic cell line was produced by viral 

transfection o f  a neomycin-resistance marker. These non-transformed cells are referred 

to as W B-Neo cells and possess normal functions (Ruch and Sigler, 1994). A  tumorgenic 

cell line was created from W B-F344 cells by viral transfection o f  the H -ras oncogene in 

addition to the neomycin-resistance marker. This cell line is referred to as WB-Ras (Na 

et al., 2000; Ruch and Sigler, 1994). WB-Ras cells exhibit several tumorgenic properties 

that differ from normal WB cells, including anchorage-independent growth, altered cell 

morphology, and reduced gap junctional communication (Ruch et al., 1993).

W B-F344 and W B-Neo cells express all three forms o f  connexin 43 while WB- 

Ras cells, which have markedly decreased gap junctional communication, predominantly 

express Po with little Pi or P2 (de Feijter et al., 1996; Na et al., 2000). Cell lines 

transformed by various other oncogenes also demonstrate decreases in P2 and Pi bands 

and corresponding increases in amounts o f  Po (de Feijter et al., 1996). Cells transformed 

by ras, src, neu, myc, and m yc/ras oncogenes all exhibit decreased gap junctional 

communication, reduced expression o f  gap junctions on the plasma membrane, and 

hypophosphorylation o f  connexin 43 (Brissette et al., 1991; de Feijter et al., 1996; Cesen- 

Cummings et al., 1998; Na et al., 2000). Localization o f  connexin 43, which is mediated 

in part by connexin phosphorylation, also contributes to changes in gap junctional 

communication in transformed rat liver epithelial cells (de Feijter et al., 1996).
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Methods Used for Evaluation o f  Gap Junctional Communication 

A variety o f  methods are used to evaluate connexin phosphorylation, expression, 

localization, and gap junctional communication in normal and transformed cells types. 

Gap junctional communication can be evaluated by observing the spread o f  low  

molecular weight fluorescent dyes, such as Lucifer Y ellow , from cell to cell in a 

confluent colony. A  microinjection assay utilizes a glass capillary electrode to inject 

single cells with Lucifer Y ellow  by iontophoresis (Tomai et al., 1999). The spread o f  

Lucifer Y ellow  to adjacent cells after several minutes is observed and quantified to 

represent gap junctional communication. A  similar technique is referred to as a scrape- 

loading dye transfer assay (Na et al., 2000). In this technique, a Lucifer Y ellow  solution 

is added to a confluent cell monolayer, which is then scored using a surgical blade. Cells 

that are lysed by the blade along the score line absorb the dye. The spread o f  the dye to 

cells further away from the score line after several minutes is observed and represents the 

gap junctional communication capability o f  that cell type. Normal cells, such as W B- 

F344 and W B-Neo cells, communicate the dye through several layers o f  cells on either 

side o f  the score line (Figure 64a). In cells that are communication deficient, such as 

WB-Ras cells, the dye is observed only in the dye-loaded cells along the score line 

(Figure 64b) (Ruch et al., 1993).

Methods used for Evaluating Gap Junction Phosphorylation and Cellular Localization 

The phosphorylation states o f  the connexin subunits, as previously mentioned, can 

be visualized using Western Blots (Matesic et al., 2001). In addition to the 

phosphorylation o f  the connexin subunits, the amount o f  connexin expressed can be
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Figure 64.
Gap junctional communication between (a) W B-Neo and (b) W B-Ras cells in 
fluorescence dye transfer assay.
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determined by quantifying the intensity o f  the bands. Furthermore, connexin subunits 

can be visualized specifically within the cell or on the plasma membrane by 

immunofluorescent staining. Both the location and expression o f  connexins can be 

determined using this technique. W B-F344 and W B-Neo cells show strong, 

uninterrupted immunofluorescence o f  connexins on the plasma membrane where adjacent 

cells make contact, demonstrating that gap junctional communication is active in these 

normal cells. Transformed WB-Ras cells show less immunofluorescence than normal 

cells, with connexins observed intracellularly and only sparsely on the plasma membrane.

Gap Junctional Communication and Cancer 

A reduction o f  gap junctional communication is a distinct marker o f  a tumorgenic 

phenotype, and has been linked to a variety o f  human disease states including cancer, 

teratogenesis, hereditary deafness, peripheral neuropathy, and cataracts (Ruch et al.,

2001). Cancer cells in particular exhibit a lack o f  contact inhibition, an inability to 

terminally differentiate, and a resistance to apoptosis (Trosko and Chang, 2001). The 

loss o f  gap junctional communication and a reduction in connexin expression are two 

potential mechanisms contributing to the loss o f  contact inhibition in neoplastic or tumor- 

promoter treated cells (Ruch et al., 1994; Cesen-Cummings et al., 1998). The reduction 

or complete loss o f  gap junctional communication following cell transformation or 

treatment with tumor promoters may allow cells to avoid the regulatory effects o f  

adjacent cells (Ruch et al., 1994).

Dysfunctional gap junctional communication may contribute directly to the 

development o f  a neoplastic phenotype (Cesen-Cummings et al., 1998; Postma et al.,
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1998). A  decrease in gap junctional communication is closely linked to the promotion 

phase o f  carcinogenesis and down-regulation o f  gap junctional communication has been 

observed in many tumor cell lines. However, the upregulation o f  gap junctional 

communication in tumorgenic cells reduces the rate o f  cell growth (Wam-Cramer et al.,

1998). Alternately, the transfection o f  functional connexin 43 genes into communication 

deficient cell types returns gap junctional communication and reverses the tumorgenic 

phenotype (Na et al., 2000).

A  reduction in the number o f  gap junctions and their channel permeability is a 

characteristic in many human transformed cell lines, including those transformed by ras 

oncogenes (Ruch et al., 1993). A  recent study evaluated 17 established lung tumor cell 

lines and 16 fresh human lung tumor specimens for gap junctional communication. 

Although gap junctions are known to exist between lung epithelial cells in humans, only 

two o f  the established lines demonstrated extensive gap junctional communication while 

none o f  the fresh tumor specimens demonstrated any gap junctional communication 

(Tomai et al., 1999).

Pharmacological Modulation o f  Gap Junctional Communication 

Gap junctional communication can be downregulated in vitro  and in vivo  by a 

variety o f  chemical and genetic manipulations. Genetic manipulation may involve anti

sense techniques or the transfection o f  cells with oncogenes, both o f  which may produce 

a negative effect on gap junctional communication. Anti-sense techniques have been 

shown to decrease both cell growth and connexin expression in non-transformed cells 

(Cesen-Cummings et al., 1998).
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A wide variety o f  compounds, including pesticides, pharmaceuticals, dietary 

additives, polyhalogenated hydrocarbons and peroxisome proliferators, produce 

inhibition o f  gap junctional communication (Cho et al., 2002). Several tumor promoters 

inhibit gap junctional communication both in vitro  and in vivo  (Brissette et al., 1991; 

Ruch et al., 2002; Na et al., 2000). Studies performed by Ruch et al. (2001) show that the 

tumor promoter 12-0-tetradecanoylphorbol-13-acetate (TPA), a phorbol ester, 

hyperphosphorylates connexin 43 and produces a decrease in gap junctional 

communication. Hyperphosphorylation o f  connexin 43 by TPA induces the appearance 

o f  an additional phosphorylated band, P 3 , which appears above P2 on Western blots. The 

development o f  P 3 occurs concomitantly with a decrease in unphosphorylated Po (Matesic 

et al., 1994). The rapid phosphorylation o f  connexin 43 induced by TPA occurs on serine 

residues and reduces connexin 43 expression after 24 hours (Brissette et al., 1991). TPA 

also reduces the size, permeability and number o f  gap junctions on cells (Ruch et al., 

1994).

Dieldrin is a tumor promoter that also produces rapid inhibition o f  gap junctional 

communication, a decrease in the number o f  plasma membrane-associated gap junctions, 

and a decrease in connexin 43 mRNA. Unlike TPA, however, dieldrin inhibits gap 

junctional communication by hypophosphorylation o f  connexin 43, as evidenced by the 

disappearance o f  the Pi and P2 bands, and an increase in the unphosphorylated Po 

(Matesic et al., 1994).

Additional tumor promoting compounds reduce the number o f  gap junctions and 

decrease gap junctional communication in rat liver epithelial cells (Jinn et al., 1998). The
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tumor promoter l,l-bis(p-chlorophenyl)-2,2,2-trichIoroethane (DDT) is a rat liver tumor 

promoter that has been shown to decrease hepatic gap junction size and number, in 

addition to a decrease in gap junctional communication. Phenobarbital, also a rat liver 

tumor promoter, reduces gap junction size and number as well the m RNA levels for 

connexin32 in rat liver (Ruch et al., 1994).

In addition to oncogenes and tumor promoters, reactive oxygen species play a 

significant role in carcinogenesis, directly promoting cell transformation in several in 

vivo  and in vitro  systems. Hydrogen peroxide, a well-established tumor promoter, 

produces hyperphosphorylation o f  connexin 43 in W B-F344 cells and decreases gap 

junctional communication (Cho et al., 2002). The decrease in communication is 

accompanied by a reduction in gap junction size and number. Hydrogen peroxide 

activates several components o f  the MAP kinase pathway and inhibitors o f  these 

components can prevent the reduction in gap junctional communication (Cho et al.,

2002).

Enhancement o f  gap junctional communication can also be accomplished by 

pharmacological treatment and genetic manipulation. Transfection o f  transformed cells 

with connexin cD N A  has been shown to restore the tumorgenic cell to a normal 

phenotype both in vivo  and in vitro, restoring gap junctional communication and reducing 

cell growth (Cesen-Cummings et al., 1998).

A  variety o f  natural extracts enhance gap junctional communication. As 

described by Na et al. (2000), caffeic acid phenethyl ester (CAPE), a phenolic compound 

isolated from honeybee pollen, possesses anti-inflammatory, anti-viral and anti-tumor
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properties. CAPE suppresses the growth o f  a variety o f  tumor cells and inhibits the 

response o f  cells to TPA. CAPE also induces apoptosis and inhibition o f  the transformed 

phenotype in tumor cell lines (Na et al., 2000). Pharmacological studies have shown that 

CAPE is a potent inhibitor o f  both COX-1 and COX-2 (Rossi et al., 2002), as well as a 

specific inhibitor o f  NF-kB activation (Na et al., 2000). Treatment o f  WB-Ras cells with 

CAPE induces an increase in gap junctional communication, phosphorylation o f  

connexin 43, localization o f  connexin 43 at the plasma membrane, and a decrease in p21 

ras protein levels (Na et al., 2000).

Cyclic AM P has also been shown to enhance gap junctional communication and 

connexin phosphorylation. Increases in junctional permeability, total numbers o f  gap 

junctions, and connexin 43 transcription are all associated with cAM P treatment o f  WB- 

Ras cells. Additionally, cAM P increases the P2 phosphorylated form o f  connexin 43 

along with the increase in gap junctional communication (Goodenough et al., 1996).

As previously mentioned, the inhibition o f  famesyltransferase is an attractive 

pharmacological target in ras-transformed cells. Inhibition o f  ras famesylation by either 

molecular or pharmacological means can result in an increase in cytosolic ras and 

reductions in tumor cell growth and tumorigenic phenotype expression (Ruch and Sigler, 

1994). Lovastatin, an HM G-CoA reductase inhibitor and a potent inhibitor o f  ras 

famesylation, inhibits WB-Ras cell growth and increases gap junctional communication 

while having little effect at the same concentrations on cells transformed by other 

oncogenes including raj\ src, neu, and raflmyc  (Ruch and Sigler, 1994). Additionally, 

these studies showed that lovastatin had little effect on the growth o f  W B-N eo cells.
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Lovastatin treatment increased the cytosolic p 2 1 ras concentration while decreasing the 

amount o f  p21 ras found on the plasma membrane (Ruch et al., 1993).

Additionally, chemoprotecive agents such as vitamin C, germanium dioxide, 

honeybee propolis, green tea, and Korean ginseng components prevent the inhibition o f  

gap junctional communication or return it to normal in gap junctional communication- 

deficient cells (Cho et al., 2002).

Role o f  Amidation in Tumorgenic Cell Proliferation 

As mentioned earlier, greater than 50% o f  peptide hormones and growth factors 

are synthesized as inactive, glycine-extended precursors that require a-amidation to 

become biologically active (Iwai et al., 1999). Alpha-amidation is essential for the 

activity o f  several neuroendocrine hormones. Prostate cancer cells express PAM and 

synthesize several a-amidated neuropeptides, such as adrenomedullin, which have been 

implicated as growth factors (Rocchi et al., 2001). Pituitary tumors o f  various types 

expressed PAM far more intensely and uniformly than in normal pituitary anterior lobes 

(Steel et al., 1994). These amidated hormones have also been implicated as autocrine 

growth factors for small cell lung tumors (Treston et al., 1993).

In small cell lung cancers (SCLC) and non-small cell lung cancers (NSCLC), 

autocrine growth loops involving amidated growth factors, such as gastrin-releasing 

peptide (GRP), maintain the stimulatory pathways in early carcinogenesis. Inhibition o f  

growth factor-mediated autocrine loops, therefore, provides an attractive target for these 

types o f  tumor cells. Recent experiments have demonstrated that PAM  activity is present 

in human lung tumor cell lines and that PBA inhibits PAM activity in vitro  (Iwai et al.,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 7 4

1999). The inhibition o f  PAM activity in these studies led to a reduction in amidated 

GRP and decreased growth o f  lung tumor cells. This inhibition was overcome by the 

addition o f  synthetic, a-amidated GRP. Inhibition o f  lung tumor cell growth was also 

produced when cells were transfected with a vector that expressed antisense PAM RNA  

(Iwai et al., 1999). These data strongly suggest that the inhibition o f  PAM activity is a 

potential pharmacological target for the inhibition o f  certain tumor cell types.

Rationale for Using PBA  

Several lines o f  reason suggested that PBA might affect W B-Ras cell 

growth, gap junctional communication and/or connexin 43 expression and 

phosphorylation. The experiments performed by Iwai et al. demonstrated that PBA  

inhibits the growth o f  lung tumor cells by inhibiting PAM activity in vitro. Many lung 

tumors exhibit a ras mutation, similar to that seen in transformed W B-Ras cells. 

Therefore, we hypothesize that PBA may be effective in inhibiting the growth o f  WB-Ras 

cells.

Following the metabolism o f  CAPE by esterases in the cell or in v ivo , the 

structure o f  PBA is very similar to that o f  CAPE (Figure 65), differing by only 1 carbon 

in length. Previous studies have demonstrated that CAPE increases gap junctional 

communication, phosphorylation o f  connexin 43, and localization o f  connexin 43 at the 

cell membrane while decreasing p21 ras protein levels (Na et al., 2000). Our laboratory 

has also found that PBA, like CAPE, also inhibits PGE2 synthesis mediated by COX-1 

and COX-2 in vitro  (Rossi et al., 2002). We hypothesized that, because o f  their similar 

structures and because PBA and CAPE are both inhibitors o f  PGE2 synthesis, PBA may
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Figure 65.
The structures o f  (a) 4-phenyl-3-butenoic acid (PBA), (b) caffeic acid phenethyl ester 
(CAPE), (c) PBA methyl ester (PBA-M e), (d) N-acetylphenylalanyl acrylate (APAA), 
and (e) A PAA methyl ester (APAA-M e).
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reverse the transformed phenotype similar to CAPE in this ras tumorgenic cell line and 

may ultimately be beneficial therapeutically.

Specific Aims

The general purpose o f  Part II o f  this dissertation was to determine i f  PBA acted 

as an anti-tumor compound, producing beneficial effects in a tumorgenic cell line. PBA  

was evaluated not only for its influence on the proliferation o f  normal (W B-Neo) and ras- 

transformed rat liver epithelial cells (W B-Ras), but also on cell morphology and gap 

junctional communication. It was previously unknown whether W B-N eo and WB-Ras 

cells expressed PAM and whether inhibition o f  PAM, i f  present, would alter the 

tumorgenic phenotype o f  WB-Ras cells and upregulate GJIC. Therefore, the specific 

aims o f  this part o f  the dissertation were:

1. Evaluate the effect o f  non-cytotoxic concentrations o f  PBA, its methyl ester, and two 
second-generation inhibitors o f  PAM on W B-Neo and W B-Ras cell growth.

These studies w ill determine whether PBA produces any effect on the growth o f  WB- 
Neo or W B-Ras cells. Growth studies will also be performed with PBA methyl ester 
and two second-generation inhibitors o f  PAM to determine their effects on cell 
growth. Additionally, we want to determine a concentration o f  PBA that is not 
cytotoxic to W B-Neo and WB-Ras cells so any effects observed would not be the 
result o f  drug toxicity.

2. Attempt to detect PAM activity in W B-Neo and W B-Ras cells and determine the 
effect o f  short and long-term PBA treatment on PAM activity.

Prior to these studies, PAM activity had not been evaluated in W B-Neo or WB-Ras 
cells. The presence or absence o f  PAM activity in these cells establishes whether an 
effect o f  PBA is related to the inhibition o f  PAM or some additional, unknown 
mechanism. These experiments are designed to first detect PAM  activity in both cell 
types and then, i f  present, determine the short and long-term effects o f  PBA treatment 
on PAM activity in the cells.

3. Evaluate the short and long-term effects o f  PBA on GJIC in W B-Ras cells.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



177

Previously, no data had been reported that presents a link between the amidation o f  
growth factors by PAM and GJIC between tumor cells. However, studies have 
shown that the inhibition o f  PAM activity and a reduction o f  amidated growth factors 
by PBA decreases tumor cell growth. Therefore, these experiments were designed to 
evaluate whether the inhibition o f  tumor cell growth is accompanied by an increase in 
GJIC, indicating a return o f  cells to a non-tumorgenic phenotype.

4. Evaluate the short and long-term effects o f  PBA on connexin 43 expression and 
phosphorylation in W B-Neo and WB-Ras cells.

Connexin 43 is the most prominent connexin subunit found in W B-Neo and WB-Ras 
cells. Several compounds modulate GJIC in these cells by altering the 
phosphorylation state and expression o f  connexin 43. The observation that PBA  
alters phosphorylation or expression would enlighten us to changes in the gap 
junction that influence GJIC and growth. These experiments will utilize Western 
Blots to evaluate the effect o f  short and long-term treatments o f  PBA on the 
expression and phosphorylation o f  connexin 43 in W B-Neo and W B-Ras cells.

5. Evaluate the effect o f  PBA on gap junction localization in W B-Ras cells.

Western Blot experiments detect the presence or absence o f  connexin 43 in W B-Neo 
and W B-Ras cells. They do not, however, indicate whether the connexins are located 
intracellularly or at the plasma membrane where they can, as gap junctions, facilitate 
GJIC. Therefore, these experiments will utilize immunofluorescent staining 
techniques to evaluate the effect o f  PBA on the localization o f  gap junctions in WB- 
Ras cells.
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CHAPTER 2 

METHODS

W B-Neo and WB-Ras cells were a gift from Dr. James F. Trosko at Michigan 

State University. Alpha Modification o f  Eagle's Media was from Mediatech (Herndon, 

VA). L-glutamine, Fetal Bovine Serum, Trypsin, Phosphate Buffered Saline, Nunc Lab- 

Teck 8 w ell chamber slides, and HEPES were from Fisher Scientific (Pittsburgh, PA). 

Neutral Red solution, Lucifer Yellow , phenylmethylsulfonyl fluoride (PMSF), 3- 

indolylacetic acid (IAA), normal goat serum, and Ponceau Red were from Sigma 

Chemical Co. (St. Louis, MO). Aqua-Polymount was from Polysciences, Inc. 

(Warrington, PA). Connexin 43 monoclonal antibody (Mab3086) was from Chemicon 

International (Temecula, CA). Rhodamine-conjugated anti-mouse secondary antibody 

was from Jackson Immunoresearch Laboratories (West Grove, PA). Tween-20, TRIS, 

D C  Protein Assay, SDS, nonfat dry milk, 25x alkaline phosphatase color development 

buffer, 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT), 

molecular weight standards, and all electrophoresis and transfer buffer components were 

from Biorad (Hercules, CA). Biotin-(GT) Anti-mouse IgG antibody and alkaline 

phosphatase-conjugated streptavidin were from ICN Biom edicals, Inc. (Irvine, CA). 

D ie ld r in  w a s  f ro m  A c c u s ta n d a rd  (N e w  H a v e n , C T ). P o ly v in y lid e n e  d if lu o r id e  (P V D F )
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membranes were from Millipore (Bedford, MA). All other chemicals, reagents, and 

solvents used were o f  analytical grade.

Cell Cultures

W B-Neo and WB-Ras rat liver epithelial cells, derived from a W B-F344 cell line 

(Ruch and Sigler, 1994), were .subcloned from single cells to obtain W B-N eo3 and WB- 

Rasi lines (heretofore designated W B-Neo and WB-Ras), and were used between 

passages 5 and 20. A ll cells were grown in Alpha M odification o f  Eagle's Media 

supplemented with 2 mmol/L 1-glutamine and 5% fetal bovine serum. G418 antibiotic 

was diluted 1:2 in PBS and added to media for cell growth at a concentration o f  2% (v/v) 

but was not added during experiments. Confluent cells were subcultured by 

trypisinization and plated at 5-10% confluence during each passage. A  higher plating 

confluence was used in several experiments as noted. Cells were incubated in an 

atmosphere o f  5% CO2 at 37°C.

Neutral Red Cell Viabilitv/Cvtotoxicity A ssay  

Neutral Red assays were modified from a method previously described 

(Borenfreund and Puemer, 1985) to determine acute toxicity o f  each drug. W B-Neo and 

WB-Ras cells were grown to 75-80% confluence in 1 ml o f  media on 48 w ell plates.

Each well was then treated with 10 pi o f  vehicle or drug dissolved in sterile H2O or 

DMSO for 24 hours. Following incubation, 100 pi o f  a 1:1 mixture o f  0.33% Neutral 

Red and 1 M HEPES (pH 6.8) was added to each well and allowed to incubate for 2-3 

hours at 37°C. Media was drawn o ff and each well was washed once with 0.5 ml o f  PBS 

containing 1 mM CaCE and 1 mM MgCE (Ca2+/M g2+ PBS). Cells were then solubilized
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with 0.5 ml o f  extraction buffer (50% EtOH, 1% acetic acid in H2O). The plate was 

gently shaken and the absorbance o f  each well was read at 562 nm. The percent 

inhibition was calculated by dividing the absorbance o f  drug treated w ells by the 

absorbance o f  control wells and multiplying by 100.

Cell Growth Assays

To determine the effect o f  each drug on cell growth, W B-Neo and WB-Ras cells 

were plated at -5-10%  confluence in 1 ml o f  media on 48 well plates and allowed to 

incubate for 24 hours. Cells were then treated with 10 pi o f  vehicle or drug dissolved in 

sterile H2O or DM SO and incubated at 37°C for the duration o f  the experiment. Neutral 

Red assays were performed as described above on days 0 ,2  and 5 to determine the effect 

o f  each drug on cell growth. Cell growth was determined in additional experiments by 

counting cells on a hemocytometer. In these experiments, cells were plated at -5-10%  

confluence in 2 ml o f  media on 35 mm dishes and allowed to acclimate for 24 hours. 

Cells were then treated with 10 pi o f  vehicle or drug dissolved in sterile H2O or DMSO  

and incubated at 37°C for the duration o f  the experiment. Following incubation, media 

was removed, cells were washed once with PBS, and treated with 0.5 ml o f  trypsin until 

cells no longer adhered to the dish. Following trypsinization, 1.5 ml o f  media was added 

to each dish. Cells in solution were then counted on a hemocytometer to determine the 

number o f  cells per milliliter in each dish.

Fluorescence D ye Transfer Assay 

To determine the effect o f  each compound on gap junctional communication, a 

fluorescence dye transfer assay was performed as previously described (Jou et al., 1993).
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Briefly, cells were incubated in 2 ml o f  media with 20 p.1 o f  vehicle or drug in 35 mm 

dishes and grown to ~90% confluence. One dish in each group was treated with 2 pi o f  

dieldrin (10 mM stock solution in DM SO) 1 hour prior to assay. Dishes were then

9 +  9  4-

washed once with Ca /M g PBS and twice with PBS. One ml o f  Lucifer Y ellow  dye 

(0.5 mg/ml in PBS) was then added to each dish and five to eight score lines were made 

in the cell monolayer with a surgical blade. Dishes were kept in the dark for 2 minutes, 

then washed 3 times with PBS and 1 time with Ca2+/M g2+ PBS. Cells were fixed with 

1.5 ml o f  4% formaldehyde for 15 minutes then washed again with PBS. A  drop o f  

Aqua-Polymount was placed in the middle o f  each dish and a cover slip was placed on 

top and sealed with clear nail polish. Fluorescence was observed using a Leitz 

microscope with a lOx objective lens. Several areas on each dish were photographed and 

the number o f  fluorescent cells adjacent to score lines were counted. The number o f  

communicating cells was determined by subtracting the average number o f  fluorescent 

cells per unit area in the dieldrin treated dishes (non-communicating cells) from the 

number o f  fluorescent cells per unit area in vehicle and drug-treated dishes.

PAM Activity

The effect o f  PBA on PAM  activity in W B-Neo and W B-Ras cells was 

determined using a modification o f  a method previously described (Oldham et al., 1992). 

Briefly, W B-Neo and WB-Ras cells were grown in 15 ml o f  media with 150 pi o f  vehicle 

or drug solution in 75 cm2 flasks to 90-100% confluence. Each treatment group consisted 

o f  two flasks. Following treatment, cells were washed 4 times with 0.9% saline, then 

scraped from each flask and transferred to centrifuge tubes. Suspensions were
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centrifuged for 20 minutes at 400 x g to pellet cells and the supernatant was removed.

The pellet was resuspended in 500 pi o f  50 mM MES buffer (pH 6.6) and frozen at 

-70°C. The cells were then thawed and centrifuged at 16,000 x g for 20 minutes. The 

supernatant was collected for measuring soluble PAM activity. The remaining pellet was 

resuspended in 500 pi o f  50 mM MES buffer (pH 6.6) containing 1% Triton-X 100 for 30 

minutes. The cells were centrifuged again at 16,000 x g to pellet cell debris. The 

supernatant was collected for measuring membrane bound PAM activity. All samples 

were then assayed for PAM activity using the PAM assay previously described in Part 1 

(Chapter 2).

Preparation o f  Membrane-Enriched/Alkali-Resistant Fraction for Western Blot Analysis 

W B-Neo and WB-Ras cells were grown in 15 ml o f  media with 150 pi o f  vehicle 

or drug solution in 75 cm flasks to 90-100% confluence. Media was removed and the 

cells were washed with 25 ml o f  PBS. After removal o f  PBS, 0.375 ml o f  a buffer 

containing 10 mM TRIS (pH 7.5), 10 mM IAA, and 1 mM PMSF was swirled over the 

cells (Matesic et al., 1994). Next, 0.55 ml o f  a 40 mM NaOH solution was added and 

swirled over the cells, which were then scraped and transferred to microcentrifuge tubes 

on ice. Each sample was sonicated with two 15 second pulses at 35% max power o f  a 

Bronson Cell Disruptor 185 Sonicator, allowing 1-2 minutes between pulses. Samples 

were then centrifuged at 14,000 x g for 30 minutes at 4°C. Supernatants were removed 

and the pellets were washed with 1 ml o f  buffer containing 10 mM TRIS (pH 7.5), and 1 

mM PMSF (TRIS/PMSF buffer). Samples were centrifuged at 14,000 x g for 15 minutes 

at 4°C and the supernatants were again removed. Each pellet was resuspended in 75 pi o f
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TRIS/PMSF buffer and three 5 fj.1 aliquots were removed for total protein assay. The 

remaining sample was frozen in liquid nitrogen and stored at -20°C.

Total Protein Assay

The total protein concentration o f  each extracted sample was determined using the 

Bio-Rad D C  protein assay. Briefly, 20 pi o f  water and 1 pi o f  10% SDS was added to 

each 5 pi aliquot taken from samples. Standards o f  BSA  were made ranging from 0.05 

mg/ml to 0.75 mg/ml in 25 pi o f  deionized water and 1 pi o f  10% SDS. Water and buffer 

blanks were also included. Five hundred microliters o f  reagent A' was added to each tube 

and vortexed. One ml o f  reagent B was then added and vortexed. The absorbance o f  

each solution was measured at 750 nm after 15-30 minutes. The total protein 

concentration o f  each sample was determined by comparison with BSA  standards. 

Separation o f  Samples by SDS Gel Electrophoresis and Protein Transfer

Samples were diluted with water and 9 pi o f  sample buffer (500 pi o f  0.25 M 

TRIS pH 6.8, 8% SDS, 10% glycerol, 0.02% Bromophenol Blue and 100 pi o f  P- 

mercaptoethanol) so that the total protein concentration o f  each solution (final volume o f  

35 pi) was equal. Each sample was added to a 1 mm, 10 well, 12.5% acrylamide gel. A  

molecular weight standard was added to the first lane o f  each gel. Gels were run at 60V  

until the samples had passed through the stacking gel, then at 12Q-150V until the 31 K 

MW band neared the bottom edge o f  the gel.

Western Blot Analysis o f  Connexin 43

Immunoblot analysis o f  connxein 43 bands was performed based on a method 

previously described (Matesic et ah, 1994). For protein transfer to PVDF membranes,
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each gel was soaked for 2-3 minutes in a transfer buffer containing 20% methanol, in 

standard IX  transfer buffer (0.025 M TRIS and 0.191 M glycine) and 0.02% SDS. 

Proteins were transferred at 20V overnight with an ice pack and stir bar in the transfer 

chamber. Following transfer, each PVDF membrane was washed twice in water for 2-3 

minutes before staining with Ponceau Red to visualize the proteins on the membrane.

Following Ponceau Red staining, the membranes were placed for 1 hour in a 

block buffer containing 4% nonfat dry milk, 40 mM TRIS HC1 (pH 7.5), and 0.1%  

Tween-20. The block buffer was filtered through Whatman filter paper prior to use. 

Membranes were then incubated overnight with Cx43 primary antibody (2 p i/10 ml 

blocking buffer) with gentle shaking at 4°C. Following incubation, membranes were 

washed three times for 5 minutes in block buffer and incubated at room temperature for 1 

hour with a secondary antibody (anti-rabbit biotinylated Ab 25 pl/lOml blocking buffer) 

on a shaker. Membranes were again washed three times for five minutes with block 

buffer. They were then incubated for 1 hour at room temperature on a shaker with 

alkaline phosphatase streptavidin (diluted 1:250 in block buffer containing 0.5 M NaCl). 

The membranes were then washed two times for 5 minutes with block buffer containing 

0.5 M NaCl, then twice for 5 minutes with a buffer containing 5 mM TRIS HC1 (pH 7.5), 

0.5 M NaCl, and 0.05% Tween 20. An alkaline-phosphatase buffer containing 

BCIP/NBT was then incubated with each membrane for 20-30 minutes at room  

temperature to visualize the Cx43 immunoreactive bands. Membranes were then washed 

with water and dried on filter paper.
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Connexin 43 Immunofluorescent Staining 

Immunofluorescent staining was performed using a method previously described 

(Matesic et al., 2001). WB-Ras cells were plated and grown to ~95% confluence on Lab- 

Teck 8 well chamber slides in 400 pi o f  media and 4 pi o f  vehicle or drug. Each chamber 

was washed twice with PBS and the cells were then were fixed for 10 minutes with a 

solution o f  95% EtOH and 5% acetic acid cooled to -20°C. Each chamber was then 

washed with PBS and blocked for 2 hours at room temperature with 250 pi o f  10% 

normal goat serum in PBS and 0.05% Tween-20. A  monoclonal antibody to connexin 43 

was diluted 1:250 in 1% BSA in PBS and 0.05% Tween-20 and used as a primary 

antibody. The fixed cells were incubated with connexin 43 primary antibody overnight at 

4°C with gentle shaking then washed twice with a 1% B SA  buffer. Rhodamine- 

conjugated secondary antibodies were diluted 1:200 in 1% BSA  and 1% normal goat 

serum in PBS. The secondary antibody solution was centrifuged at 5000 x g for 15 

minutes at 4°C before adding 100 pi to each chamber. The cells were incubated with 

secondary antibody in the dark for 2 hours then washed three times with 1% B SA  buffer. 

The plastic seal was removed from the slide and the cells were then mounted in 

Polysciences Aqua-Polymount. Gap junction plaques were visualized with a Leitz 

microscope using a 40x or a lOOx objective lens and digitally photographed.

Statistical Analysis 

Data are presented as the mean ±  standard error o f  the mean (S.E.M .).

Significance was determined using the Student's t test to compare the means between two 

groups. The one-way analysis o f  variance (ANO VA) was used to test for significance
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between repeated measures. Tukey's post-hoc test was used following the one-way 

ANOVA to determine significant differences within a group. A  probability o f  P < .05 

was considered statistically significant in all calculations.
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CHAPTER 3 

RESULTS

Effect o f  PBA on W B-Neo and W B-Ras Cell Growth

Evaluation o f  the effect o f  PBA on cell growth o f  W B-Neo and WB-Ras cells was 

performed by two independent methods. Prior to evaluating the effect o f  PBA on WB- 

N eo and WB-Ras cell growth, we first performed cytotoxicity experiments using a 

Neutral Red uptake assay to determine maximal concentrations o f  drug that were not 

cytotoxic to the cells. Since only viable cells take up Neutral Red dye, this assay can be 

used to assess the cytotoxicity o f  a compound. The acute cytotoxic effect o f  PBA on 80- 

90% confluent W B-Neo and WB-Ras cells was determined at 24 hours using various 

concentrations o f  PBA ranging from 0.1 to 10 mg/ml. A s shown in Figure 66, a 

concentration o f  0.1 mg/ml o f  PBA was found to be non-cytotoxic to W B-Neo and WB- 

Ras cells when compared to vehicle-treated controls. W e observed that all concentrations 

evaluated above 0.1 mg/ml produced a significant cytotoxic effect in both cell types.

After establishing the highest concentration o f  PBA that was not cytotoxic to WB- 

N eo and WB-Ras cells, we evaluated the effects o f  PBA on cell growth using: 1) Neutral 

Red assays, at lower cell confluence and over longer time periods than the cytotoxicity  

a ssa y , to  d e te rm in e  th e  n u m b e r  o f  l iv in g  c e lls  p re s e n t  fo llo w in g  d ru g  tr e a tm e n t;  a n d  2)

187
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Figure 66.
Cytotoxic effect o f  PBA on W B-Neo and W B-Ras cells. Concentrations o f  PBA ranging 
from 0.1 to 10 mg/ml were incubated with 80-90% confluent W B-Neo and WB-Ras cells 
for 24 hours. Following incubation, Neutral Red assays were performed as described in 
“M ethods” to determine the cytotoxic effect o f  each concentration. W B-Neo cells (• );  
WB-Ras cells (■). Data are presented as the mean ± S.E.M. for each group (n=6).
* Statistically significant (P < .05) compared to controls (Student’s t test).
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trypsinization o f  cells followed by hemocytometer cell counts, to provide a count o f  the 

total number o f  cells without distinguishing between viable and non-viable cells.

To determine the effect o f  PBA on W B-Neo and WB-Ras cell growth using the 

Neutral Red assay, each cell type was plated at 5-10% confluence on 48 well plates.

Cells were then treated once with PBA at a concentration o f  0.1 mg/ml or vehicle.

Neutral Red assays were performed on days 0, 2, and 4 to determine the effect o f  PBA on 

cell growth. Results showed that treatment with PBA produced no significant change in 

W B-Neo cell growth through day 4 (Figure 67). In W B-Ras cells, however, PBA  

treatment produced a significant decrease o f  50% in cell growth on day 4 (Figure 68).

To determine the effect o f  PBA on W B-Neo and WB-Ras cell growth by counting 

cells using a hemocytometer, each cell type was plated at 5-10% confluence on 35 mm 

dishes. Cells were then treated either once on day 0 or multiple times on days 0, 1, and 4 

with PBA at a concentration o f  0.1 mg/ml. Controls were treated with an equal volume 

o f  vehicle. On days 2 and 5 (W B-Neo) or days 2 and 6 (W B-Ras), cells were trypsinized 

from the dishes and counted using a hemocytometer to determine the effect o f  PBA on 

cell growth. A  single treatment with PBA produced a small but significant decrease in 

W B-Neo cell growth on day 5. The growth o f  W B-Neo cells was substantially more 

inhibited by multiple treatments o f  PBA (Figure 69). A  single treatment with PBA  

significantly inhibited WB-Ras cell growth by 54% on day 5 following a single 

treatment. As seen in W B-Neo cells, multiple treatments with PBA also produced more 

potent inhibition o f  W B-Ras cell growth (Figure 70). It should be noted that the number
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Figure 67.
Effect o f  PBA on W B-Neo cell growth. W B-Neo cells were grown to 90-100%  
confluence over 4 days in the presence o f  PBA (0.1 mg/ml). Neutral Red assays were 
performed on days 0, 2, and 4 as described in “M ethods” to determine the effect on cell 
growth. Vehicle treated ( • ) ;  PBA treated (■). Data are presented as the mean ± S.E.M. 
for each group (n=6).
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Figure 68.
Effect o f  PBA on WB-Ras cell growth. WB-Ras cells were grown to 90-100%  
confluence over 4 days in the presence o f  PBA (0.1 mg/ml). Neutral Red assays were 
performed on days 0 ,2 ,  and 4 as described in “M ethods” to determine the effect on cell 
growth. Vehicle treated ( • ) ;  PBA treated (■). Data are presented as the mean ±  S.E.M. 
for each group (n=6).
* Statistically significant (P < .05) compared to controls (Student’s t test).
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Figure 69.
Effect o f  single or multiple treatments o f  PBA on W B-Neo cell growth. W B-Neo cells 
were grown to 90-100% confluence over 5 days in 35 mm dishes. Cells were treated 
with PBA (0.1 mg/ml) on day 0 or days 0, 1, and 4. Cells were counted on a 
hemocytometer on days 0, 2, and 5 to determine the effect o f  PBA on cell growth. 
Vehicle treated ( • ) ;  PBA treated day 0 (■); PBA treated days 0, 1, and 4 ( A ) .  Data are 
presented as the mean ±  S.E.M. for each group (n=4).
* Statistically significant (P < .05) compared to controls (Tukey’s test).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



193

800

700

600

500 -
3.
w 400
a>
O

300

200

100

0 -
0 1 2 3 4 5 6 /

Time (days)

Figure 70.
Effect o f  single or multiple treatments o f  PBA on W B-Ras cell growth. W B-Ras cells 
were grown to 90-100%  confluence over 6 days in 35 mm dishes. Cells were treated 
with PBA (0.1 mg/ml) on day 0 or days 0, 1, and 4. Cells were counted on a 
hemocytometer on days 0, 2, and 6 to determine the effect o f  PBA on cell growth. 
Vehicle treated ( • ) ;  PBA treated day 0 (■); PBA treated days 0, 1, and 4 ( A ) .  Data are 
presented as the mean ±  S.E.M. for each group (n=4).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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o f  cells counted in these experiments never fell below the number present on day 0, 

indicating that cells were sufficiently viable to undergo some cell division.

Cytotoxic Effect o f  PBA on W B-Neo and WB-Ras Cells During Long-Term Treatments 

Several experiments performed herein required long-term treatments with PBA o f  

up to 6 days. To determine whether PBA was cytotoxic during long-term treatments (up 

to 6 days), W B-Neo and WB-Ras cells were treated once with PBA on day 0 or 

repeatedly on days 0, 1, and 4 at concentration o f  0.1 mg/ml. Control cells were treated 

with equal volumes o f  vehicle. Neutral Red assays were performed on days 0, 2, and 6 to 

determine the degree o f  dye uptake into viable cells during cell growth. Additionally, 

cell counts were made on days 0, 2, and 6 using a hemocytometer. The absorbance 

obtained by the Neutral Red assay, representing viable cells, was divided by the number 

o f  cells counted by hemocytometer, which represented both viable cells and dead cells 

that are still visible. This produced a ratio o f  viable cells to total cells, indicating whether 

drug treatment produced a cytotoxic effect. We observed in Figure 71 that long-term  

treatment with PBA produced no significant cytotoxic effect on W B-N eo or WB-Ras 

cells treated once with PBA on day 0. Furthermore, there was no significant cytotoxic 

effect on W B-Neo cells treated 3 times with PBA. However, Figure 71 demonstrates that 

multiple treatments with PBA did produce a significant cytotoxic effect on W B-Ras cells 

on day 2 o f  the experiment. These results suggested that W B-Ras cells receiving 

multiple doses o f  PBA took up less NR dye per cell compared to a single dose o f  PBA, or 

that a fraction o f  the cells took up no dye while others were 100% viable.
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Figure 71.
Cytotoxic effect o f  PBA on W B-Neo and W B-Ras cells during long-term treatments. 
W B-Neo and W B-Ras cells were grown to 90-100% confluence over 6 days. Cells were 
treated with PBA (0.1 mg/ml) on day 0 or on days 0 ,1 ,  and 4. Total cell counts were 
made by hemocytometer on days 2 and 6 as described in "Methods". Neutral Red assays 
were also performed on days 2 and 6 as described in “M ethods” to measure o f  cell 
viability. Absorbance values from the Neutral Red assays were divided by the total 
number o f  cells counted by hemocytometer to obtain a ratio o f  viable cells to total 
number o f  cells. Open bars- Day 2; dark bars- Day 6. Data are presented as the mean ±  
S.E.M. for each group (n=4).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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Effect o f  PBA on PAM Activity in W B-Neo and W B-Ras Cells 

To determine whether the inhibitory effect o f  PBA on WB-Ras cell growth was 

related to the inhibition o f  PAM activity, we first evaluated whether W B-Neo or WB-Ras 

cells expressed PAM that was sensitive to PBA. To accomplish this, untreated WB-Ras

'y

cells, as well as W B-Neo cells, were grown to 95-100% confluence in 75 cm flasks and 

cell lysates were assayed for PAM activity as described in “M ethods”. Additionally, 

PBA (250 pM) was added to the reaction mixture o f  several cell lysate samples to 

determine whether any observed PAM activity was sensitive to our compound. As 

shown in Figure 72, we observed PAM activity in both the soluble and membrane bound 

fractions o f  untreated W B-Neo cell lysates. Addition o f  PBA to the reaction mixture 

inhibited PAM activity by 72% and 89% in the soluble and membrane bound fractions, 

respectively. WB-Ras cells also expressed PAM activity in both the soluble and 

membrane bound fractions (Figure 73), although PAM activity appeared to be lower in 

these cells than in W B-Neo cells. Again, we observed that the addition o f  PBA to the 

reaction mixture inhibited PAM activity by 50% and 57% in the soluble and membrane 

bound fractions, respectively.

Having established that our cells expressed PAM that was PBA-sensitive, we 

conducted experiments to determine the effects o f  PBA treatment on intracellular PAM  

activity in each cell type. To accomplish this, cells were treated with vehicle for 4 days 

or PBA for 24 hours or 4 days and grown to 95-100% confluence in 75 cm2 flasks. Cells 

were then assayed for PAM activity as described in “M ethods”. Since PAM activity in 

each fraction was somewhat low, we evaluated total PAM activity in these experiments.
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Figure 72.
Effect o f  PBA on soluble and membrane bound PAM activity in W B-Neo cells. 
Untreated W B-Neo cells were grown to 95-100% confluence in eight 75 cm2 flasks 
which were combined and assayed for PAM activity as described in “M ethods”. PBA  
(250 (iM) was added to reaction mixtures to determine whether PAM in these cells was 
susceptible to inhibition by PBA. Data are presented as mean PAM  activity for each 
group (n = l). A ssay error was less than 10% for all groups.
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Figure 73.
Effect o f  PBA on soluble and membrane bound PAM activity in W B-Ras cells.
Untreated W B-Ras cells were grown to 95-100% confluence in eight 75 cm2 flasks which 
were combined and assayed for PAM activity as described in “M ethods”. PBA (250 pM) 
was added to reaction mixtures to determine whether PAM in these cells was susceptible 
to inhibition by PBA. Data are presented as mean PAM activity for each group (n= l). 
A ssay error was less than 10% for all groups.
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As shown in Figure 74, PBA treatment for 24 hours or 4 days produced inhibition o f  

PAM activity in W B-Neo cells. PBA treatment for 24 hours also produced inhibition o f  

PAM activity in WB-Ras cells (Figure 74). Flowever, w e observed in this experiment 

that cells treated with PBA for 4 days expressed PAM activity that was not substantially 

different than vehicle-treated controls.

Since the previous experiment only had an “n” value o f  1 for each group, we 

repeated this experiment with an “n” value o f  3, with two 75 cm2 flasks o f  cells per 

group. We observed in Figure 75 that PBA inhibited PAM activity in W B-Neo cells and 

was significant following a 4 day treatment. Furthermore, we observed that both 24 hour 

and 4 day PBA treatments produced significant inhibition o f  PAM  activity in WB-Ras 

cells compared to vehicle-treated controls. A  similar trend was observed in each 

experiment in which the inhibition o f  PAM activity was less after 4 days than after the 

first 24 hours.

Effect o f  PBA on Gap Junctional Communication 

Having determined that PBA has a more potent effect on W B-Ras cell growth 

than W B-Neo cell growth, studies were performed to evaluate changes in WB-Ras cells 

resulting from PBA treatment. Decreased gap junctional communication is a hallmark o f  

WB-Ras cells compared to their non-transformed counterparts, W B-Neo. To determine 

whether PBA produced an effect on gap junctional communication, W B-Ras cells were 

plated in 35 mm dishes and treated once with PBA (0.1 mg/ml) on day 0 or repeatedly on 

days 0, 1, and 3. One dish in each group was treated with dieldrin (10 pM ) to completely 

inhibit gap junctional communication and determine the number o f  cells that took up the
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Figure 74.
Effect o f  PBA on total PAM activity in single groups o f  W B-Neo and W B-Ras cells. 
Vehicle or PBA-treated W B-Neo and WB-Ras cells were grown to 95-100%  confluence 
in eight 75 cm2 flasks which were combined and assayed for PAM activity as described 
in “Methods”. Data are presented as mean PAM activity for each group (n -1 ). Assay  
error was less than 10% for each group.
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Figure 75.
Effect o f  PBA on total PAM activity in W B-Neo and WB-Ras cells. Vehicle or PBA- 
treated W B-Neo and WB-Ras cells were grown to 95-100%  confluence in 75 cm2 flasks. 
Each group consisted o f  cells from 2 flasks. Cells were extracted and assayed for PAM  
activity as described in “M ethods”. Data are presented as mean PAM activity ±  S.E.M  
for each group (n=3).
* Statistically significant (P < .05) compared to controls (Tukey’s test).
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dye along the score line. The number o f  fluorescent cells counted in the dieldrin-treated 

dishes was subtracted from the counts obtained in the vehicle or PBA-treated dishes to 

determine only the number o f  cells that were communicating the dye. Fluorescence dye 

transfer assays were performed following different treatment periods: 6 hours following a 

single treatment, 2 days following single and multiple treatments, and 5 days following  

single and multiple treatments with PBA. Results showed that PBA produced no 

significant increase in the number o f  communicating cells 6 hours follow ing a single 

treatment (Figure 76). A  higher dose o f  0.5 mg/ml was included in the 6 hour experiment 

to determine whether a higher dose would produce any acute effects on communication. 

PBA did, however, produce significant increases in the number o f  communicating cells 2 

and 5 days following a single treatment (Figure 77 and 78). Significant increases were 

also observed on days 2 and 5 following multiple treatments with PBA (Figure 77 and 

78). The increase in communication on day 2 after multiple treatments was slightly  

greater than the effect seen on day 2 following a single treatment while the increase 

observed on day 5 after a multiple treatment was less prominent than the single treatment. 

The effect o f  PBA on W B-Neo gap junctional communication was not tested because 

W B-Neo cells have a high level o f  communication and an effect would be difficult to 

detect with assay used in this study.

Effect o f  PBA on Connexin 43 Expression and Phosphorylation 

The increase in gap junction intercellular communication between W B-Ras cells 

can result from several physiological changes in the cell. Such changes can include the 

expression and phosphorylation state o f  the gap junction connexin subunits. Therefore,
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Figure 76.
Effect o f  6 hour PBA treatment on gap junction intercellular communication. WB-Ras 
cells were grown to 90-100%  confluence on 35 mm dishes. Cells were then treated with 
PBA (0.1 or 0.5 mg/ml) for 6 hours. Control and dieldrin dishes were treated with an 
equal volume o f  vehicle. Fluorescence dye transfer assays were performed as described 
in “M ethods” to determine the effect o f  PBA on communication. Values from dieldrin 
treated dishes were subtracted as background for each group. Vehicle treated (a); vehicle  
+ dieldrin (b); PBA 0.1 mg/ml (c); PBA 0.5 mg/ml (d); chart representing data (e). Data 
are presented as the mean ±  S.E.M. for each group (n=8).
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Figure 77.
Effect o f  2 day PBA treatment on gap junction intercellular communication. WB-Ras 
cells were grown to 90-100% confluence on 35 mm dishes over 2 days. Cells were 
treated with PBA (0.1 mg/ml) on day 0 or on days 0 and 1. Control and dieldrin dishes 
were treated with an equal volume o f  vehicle. Fluorescence dye transfer assays were 
performed on day 2 as described in “M ethods” to determine the effect o f  PBA on 
communication. Values from dieldrin treated dishes were subtracted as background for 
each group. Vehicle treated (a); vehicle + dieldrin (b); PBA treatment day 0 (c); PBA  
treatments day 0 and 1 (d); chart representing data (e). Data are presented as the mean ±  
S.E.M. for each group (n=8).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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Figure 78.
Effect o f  5 day PBA treatment on gap junction intercellular communication. WB-Ras 
cells were grown to 90-100% confluence on 35 mm dishes over 5 days. Cells were 
treated with PBA (0.1 mg/ml) on day 0 or on days 0, 1, and 3. Control and dieldrin 
dishes were treated with an equal volume o f  vehicle. Fluorescence dye transfer assays 
were performed on day 5 as described in “M ethods” to determine the effect o f  PBA on 
communication. Values from dieldrin treated dishes were subtracted as background for 
each group. Vehicle treated (a); vehicle + dieldrin (b); PBA treatment day 0 (c); PBA  
treatments days 0, 1, 3 (d); chart representing data (e). Data are presented as the mean ±  
S.E.M. for each group (n=8).
* Statistically significant (P < .05) compared to controls (Tukey's test).
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we evaluated the ability o f  PBA to alter expression and phosphorylation o f  connexin 43 

in both W B-Neo and WB-Ras cells. Two independent experiments were performed to 

determine the effect o f  PBA (0.1 mg/ml) on connexin 43 expression and phosphorylation. 

Each experiment was performed with duplicate flasks for each treatment that were run on 

two separate gels. One gel representative o f  each experiment is shown in Figure 79. In 

the first experiment, represented in Figure 79a, 75 cm2 flasks o f  W B-N eo cells were 

treated for 4 days with vehicle only (lane 2), vehicle for 4 days then dieldrin 1 hour prior 

to extraction (lane 3), PBA for 2 days (lane 4) or PBA for 4 days (lane 5). Similarly, 75 

cm flasks o f  WB-Ras cells were treated for 4 days with vehicle only (lane 6), vehicle for 

4 days then dieldrin 1 hour prior to extraction (lane 7), PBA for 2 days (lane 8) or PBA  

for 4 days (lane 9).

W e observed that vehicle-treated W B-Neo cells expressed three distinct 

phosphorylation bands, Po, Pi, and P2 (lane 2), and that dieldrin treatment virtually 

eliminated the P2 band (lane 3). These results were similar to previous observations 

made by de Feijter et al. (1994). Additionally, we observed that 2 and 4 day treatments 

with PBA had little effect on the expression or phosphorylation o f  connexin 43 in WB- 

N eo cells (lanes 4 and 5). A s shown in lane 6, vehicle-treated W B-Ras cells expressed 

less connexin 43 than vehicle-treated W B-Neo cells. Additionally, lane 6 and lane 7 

demonstrate that there was little visualization o f  the Pi or P2 bands in vehicle-treated or 

dieldrin-treated W B-Ras cells. These results were also similar to previous observations 

made by de Feijter et al. (1994). Most importantly, we observed in this experiment that a
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Figure 79.
Effect o f  PBA on connexin 43 expression and phosphorylation in W B-Neo and WB-Ras 
cells. W B-Neo and WB-Ras cells were grown to 90-100% confluence in 75 cm2 flasks 
over 5 days. These results are representative o f  duplicate experiments performed in 
separate sets o f  flasks and run on separate gels. The 41 kDa molecular weight marker is 
shown in lane 1 o f  each blot. In one experiment (a), W B-Neo cells were treated with 
vehicle (lane 2), vehicle and dieldrin (lane 3), or PBA (0.1 mg/ml) for 2 days (lane 4) or 4 
days (lane 5). Additionally, WB-Ras cells were also treated with vehicle (lane 6), vehicle 
and dieldrin (lane 7), or PBA (0.1 mg/ml) for 2 days (lane 8) or 4 days (lane 9). In a 
separate experiment (b), W B-Neo cells were treated with vehicle (lane 2) or vehicle and 
dieldrin (lane 3). W B-Ras cells in this experiment were treated with vehicle (lane 4), 
vehicle and dieldrin (lane 5), PBA (0.1 mg/ml) for 24 hours (lane 6), 2 days (lane 7), or 4 
days (lane 8), or PBA for 4 days then treated with dieldrin (lane 9). Western blots in each 
experiment were made as described in "Methods". Dieldrin treatments occurred 1 hour 
prior to cell extraction.
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2 day (lane 8) and a 4 day (lane 9) treatment with PBA produced a substantial increase in 

the expression o f  the Pi and P2 bands by WB-Ras cells.

Several o f  these results were repeated in a second experiment, represented by 

Figure 79b. In this experiment, 75 cm2 flasks o f  W B-Neo cells were treated for 4 days 

with vehicle only (lane 2), or vehicle for 4 days then dieldrin 1 hour prior to extraction 

(lane 3). A lso, 75 cm2 flasks o f  WB-Ras cells were treated with for 4 days vehicle only 

(lane 4), vehicle for 4 days then dieldrin 1 hour prior to extraction (lane 5), PBA for 24 

hours (lane 6), PBA for 2 days (lane 7) PBA for 4 days (lane 8), or PBA for 4 days then 

dieldrin treatment 1 hour prior to extraction (lane 9).

W e again observed the expression o f  the Po, Pi, and P2 bands by vehicle-treated 

W B-Neo cells (lane 2) and that dieldrin treatment 1 hour prior to extraction 

downregulated the expression o f  the P2 band (lane 3). Additionally, we observed that 

vehicle-treated WB-Ras cells express primarily Po (lane 4) and that dieldrin treatment 

produced little effect on the phosphorylation o f  connexin 43 in vehicle-treated cells (lane 

5). Unlike the first experiment, we also observed the expression o f  Pi and P2 bands in 

WB-Ras cells treated with PBA for just 24 hours (lane 6). On this blot, expression o f  Pi 

and P2 appeared to increase with the length o f  PBA treatment, as demonstrated by lane 6 

(24 hours), lane 7 (2 days), and lane 8 (4 days). Furthermore, w e observed in lane 9 that 

the P2 band, induced by a 4 day PBA treatment, was reduced by a 1 hour treatment with 

dieldrin prior to extraction. This result suggested that the P2 band induced by PBA is the 

same as the P2 band normally expressed by W B-Neo cells (Figure 79a and 79b, lane 2).
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Effect o f  PBA on Gap Junction Localization on the Cell Membrane 

To further evaluate effects o f  PBA on gap junctions in WB-Ras cells, we  

determined whether PBA altered the localization o f  gap junctions in W B-Ras cells. Gap 

junctions in W B-Neo cells are localized predominantly on the cell membrane, allowing 

intercellular communication to occur. W B-Ras cells do not express as many gap 

junctions on the cell membrane as W B-Neo cells, contributing to the reduced intercellular 

communication. To determine the effect o f  PBA on gap junction membrane localization, 

WB-Ras cells were treated once with vehicle or PBA at a concentration o f  0.1 mg/ml for 

4 days on 8 w ell chamber slides. Following treatment, connexin 43 was visualized by 

immunofluorescence staining o f  gap junction plaques. N o fluorescence was observed in 

w ells that were developed without primary antibody (Figure 80a). A  significant increase 

in the percentage o f  the cell membrane covered with immunostained gap junctions was 

observed in w ells treated with PBA (Figure 80d and 80e) compared to vehicle (Figure 

80b and 80c). Additionally, PBA-treated W B-Ras cells appeared both larger and more 

spherical than vehicle-treated WB-Ras cells. In general, more gap junctions were present 

along the membranes o f  these morphologically altered cells than untreated WB-Ras cells. 

Immunostained gap junctions were more frequently visible within the intracellular and 

peri-nuclear spaces o f  vehicle-treated WB-Ras cells than PBA-treated cells, which tended 

to express their gap junctions at the cell membrane.
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Vehicle

Figure 80.
Effect o f  PBA on WB-Ras gap junction connexin 43 expression and localization. WB- 
Ras cells were incubated with PBA (0.1 mg/ml) on an 8 w ell chamber slide for 4 days 
until cells reached 90-100% confluence. Immunofluorescence staining for gap junctions 
was performed as described in “M ethods”. N o primary antibody (a); vehicle treated 
(b+c); PBA 0.1 mg/ml (d+e); chart representing data (f). Data are representative o f  two 
independent experiments and are presented as the mean ±  S.E.M. for each group (n=6).
* Statistically significant (P < .05) compared to controls (Student's t test).
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Effect o f  PBA-M e, APAA. and APAA-M e on Cell Growth 

Effect o f  PBA-M e on W B-Neo and WB-Ras Cell Growth

To determine the effect o f  PBA-M e on W B-Neo and W B-Ras cell growth, each 

cell type was plated at 5-10% confluence on 48 well plates. Cells were treated once with 

PBA-M e at a concentration o f  0.01 mg/ml. Control w ells were treated with an equal 

volume o f  vehicle (DM SO). Neutral Red assays were performed on days 0, 2, and 4 to 

evaluate cell growth. Like PBA, treatment with PBA-M e produced no significant change 

in W B-Neo cell growth through day 4 (Figure 81). A lso similar to PBA, we observed 

that PBA-M e produced a significant decrease o f  50% in WB-Ras cell growth on day 4 

(Figure 82). Although PBA-M e appeared to produce the same effects as PBA at a ten 

fold lower concentration, further evaluation o f  PBA-M e in communication and connexin 

43 studies were not performed due to the high concentration o f  DM SO (1%) required to 

make PBA-M e soluble at 0.01 mg/ml in media.

Effect o f  APAA and APAA-M e on W B-Neo and WB-Ras Cell Growth

To determine the effect o f  both APAA and APAA-M e on W B-N eo and WB-Ras 

cell growth, each cell type was plated at 5-10% confluence on 48 w ell plates. Cells were 

treated once with APAA or APAA-M e at various concentrations. Control w ells were 

treated with an equal volume o f  vehicle (DM SO). Neutral Red assays were performed on 

days 0, 2, and 4 to evaluate cell growth. Unlike PBA and PBA-M e, both APAA and 

APAA-M e produced greater inhibition o f  W B-Neo cell growth than W B-Ras cell growth 

at all concentrations evaluated. These results also show that A PAA was more potent than 

PBA, producing 90% inhibition o f  W B-Neo growth and 65% inhibition o f  W B-Ras cell
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Figure 81.
Effect o f  PBA-M e on W B-Neo cell growth. W B-Neo cells were grown to 90-100%  
confluence over 4 days in the presence o f  PBA-M e (0.01 mg/ml). Neutral Red assays 
were performed on days 0, 2, and 4 as described in “M ethods” to determine the effect o f  
PBA-M e on cell growth. Vehicle treated ( • ) ;  PBA-M e treated (■). Data are presented as 
the mean ±  S.E.M. for each group (n=6).
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Figure 82.
Effect o f  PBA-M e on WB-Ras cell growth. WB-Ras cells were grown to 90-100%  
confluence over 4 days in the presence o f  PBA-M e (0.01 mg/ml). Neutral Red assays 
were performed on days 0, 2, and 4 as described in “Methods” to determine the effect on 
cell growth. Vehicle treated (• );  PBA-M e treated (■). Data are presented as the mean ±  
S.E.M. for each group (n=6).
* Statistically significant (P < .05) compared to controls (Student’s t test).
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growth at 0.01 mg/ml (Figure 83). APAA-M e also demonstrated a more potent effect on 

cell growth, producing 98% inhibition o f  W B-Neo growth and 95% inhibition o f  WB- 

Ras cell growth at concentration o f  0.001 mg/ml (Figure 84). Further evaluation o f  

APAA and APAA-M e in communication and connexin 43 studies was not performed due 

to the high concentration o f  DMSO (1%) that was used to solubilize these compounds.
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Figure 83.
Effect o f  APAA on W B-Neo and WB-Ras cell growth. W B-Neo and W B-Ras cells were 
grown to 90-100%  confluence over 4 days in the presence o f  various concentrations o f  
APAA (0.005 to 0.01 mg/ml). Control groups were treated with an equal volume o f  
vehicle. Neutral Red assays were performed on day 4 as described in “M ethods” to 
determine the effect o f  APAA on cell growth. W B-Neo (■); W B-Ras ( • ) .  Data are 
presented as the mean percent inhibition at each concentration versus vehicle treated 
controls (n=6).
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Figure 84.
Effect o f  APAA-M e on W B-Neo and WB-Ras cell growth. W B-Neo and W B-Ras cells 
were grown to 90-100% confluence over 4 days in the presence o f  various concentrations 
o f  APAA-M e (0.0001 to 0.001 mg/ml). Control groups were treated with an equal 
volume o f  vehicle. Neutral Red assays were performed on day 4 as described in 
“Methods” to determine the effect o f  APAA-M e on cell growth. W B-Neo (■); WB-Ras 
( • ) .  Data are presented as the mean percent inhibition at each concentration versus 
vehicle treated controls (n=6).
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CHAPTER 4 

DISCUSSION A N D CONCLUSIONS 

Rationale for These Studies 

Previous studies have shown that some tumor cells express increased levels o f  

PAM activity (Steel et al., 1994). Additionally, it has been shown that PBA, an 

irreversible inhibitor o f  PAM activity, inhibits the growth o f  PAM -expressing lung tumor 

cells, an effect that appeared to be directly related to PAM inhibition (Iwai et ah, 1999). 

Coincidentally, we learned that caffeic acid phenethyl ester (CAPE), a compound very 

similar in structure to PBA (Figure 65), upregulates gap junction intercellular 

communication, increases connexin 43 expression and phosphorylation, and re-localizes 

gap junctions from the cytoplasm to the plasma membrane where they can facilitate 

communication (Na et ah, 2000). Similar to PBA, CAPE also inhibits COX-1 and COX- 

2 activity (Rossi et ah, 2002); therefore, it was not unreasonable to believe that they share 

additional mechanisms as well. In light o f  these previous observations, we designed 

experiments with the hypothesis that PBA might produce beneficial effects on growth 

and communication in WB-Ras tumorgenic cells.

Effect o f  PBA on W B-Neo and W B-Ras Cell Growth 

T o  b e  c e r ta in  th a t  a n y  e ffe c ts  o f  P B A  o n  ce ll g ro w th  w e re  n o t  re la te d  to  a  

cytotoxic effect o f  the drug, experiments were first performed using the Neutral Red 

assay to determine the highest concentration o f  PBA that was non-cytotoxic to W B-Neo
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and WB-Ras cells. We observed in Figure 66 that the highest concentration o f  PBA that 

was non-cytotoxic to both W B-Neo and WB-Ras cells after 24 hours was 0.1 mg/ml. 

Therefore, this dose was used in future studies and any effects on cell growth and 

communication produced by this dose should have resulted from physiological changes 

induced by PBA in the cells. The cytotoxic effects observed at higher concentrations o f  

PBA in these experiments may have resulted from a variety o f  effects, including the 

induction o f  apoptosis, effects on the permeability o f  the plasma membrane, or 

respiratory effects on mitochondria.

Once we determined the maximum concentration o f  PBA that was non-cytotoxic 

to each cell type, we conducted experiments to evaluate the effect o f  PBA on W B-Neo 

and WB-Ras cell growth. The results o f  these experiments clearly showed that a single 

treatment with PBA produced significant inhibition o f  WTl-Ras cell growth (Figures 68 

and 70) while having little to no effect on the growth o f  W B-Neo cells (Figures 67 and 

69). This finding was demonstrated by two different assays for cell growth and 

suggested that PBA elicited a ras-specific effect. Alterations in W B-Ras cells that result 

from the transfected ras oncogene may have made W B-Ras cells more susceptible to the 

effects o f  PBA than W B-Neo cells. Such an alteration might include one or several 

components o f  the ras signaling pathway itself, including the perpetual activation state o f  

this mutant ras protein.

W e also observed in these studies that multiple treatments with PBA produced 

more potent inhibition o f  both W B-Neo and WB-Ras cell growth than a single treatment 

(Figures 69 and 70). The small increase in cell number during multiple treatments with
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PBA suggests that, although cells were dividing at a slower rate, they were still 

sufficiently viable to undergo some cell division. The more pronounced inhibition o f  cell 

growth following multiple treatments with PBA may have resulted from a gradual 

buildup o f  PBA in the media, producing greater inhibition o f  growth. The stability o f  

PBA in the media was not ascertained due to the presence o f  serum in the media, whose 

components would have interfered with a quantitative analysis o f  PBA.

In summary, PBA produced an inhibitory effect on WB-Ras cell growth while 

having little effect on W B-Neo cell growth. Because these cells differ only by the 

mutation o f  the ras gene, this observation suggests that the effect o f  PBA is ra.v-specific.

Cytotoxic Effect o f  PBA on W B-Neo and W B-Ras Cells During Long-Term Treatments 

Although we showed in Figure 66 that a 0.1 mg/ml dose o f  PBA was not 

cytotoxic to either cell type, several important differences existed between the 24 hour 

cytotoxicity study and experiments, such as growth and communication studies, which 

require a long-term treatment with the drug. First, cells in long-term treatment 

experiments were at a lower confluence (5-10%) when treated with PBA than cells in the 

24 hour cytotoxicity study (80-90%). Therefore, the effective concentration o f  PBA on 

each cell may have initially been higher and more cytotoxic to cells at the beginning o f  

the long-term studies than in the 24 hour cytotoxicity study. Additionally, it is possible 

that exposure to PBA for longer than 24 hours produced a cytotoxic effect during the 

long-term experiments. Due to these key differences, we conducted experiments to 

determine whether PBA produced a cytotoxic effect during long-term treatments.
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The results o f  these studies showed that a single dose o f  PBA was not cytotoxic 

on day 2 or day 6 in either W B-Neo or WB-Ras cells (Figure 71). Therefore, the results 

observed during our growth studies following a single treatment were likely the result o f  

physiological changes in the cells rather than a cytotoxic effect. Additionally, these 

results indicate that a single dose o f  PBA at this concentration is appropriate for future 

experiments, such as gap junctional communication studies, which require long-term  

treatments.

We also observed an interesting effect in these experiments follow ing multiple 

treatments with PBA (Figure 71). We saw on day 2 that PBA produced a significant 

cytotoxic effect on WB-Ras cells when administered on day 0 and day 1. The cytotoxic 

effect on day two suggests that either all cells took up less Neutral Red dye or a fraction 

o f  cells no longer took up the dye while the rest remained viable. Although the cytotoxic 

effect on WB-Ras cells was no longer present on day 6, w e never observed a cytotoxic 

effect on W B-Neo cells treated with the same regimen o f  PBA. Similar to our 

observations in the growth experiments, these results further suggest that PBA produced 

a ras-specific effect while having little influence on the growth or function o f  W B-Neo 

cells.

Effect o f  PBA on PAM Activity in W B-Neo and W B-Ras Cells

Having observed that PBA inhibited the growth o f  W B-Ras cells, we wanted to 

evaluate mechanisms by which the drug may have produced its effect. Since PBA is 

known to produce irreversible inhibition o f  PAM both in vitro  and in vivo  (Katopodis and 

May, 1990; Ogonowski et al., 1997), we conducted experiments to evaluate whether the
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inhibition o f  intracellular PAM activity in our cells may have contributed to the growth 

inhibitory effects observed in our experiments.

Prior to these studies, it was unknown whether W B-Neo or W B-Ras cells 

expressed PAM and, if  so, whether the enzyme was susceptible to inhibition by PBA. 

Figures 72 and 73 suggest that these cells express both soluble and membrane bound 

forms o f  PAM which are susceptible to inhibition by PBA added directly to the reaction 

mixture. These results suggest that W B-Neo and W B-Ras cells may produce amidated 

peptides and that PBA pre-treatment might inhibit the synthesis o f  these peptides and 

interfere with their role in cellular events.

To determine whether PBA produced an inhibitory effect on intracellular PAM  

activity when cells were treated in culture, we conducted experiments in which W B-Neo 

and WB-Ras cells were pre-treated for 24 hours or 4 days with PBA at the same 

concentration that inhibited the growth o f  WB-Ras cells. We observed in these 

experiments that pre-treatment with PBA inhibited intracellular PAM activity in both cell 

types (Figures 74 and 75). Interestingly, the inhibition o f  PAM activity was persistent 

through 4 days in W B-Neo cells while inhibition was less after 4 days than 24 hours in 

WB-Ras cells. Since PBA is an irreversible inhibitor o f  PAM (Katopodis and May, 

1991), the return o f  PAM activity in these experiments indicates the synthesis o f  new  

PAM enzymes following PBA treatment. Bradbury et al. (1990) observed a similar 

effect in CA77 rat thyroid carcinoma cells, demonstrating that both PAM  activity and 

levels o f  amidated thyrotropin-releasing hormone initially decreased follow ing the 

addition o f  PBA to cell cultures, but returned to normal within 30 hours. Furthermore,
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the authors showed that the intracellular concentration o f  PBA did not change, suggesting 

that the cells possessed a homeostatic mechanism to maintain a particular level o f  

amidating activity. Similar to these studies, the results o f  our experiments also suggest 

that WB-Ras cells may possess some mechanism which attempts to maintain a level o f  

intracellular amidating activity by upregulating the synthesis o f  PAM  following PBA  

treatment. More importantly, these experiments demonstrate that the inhibition o f  PAM  

activity might have contributed to the effects o f  PBA on cell growth observed in earlier 

experiments.

Effect o f  PBA on Gap Junctional Communication 

Following the observations that a non-cytotoxic dose o f  PBA produced significant 

inhibition o f  WB-Ras cell growth, we also wanted to evaluate whether the drug was 

altering the expression o f  the tumorgenic phenotype. One such indicator is gap junctional 

communication, which is downregulated in most tumorgenic cells, including WB-Ras 

(Ruch et al., 1993). A  variety o f  anti-tumor compounds upregulate gap junctional 

communication in tumor cells as they inhibit cell growth (Ruch and Sigler, 1994; Na et 

al., 2000). Therefore, we conducted experiments to evaluate the effect o f  PBA on gap 

junctional communication in WB-Ras cells to determine whether PBA increased 

communication and induced a return o f  the cells to a more normal phenotype. The effect 

o f  PBA on communication between W B-Neo cells was not evaluated due to the high 

intrinsic level o f  communication between these cells. Therefore, any stimulatory effect 

on communication between W B-Neo cells would have been extremely difficult to 

observe by the dye transfer method used in this study.
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The results o f  these experiments very clearly demonstrated that a single dose o f  

PBA produced a significant upregulation o f  gap junctional communication between WB- 

Ras cells following 2 and 5 day treatments (Figures 77 and 78). We further observed that 

the upregulated communication induced by 2 and 5 day treatments with PBA could be 

inhibited by dieldrin, an organophosphate that rapidly hypophosphorylates gap junction 

connexin 43 subunits. Therefore, these results suggest that long-term PBA treatment 

induces the expression o f  a more normal phenotype, as evidenced by the return o f  gap 

junctional communication between cells, and that communication appears to be mediated 

by dieldrin-sensitive gap junctions.

We also observed in these experiments that PBA did not produce any effect on 

gap junctional communication when cells were treated for only 6 hours (Figure 76), 

suggesting that PBA does not produce a rapid change in the expression or function o f  gap 

junctions. Several compounds, such as dieldrin, are capable o f  producing rapid, acute 

effects on gap junction function by altering connexin phosphorylation (Matesic et al., 

1994). However, the effects o f  PBA on gap junctional communication appear to be 

restricted to the induction o f  long-term alterations in synthesis or localization o f  gap 

junctions, which might explain the increase in gap junctional communication observed 

after 2 and 5 day treatments.

The effects o f  multiple PBA treatments on gap junctional communication were 

also interesting. We observed in Figure 77 that multiple treatments on days 0 and 1 

produced greater upregulation o f  gap junctional communication on day 2 than a single 

dose alone. Although we previously showed that this treatment was cytotoxic (Figure
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71), the result observed in these experiments suggested that a fraction o f  cells were still 

viable enough to produce an upregulation o f  communication in response to PBA. 

Additionally, multiple treatments on days 0, 1, and 4 produced an increase in gap 

junctional communication, but not to the same degree as a single dose (Figure 78). 

Although not cytotoxic to WB-Ras cells, the third treatment on day 4 may have induced 

some effect that lead to an increase in communication that was not as great as a single 

dose alone.

These experiments clearly demonstrated the ability o f  PBA to restore gap 

junctional communication in WB-Ras cells following 2 and 5 day treatments with single 

and multiple doses. Just as importantly, they indicate that PBA might induce tumorgenic 

WB-Ras cells to express a more normal phenotype.

Connexin 43 Expression and Phosphorylation 

Following the observation that PBA inhibits W B-Ras cell growth and upregulates 

gap junctional communication, we sought to determine the biochemical changes induced 

by PBA that might have contributed to these effects. There is substantial evidence that 

the expression and phosphorylation o f  connexin subunits directly contributes to gap 

junctional communication between cells (Musil et al., 1991). Compounds that increase 

communication between WB-Ras cells, such as CAPE, may induce the upregulation o f  

connexin 43 and expression o f  the Pi and P2 bands, suggesting an important role for these 

phosphorylated forms o f  connexin 43 in gap junctional communication (Na et al., 2000). 

Therefore, we conducted experiments to evaluate the effect o f  PBA on the expression and 

phosphorylation o f  connexin 43 in both W B-Neo and WB-Ras cells.
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The results o f  our Western Blot experiments clearly demonstrated that PBA did 

not substantially alter the expression o f  connexin 43 in WB-Ras cells, but induced the 

appearance o f  the Pi and P2 phosphorylated bands, which are not normally observed in 

these tumorgenic cells (Figure 79). We observed in Figure 79b that the appearance o f  the 

Pi and P2 bands appeared to increase as the length o f  PBA treatment increased. This 

suggested that PBA induced the return o f  connexin 43 to a normal phosphorylation state 

and continued to produce an effect throughout the course o f  the study. Furthermore, the 

length o f  PBA treatment that induced the appearance o f  the Pi and P2 bands coincided  

with PBA treatments that increased gap junctional communication in earlier experiments 

(Figures 79 and 79). Therefore, these results strongly suggest that the increase in 

connexin 43 expression and phosphorylation induced by PBA may have contributed to 

the observed increase in gap junctional communication.

In addition to the increase in Pi and P2 expression induced by PBA, we observed 

in these experiments that dieldrin decreased the expression o f  the P2 form o f  connexin 43 

in W B-Neo cells. This result is similar to previous reports by others who observed the 

same effect (Suter et al., 1987). Interestingly, w e also observed that dieldrin 

downregulated the expression o f  the P2 band in WB-Ras cells that was induced by a 4 day 

PBA treatment. Since we previously showed that dieldrin eliminated gap junctional 

communication between WB-Ras cells that had been treated with PBA for 5 days (Figure 

78), this observation further suggests the importance o f  the P2 phosphorylated form o f  

connexin 43 in gap junctional communication. Additionally, these results suggest that
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the P2 band that is induced by PBA is the same as the dieldrin-sensitive form intrinsically 

expressed by W B-Neo cells.

Together, the results o f  these experiments indicate that PBA induces the 

expression o f  the Pi and P2 phosphorylated forms o f  connexin 43, an effect that likely 

contributed to the increased gap junctional communication observed in our earlier 

experiments.

Gap Junction Localization 

Although Western Blot analysis can evaluate the phosphorylation and expression 

o f  connexin 43, it provides little insight into the localization o f  gap junctions in the cell. 

Immunofluorescence techniques specific for gap junction connexin subunits allow for the 

study o f  gap junction localization in WB-Ras cells (Ruch et al., 1993). Some compounds 

that upregulate gap junctional communication in tumorgenic cells also increase the 

localization o f  gap junctions at the plasma membrane (Na et al., 2000). Therefore, we 

conducted experiments to determine whether the effects o f  PBA on gap junctional 

communication and connexin 43 phosphorylation in WB-Ras cells correlated with a re

localization o f  gap junctions to the plasma membrane.

The results o f  our experiments clearly demonstrated that PBA increased the 

percentage o f  W B-Ras plasma membranes that were covered with gap junctions 

following a 4 day treatment compared to vehicle-treated controls (Figure 80). This 

observation suggests that PBA may have increased the number o f  functional gap 

junctions at the plasma membrane that may have contributed to the increased gap 

junctional communication observed in earlier experiments. We also noticed that PBA
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treatment in these experiments appeared to produce a change in the morphology o f  WB- 

Ras cells. Many o f  the WB-Ras cells that exhibited increased expression o f  gap junctions 

on the plasma membrane were larger and more round than vehicle-treated W B-Ras cells, 

appearing more similar to W B-Neo cells. The change in morphology that accompanied 

the increased localization o f  gap junctions at the membrane further suggested that PBA  

treatment induced WB-Ras cells to express a more normal, untransformed phenotype.

Effect o f  PBA-M e. APAA. and APAA-M e on WB-Ras Cell Growth 

After observing the beneficial anti-tumor effect o f  PBA on tumorgenic cell 

growth and communication, we next evaluated several functionally related compounds 

(Figure 65) in similar assays. PBA methyl ester (PBA-M e) is a pro-drug form o f  PBA  

that produces no inhibition o f  PAM until converted to the parent form. N- 

acetylphenylalanyl acrylate (APAA) is a second-generation inhibitor that produces 

greater inhibition o f  PAM in vitro  than PBA. A PAA methyl ester (APAA-M e) is the 

more lipophilic pro-drug form o f  APAA that produces no inhibition o f  PAM  unless 

converted to its parent form. W e hypothesized that i f  PBA produced effects on cell 

growth and communication based solely on the inhibition o f  PAM activity, we would see 

similar but more potent effects on cell growth following treatment with PBA-M e, APAA  

and APAA-M e.

Experiments with PBA-M e showed that a ten-fold lower concentration o f  this 

pro-drug produced similar effects on W B-Neo and W B-Ras cell growth as PBA (Figures 

81 and 82). This observation suggested that the increased lipophilicity o f  this compound 

allowed it to more readily enter and achieve a higher concentration in the cell where it
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was converted to PBA. We were unable to further evaluate o f  PBA-M e because the final 

concentration o f  the vehicle was 1% DMSO. This percentage o f  DM SO was required for 

solubilization o f  PBA-M e. Above 0.1% DMSO produces a variety o f  effects that can 

alter cells, such as changes in membrane permeability. Although we saw an effect on 

growth in these experiments that was similar to PBA, we were not able to further evaluate 

PBA-M e with the certainty that the observed effects were the result o f  drug treatment and 

not the vehicle.

Similar to PBA and PBA-M e, we observed in Figures 83 and 84 that APAA-M e 

is a more potent inhibitor o f  cell growth than APAA, suggesting that the pro-drug 

penetrated the plasma membrane o f  cells more effectively and achieved a higher 

intracellular concentration than APAA. However, these figures also demonstrated a 

surprising effect on W B-Neo and W B-Ras cell growth. Although PBA and PBA-M e 

produced beneficial effects by inhibiting tumorgenic cell growth without affecting normal 

cell growth, A PAA and APAA-M e produced greater inhibition o f  W B-Neo cell growth 

than WB-Ras cell growth. The different effects on cell growth produced by these 

compounds might have resulted from mechanisms o f  action other than the inhibition o f  

PAM activity. W e previously showed that PBA, APAA, and APAA-M e possess a 

variety o f  additional mechanisms in addition to their effects on PAM  activity, such as the 

inhibition o f  cyclooxygenase activity. Therefore, it is not unreasonable to assume that 

one or both o f  these compounds produce effects on W B-Neo and W B-Ras cell growth 

through a different mechanism than the inhibition o f  PAM activity. Another possibility is 

that more potent inhibition o f  PAM activity by APAA and APAA-M e produces an effect
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on the growth o f  W B-Neo cells that is not seen following treatment with PBA. As with 

PBA-M e, further evaluation o f  APAA and APAA-M e was limited by the vehicle 

containing 1% DMSO.

Summary

A  non-cytotoxic concentration o f  PBA produced anti-tumor effects in WB-Ras 

cells including the inhibition o f  cell growth and an upregulation o f  gap junctional 

communication. Changes in connexin 43 phosphorylation, gap junction localization, and 

morphology suggest that PBA induced the expression o f  an untransformed phenotype in 

these ras-transformed cells. The inhibition o f  PAM activity is a possible mechanism o f  

PBA that produces these anti-tumor effects, although there is no published link between 

amidation and gap junctional communication. Additional mechanisms may also be 

responsible for the effects o f  PBA, as evidenced by the contradictory effects on cell 

growth o f  second-generation inhibitors o f  PAM. The experiments presented herein 

suggest that further evaluation o f  PBA in vitro  and in vivo  should be conducted to 

characterize its anti-tumor effects. Additional studies may also be performed to 

determine the specific role o f  PAM inhibition in the anti-tumor effect produced by PBA.
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