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Alison A. Ogonowski
IS PEPTIDYLGLYCINE ALPHA-MONOOXYGENASE, THE RATE-LIMITING 
ENZYME FOR NEUROPEPTIDE AMIDATION, A POTENTIAL TARGET FOR 
ANTI-INFLAMMATORY AGENTS ?
(Under the direction of Stanley H. Pollock, Ph.D.)

Substance P (SP), a critical mediator of inflammation, has recently become a 

pharmacological target for anti-inflammatory drugs. Although many approaches have 

been used to interfere with the pro-inflammatory effects of SP, only now have appropriate

tools become available to explore the synthesis o f SP, as a potential site to prevent
\

inflammatory disease. Peptidylglycine a-monooxygenase (PAM) is the rate-limiting 

enzyme required for amidation of SP from its glycine-extended precursor. It has been 

demonstrated, in vitro, that 4-phenyI-3-butenoic acid (PBA) is an irreversible turnover- 

dependent inactivator of PAM. The focus o f this dissertation was to determine whether 

interfering with the synthesis of SP, through inactivation of PAM, offers a novel 

pharmacological approach to treat inflammatory disease.

Acute s.c. administration of PBA (50-500 mg/kg) to normal rats produced a dose- 

related inhibition of serum PAM activity. Using similar doses, PBA was also shown to 

inhibit carrageenan edema, an acute model of inflammation. However, this acute anti

inflammatory effect o f PBA appeared to be unrelated to its ability to reduce levels o f SP 

in joint and plasma tissues. The anti-inflammatory effect was also independent of 

inhibiting the inflammatory effects of bradykinin or serotonin. However, PBA

xi
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significantly inhibited cyclooxygenase activity at concentrations similar to those required 

to reduce carrageenan edema, suggesting that the acute anti-inflammatory effects o f PBA 

involve inhibition o f prostaglandin synthesis.

PBA also produced significant analgesic activity in the phenyl-p-quinone- and 

acetylcholine-induced writhing assays, while having no effect on the spinally-mediated 

tail-flick assay. This analgesic effect occurred rapidly and with doses similar to those 

required to inhibit edema, suggesting that the analgesic effects of PBA may be related to 

its anti-inflammatory activity.

Since the acute anti-inflammatory effects o f PBA did not appear to be related to 

inactivation o f PAM and lowering o f SP levels, additional experiments were performed to 

determine whether chronic administration o f PBA would interfere with these parameters. 

Continuous administration of PBA significantly inactivated serum PAM and reduced 

levels of SP in plasma and joint tissues prior to and after injection o f carrageenan. In 

addition, inflammation in these animals was significantly reduced, up to 100 %. These 

findings suggest, for the first time, that PAM is an attractive target for the 

pharmacological control of inflammatory disease.

xii
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY 

General Aspects of Inflammation

The process and outcomes of inflammation have been studied extensively (Cotran et 

al., 1994; Heymer, 1985; Larsen et al., 1983). Inflammation can be defined as a local 

reaction of vascularized tissue to an insult or injury. It involves changes in the 

microvasculature to aid in the recruitment o f inflammatory cells and their subsequent 

destruction of the causative agent. These events present with the cardinal signs of 

inflammation which include redness, heat, swelling, pain and, sometimes, loss o f 

function. Under normal conditions, the acute inflammatory response attempts to localize 

and eliminate the cause of injury. However, if the causative agent is persistent or the 

response to this insult is exaggerated, a chronic inflammatory response can result and lead 

to the pathogenesis of inflammatory diseases such as rheumatoid arthritis (RA). The 

events of both acute and chronic inflammation are summarized in figure I .

Acute Inflammation

Acute inflammation is the immediate and early response to injury. The response has a 

short duration in which the causative agent is destroyed rapidly by the body’s defense

1
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Initial stimulus
Acute inflammatory mediators

histam ine /se ro to n in  nitric oxide AA m etabolites

/  kinin \  
complement 
V clotting y

v macrophage & neutrophil 
phagocytosis & regurgitation

tissue dam age

chronic inflammation

humoral & cellular mediated immune responses

vasodilation 
vascular permeability 
pain
adhesion molecules 
chemotaxis

Figure 1.
Summary o f the mediators and outcomes involved in acute and chronic inflammation.
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mechanism. One o f the hallmark signs of acute inflammation involves hemodynamic 

changes, which occur primarily within the post-capillary venules and include intense 

vasodilation and increased blood flow to the area o f insult. There is contraction of 

endothelial cells (ECs) resulting in an increased permeability and loss o f plasma proteins 

and fluid to the extracellular tissue, causing edema (Cotran et al., 1994; Heymer, 1985; 

Larsen et al., 1983). As a result of fluid exudation, blood cells begin to concentrate and 

there is an overall increase in blood viscosity. This leads to stasis of blood flow allowing 

leukocytes to collect along the periphery of the blood vessel walls. These vascular 

changes are necessary to recruit white blood cells (WBCs) to the area of injury.

Movement of leukocytes to the area of insult requires a series of complicated steps 

including adhesion to ECs, transmigration across the endothelium and migration toward 

the chemotactic stimuli (Cotran et al., 1994). Adhesion o f the leukocytes, primarily the 

macrophage and neutrophil, to the endothelium requires the expression o f complementary 

proteins, referred to as adhesion molecules. The selectins are a group of adhesion 

molecules which are expressed early and transiently on cell surfaces during the 

inflammatory response (Cotran et al., 1994; Cronstein & Weissmann, 1993; Montefort 

& Holgate, 1991). These adhesion molecules slow the leukocytes down causing them to 

roll along the endothelium. This is followed by a more vigorous attachment of the 

leukocytes to the ECs and requires the binding o f additional adhesion molecules referred 

to as inteerins and immunoglobulin superfamilv adhesive molecules (Cronstein & 

Weissmann, 1993). After adhesion, the leukocytes transverse the endothelium by a 

process referred to as diapedesis and migrate toward the site of injury (Cotran et al.,
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1994; Guyton, 1991). This is accomplished by the WBCs responding to chemotactic 

signals released during the inflammatory response. Upon reaching the site of injury, 

neutrophils and macrophages attempt to engulf the causative agent through phagocytosis. 

This is followed by destruction and neutralization o f the foreign material through 

proteolytic enzymes and free radicals located within cellular lysosomes. During the 

process of phagocytosis, however, these destructive lysosomal constituents can leak out 

to surrounding tissue, a phenomena referred to as regurgitation (Cotran et al., 1994). As a 

result, harmful nitrogen and oxygen free radicals cause lysis of normal cells, while 

proteolytic enzymes contribute to the destruction of connective tissue components.

Hence, inflammation can become a cyclic phenomena in which the attempts to neutralize 

injury often result in events that may lead to additional tissue damage and reenforcement 

of the inflammatory response.

If the acute inflammatory response is successful in destroying the causative agent, 

inflammation is attenuated and there is restoration of the vascular hemodynamics, 

neutralization of cytokines and mediators, and return o f normal tissue. If, however, this 

initial response is not adequate to eliminate the insult, T- and B-lymphocytes are recruited 

to the site of injury and are responsible for mediating cellular and humoral immune 

responses which can lead to chronic inflammation.
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Chronic Inflammation

Unlike the hemodynamic changes and resolution of injury seen with acute 

inflammation, characteristics of chronic inflammation include repeated attempts to 

eliminate the causative agent, proliferation of new blood vessels (angiogenesis) and 

connective tissue repair (Cotran et al., 1994; Heymer, 1985; Larsen et al., 1983). The 

primary cells involved in chronic inflammation include the macrophage and lymphocytes. 

These cells migrate to the site of injury by the same mechanism described for acute 

inflammation. However, lymphocytes express adhesion molecules referred to as 

addressins which allow the lymphocytes to interact with the integrins found on the 

surface of ECs (Cronstein & Weissmann, 1993). After unsuccessful destruction of the 

foreign material, macrophages and other phagocytic cells process and present the 

causative agent as an antigen on the surface of their cell membrane in association with the 

major histocompatibility complex (MHC) protein. Through their complimentary CD4 

proteins, T-helper lymphocytes recognize antigens processed in association with MHC 

class II proteins. The interaction of these proteins allows the T-helper cell to come in 

close proximity with the phagocytic cells. Then, the T-helper cell binds with the antigen, 

via a T-cell receptor and CD3 protein complex, resulting in the activation of the T-cell 

and release o f cytokines. These cytokines act to recruit and activate additional WBCs 

which aid in killing the causative agent, a process referred to as a cell-mediated immune 

response (Abul et al., 1991).
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Similarly, T-cytotoxic cells can also recognize antigens; however, their surface 

proteins are different. Instead of CD4 recognizing MHC-II, T-cytotoxic cells have CD8 

surface proteins which recognize antigens associated with an MHC-I protein. Upon 

activation, T-cytotoxic cells are capable of killing foreign material independent o f  help 

from additional WBCs (Abul et al., 1991).

In addition to mediating a cellular immune response, T-cells are also capable o f 

stimulating B-cell differentiation into antibody-producing plasma cells, referred to as a 

humoral-mediated immune response (Abul et al., 1991b). The production of antibodies 

allows for antigen-antibody complexes to form and subsequent neutralization of the 

foreign material through enhanced phagocytosis.

Several of the mediators released during these immune responses are growth factors. 

These agents are important in stimulating angiogenesis and the proliferation of 

fibroblasts. Subsequently, this results as an attempt to repair the tissue injury and can 

lead to replacement o f normal tissue with fibrous material and scarring.

Depending on the severity and duration of the response, chronic inflammation can last 

for weeks, months, years and in some cases a lifetime. Furthermore, chronic 

inflammation, as seen with inflammatory diseases such as RA, can produce crippling 

effects and a decrease in the quality of life. In extreme cases, the inflammatory response 

can attack vital organs and promote the termination o f life (Harris, 1990).

In summary, inflammation is a necessary reaction required for the body to defend 

itself from pathogens and injury. However, the powerful nature of the inflammatory 

response can sometimes be overwhelming to the body and can continue to escalate
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uncontrollably. As a result, an unchecked inflammatory response can lead to the 

pathogenesis o f inflammatory diseases, including RA. Hence, a thorough understanding 

of the process and control o f inflammation is required in order to manipulate and 

understand the pathogenesis of inflammatory diseases.

Mediators Involved in Acute and Chronic Inflammatory Responses

The vascular changes, recruitment of WBCs, phagocytosis and immune responses are 

required to neutralize the causative agent and all are dependent upon the actions o f 

inflammatory mediators. These mediators are released in response to injury or chemical 

stimuli in order to enhance the inflammatory process. All white blood cells are capable 

of releasing mediators which are either pre-synthesized and stored in vesicles of. 

inflammatory cells or synthesized de novo upon injury. However, some mediators can be 

synthesized in the plasma in response to injury (Cotran et al., 1994; Heymer, 1985; 

Larsen et al., 1983).

Pre-svnthesized mediators of inflammation

Mediators involved in the inflammatory response which are pre-synthesized and 

stored in granular cells include the vasoactive amines, histamine and serotonin. These 

mediators can be released from platelets and mast cells and produce their effects on post- 

capillary venules. Histamine is a powerful vasodilator and can also cause an increase in 

vascular permeability. In addition to its vascular effects, histamine can induce the 

expression of adhesion molecules and sensitize sensory nerves, causing the recruitment of
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leukocytes and pain, respectively. Similarly, serotonin can also enhance nociceptive 

responses and vasodilation. Collectively, the effects of vasoactive amines enhance the 

hemodynamic changes associated with the early phase of inflammation (Cotran et al., 

1994; Heymer, 1985; Larsen et al., 1983).

Cytokines are polypeptides that are synthesized by WBCs and, once released, are 

involved in modulating the actions of inflammatory cells. The four primary cytokines 

involved in inflammation include interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 

(IL-8) and tumor necrosis factor-a (TNF-a). IL-1 and TNF-a stimulate the proliferation 

and activation o f WBCs, induce fever and stimulate adhesion molecule expression. IL-1 

and IL-6 also induce prostaglandin release and can potentiate further release of other 

cytokines. IL-6 is also important in stimulating the differentiation o f B-cells to plasma 

cells for antibody production, while IL-8 acts as a potent chemotactic stimulus for 

neutrophil recruitment (Cotran et al., 1994; Heymer, 1985; Larsen et al., 1983).

Mediators synthesized de novo

Mediators synthesized de novo are released and produce their responses locally and 

are therefore referred to as autacoids (Cotran et al., 1994). Arachidonic acid (AA) is a 

fatty acid which is esterified in the lipid membrane of inflammatory cells. Due to 

chemical signaling or injury phospholipase A, (PLA2), found within inflammatory cells, 

is stimulated and liberates AA from cellular membranes. It is then free to be acted on by 

either lipoxygenase or cyclooxygenase enzymes rendering the formation o f either 

leukotrienes (LT) or prostaglandins (PG) and thromboxane-A2 (TxA2), respectively (Abul
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et al., 1991c; Fantone & Ward, 1990). Once released, leukotrienes LTC4, LTD4 and 

LTE4 are capable of increasing vascular permeability and causing contraction of bronchial 

and vascular smooth muscle and are referred to as the slow reacting substances of 

anaphylaxis. LTB4 is a potent chemotactic agent and is important for the migration of 

neutrophils to the site o f injury. PGD2, PGEj, PGF2 and PGI2 (prostacyclin) can also 

produce vasodilation and potentiate edema formation. In addition to vascular effects,

PGs can induce fever and pain associated with inflammation. On the contrary, TxA, 

causes vasoconstriction. However, the majority of TxA, is localized to platelets, while 

PGs appear in vascular tissue. Therefore, the collective effect of these autacoids is 

intense vasodilation, increased permeability, fever and pain (Cotran et al., 1994; Heymer, 

1985; Larsen et al., 1983).

Platelet activating factor (PAF) is another phospholipid-derived mediator of 

inflammation. It, too, is synthesized from cell membranes through activation of PLA2. 

Upon release, PAF causes platelet aggregation, increased vascular permeability and 

chemotaxis of inflammatory cells. In addition, PAF has been shown to simulate AA 

metabolism and nociceptive responses causing PG synthesis and hyperalgesia, 

respectively (Cotran et al., 1994; Heymer, 1985; Larsen et al., 1983).

Nitric oxide (NO) is produced from L-arginine by nitric oxide synthase (NOS) in 

association with molecular oxygen and NADPH. Constitutively expressed NOS (cNOS) 

is dependant upon the presence of a calcium-calmodulin complex for activation. The 

intense vasodilation that occurs upon release of NO is well known (Guyton, 1991b;

Murad, 1990). However, more recently, an inducible form of NOS (iNOS), which is
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calcium independent, has been shown to produce NO in activated macrophages (Cotran et 

al., 1994). In addition to vasodilation, NO produced from iNOS can interact with oxygen 

radicals to form reactive nitrogen species. These free radicals are then utilized by the cell 

to kill the causative agent. However, the release of NO can also cause damage to the 

surrounding tissues potentiating the inflammatory response.

Plasma-derived mediators of inflammation

Independent of cells, mediators can be produced in the plasma in response to injury. 

These mediators exist in the plasma as precursor proteins that require proteolytic cleavage 

for activation. The three systems that generate these mediators include the complement, 

kinin and clotting systems. Activation o f these systems can occur due to tissue injury or 

through endogenously mediated events.

The resultant cleavage products o f the complement system combine to form the 

membrane attack complex (MAC) which causes lysis o f cellular membranes and death to 

infected cells. However, the cleavage products are also capable o f causing inflammatory 

responses, independent of forming the MAC. The anaphylatoxins, C3a and C5a, are 

important in producing vasodilatory and permeability changes in the vasculature as well 

as acting as a chemotactic factor and an opsonin to enhance phagocytosis (Cotran et al., 

1994; Guyton, 1991c).

Bradykinin (BK) is formed from the precursor protein kininogen through the 

enzymatic cleavage actions of tissue or plasma kallikrein. (Cotran et al., 1994; Sharma, 

1992). Once liberated, BK can cause vasodilation, an increase in vascular permeability,
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degranulation of mast cells and an increase in arachidonic acid metabolism. In addition 

to these pro-inflammatory effects, BK has also been shown to cause pain by stimulating 

and sensitizing pain receptors on nociceptive fibers (Cotran et al., 1994; Sharma, 1992).

The components o f the clotting system, extending from their role in coagulation, also 

possess pro-inflammatory effects. Thrombin is important in increasing the expression of 

adhesion molecules and stimulating fibroblast proliferation, while fibrinopeptides can 

increase vascular permeability and act as a chemotactic agent. The fibrinolytic system 

has also been shown to be involved in inflammation in which cleavage products of 

plasmin mediate vascular changes and enhance the production of anaphylotoxins (Cotran 

et al., 1994).

The effects of these traditional mediators on inflammation are well known and have 

been studied extensively (Cotran et al., 1994; Heymer, 1985; Larsen et al., 1983). 

However, more recently, there is considerable evidence implementing the nervous system 

as a primary mediator of both acute and chronic inflammation. In fact, some might argue 

that the nervous system is essential for initiating an inflammatory response as well as 

orchestrating the interaction of other mediators to this response. Consequently, the 

nervous system may be pivotal in contributing to the pathogeneses of inflammatory 

diseases, such as RA. In order to succeed in attenuating the deleterious effects o f 

inflammation, while preserving its protective role, it is paramount to have a 

comprehensive understanding of not only the traditional mediators responsible for the 

inflammatory response but also the role of the nervous system in this response.
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The Role o f the Nervous System in Inflammation

Although the exact cause(s) of RA and other inflammatory diseases are still under 

investigation (Gay et al., 1993; Gilliland, 1989; Harris, 1990; Panayi, 1993), it has been 

demonstrated that the nervous system plays an important role in the pathogenesis and 

advancement of RA in man (Basbaum & Levine, 1990; Kidd et al., 1992; Levine et al., 

1985; Levine et al., 1987; Matucci-Cerinic & Partsch, 1992) as well as in animal models 

used to study inflammatory disease (Levine et al., 1985b; Levine et al., 1985c; Levine et 

al., 1986). More specifically, the sympathetic (Levine et al., 1987; Mathison & Davison, 

1994) and sensory (Colpaert et al., 1983: Levine etal., 1986: Matucci-Cerinic, 1993) 

nerves have been shown to be involved in mediating these effects. One of the 

characteristic clinical symptoms of RA is the bilateral symmetrical swelling experienced 

by RA patients. It has been suggested that the nervous system mediates the symmetrical 

bilateral infliction through the interaction of sympathetic efferent and sensory afferent 

fibers. The mediators released from sympathetic efferents are capable of exciting sensory 

afferent fibers resulting in spinal reflexes that positively reinforce additional activation of 

the efferent fibers (Levine et al., 1985 & 1987). It is this cyclic stimulation o f the afferent 

and efferent fibers that is thought to transmit inflammatory signals from one side of the 

spinal cord to the contralateral side resulting in swelling that is symmetrical and of equal 

severity. This is supported by the fact that many times RA patients present initially with a 

unilateral development of the disease; however, with time, the contralateral limb also 

develops RA with comparable magnitude (Levine et al., 1984). Similar observations
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have been demonstrated in animals experiencing inflammatory' conditions. Irritation of 

the saphenous nerve in rats results in hind paw swelling and edema in the ipsilateral side. 

Over time, the same edema produced in the injured paw develops in the contralateral paw 

and with the same severity (Levine et al., 1984 & 1985). This data further supports the 

contention that the nervous system is involved in inflammation. However, there is 

additional evidence that the sympathetic and sensory nerves can act independently to 

produce inflammatory effects.

The Role of the Sympathetic Nervous System

The sympathetic nervous system has been shown to produce inflammatory effects 

through the release o f norepinephrine (NE). This has been demonstrated in rheumatoid 

patients experiencing autonomic dysfunction. The enhanced release o f NE, associated 

with this condition, has been shown to stimulate AA metabolism and release o f pro- 

inflammatory mediators via activating P2 surface receptors on inflammatory cells. 

Similarly, case studies o f rheumatoid patients report that an increased release of NE, in 

response to stress, can exacerbate or induce an arthritic flare up (Courtright & Kuzell, 

1965).

The relationship of enhanced sympathetic tone and inflammation has also been 

demonstrated in spontaneously hypertensive rats (SHRs). SHRs are a strain o f rats which 

have elevated levels o f NE associated with autonomic dysfunction (Okamoto et al.,

1967). Interestingly, these animals develop a more severe arthritis when compared to
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normotensive rats. In addition, rats pre-treated with a P2 adrenergic blocking agent are 

spared from developing adjuvant-induced arthritis, an animal model used to simulate 

rheumatoid arthritis in man (Brahn, 1990; Glenn & Gray, 1964; Levine et al., 1987).

Further evidence supporting the role of the sympathetic nervous system in 

inflammation is demonstrated by the unilateral development of arthritis observed in 

patients that have suffered from peripheral or central paralysis. Interestingly, the 

ipsilateral side of injury, in these patients, is spared from developing the disease (Glick, 

1967; Thompson, 1962). Similar results have been demonstrated in adjuvant arthritic 

rats. In these studies, a similar unilateral, non-symmetrical arthritis can be achieved by 

chemical or surgical manipulation of nervous tissue. Surgical severing of the sciatic 

nerve of the rat presents with unilateral swelling of the hind paw after induction o f 

adjuvant arthritis (Courtright & Kuzell, i965). Likewise, rats chemically 

sympathectomized with either reserpine or guanethidine are spared from developing 

bilateral arthritis, supporting the role of the sympathetic nervous system in inflammatory 

disease (Levine et al., 1985b) .

The Role of Sensory Neurons in Inflammation

The sensory efferent

More recently, the small unmyelinated sensory 'C  fibers, associated with nociceptive 

transmission, have been shown to be involved in rheumatoid as well as experimental 

arthritis. When sensory nerves are thought of in the traditional sense, it is assumed that
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an impulse travels along the sensory nerve, synapses and releases neuropeptides from the 

axon into the dorsal horn of the spinal cord to carry messages to the brain. The 

information is processed and is responded to by stimulation of the efferent fibers of the 

sympathetic nervous system. However, an alternative function of sensory nerves was 

discovered in which neuropeptides are released from the dendrites of these afferent fibers 

and can produce effects independent o f the central nervous system. The term antidromic 

release was applied to distinguish the efferent direction and release o f neuropeptides by 

the dendrites of sensory nerves (Maggi, 1991). Later, it was discovered that the 

antidromic release of peptides could produce vasodilation and increased vascular 

permeability. Subsequently, the phenomenon was termed neurogenic inflammation and 

refers specifically to the inflammatory effects evoked through sensory ‘C’ fibers (Chahl, 

1988; Lembeck& Holzer, 1979; Maggi&Meli, 1988; M aggie/al., 1988 & 1991).

The pro-inflammatory mediators released from these sensory fibers are referred to as 

neuropeptides. Neuropeptides have been defined in many ways based on their synthesis, 

degradation, location and actions (Dores et al., 1990; Hokfelt et al., 1992; Hokfelt,

1991; Moore & Black, 1991). Biochemically, neuropeptides are single, unbranched 

amino acid chains which are covalently joined by peptide bonds and are synthesized and 

released from central and peripheral nerve terminals (Moore & Black, 1991). Once 

released, neuropeptides are involved in intercellular communication including 

neurotransmission, neuromodulation and neurotrophic responses. More recently, 

neuropeptides have been shown to play an important role in modulating immunological 

activities (Eglezos et al., 1991; McGillis et al., 1990).
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The role of substance P in inflammation

The tachykinins are a family of neuropeptides consisting o f substance P (SP), 

neurokinin A (NKA) and neurokinin B (NKB). These neuropeptides have in common a 

conserved carboxyl terminal sequence of -Phe-X-Phe-Gly-Leu-Met-NH2, where X is 

either an aromatic or branched aliphatic amino acid (Maggi, 1991; Ortsuka & Yoshioka). 

The tachykinin receptors, NK-1, NK-2, and NK-3, all have seven transmembrane 

spanning domains and are characteristic o f guanine-protein coupled receptors. Once 

activated, the G protein-linked tachykinin receptors produce their responses by activation 

of second messengers (Mitsuhashi et al., 1992; Nakanishi et al., 1993).

Of the tachykinin family, SP is the best characterized peptide for its involvement in 

both acute and chronic inflammation (Mantyh, 1993; Payan, 1989; Pemow, 1983). A 

detailed summary of the role of SP in inflammation is shown in figure 2. When released 

from sensory nerve endings, SP has been shown to produce a variety o f  inflammatory 

effects including degranulation of mast cells and subsequent release o f  histamine and 

serotonin. As a neurotrophic agent, SP can stimulate the proliferation o f inflammatory 

cells such as lymphocytes and synoviocytes. SP can also activate these and other cells by 

causing the release of cytokines (IL-1, IL-6 and TNF-a), enhancing phagocytosis and 

initiating humoral and cellular immune responses. In addition, SP has been shown to 

induce the expression o f adhesion molecules and, therefore, is important in mediating the 

migration of inflammatory cells to the site of injury (Lembeck et al., 1979; Matucci- 

Cerinic et al., 1992 & 1993; Payan, 1989; Pemow, 1985). Collectively, SP is capable of
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initiating and maintaining acute and chronic inflammatory responses. As a result, there 

has been an increasing desire to define the role o f SP in mediating the pathogenesis of 

inflammatory disease.

area of 
insult

humoral & cellular 
immune responses

T-&B- 
lymphocytes

IL/2 neutrophil"
ill-6 ^  macrophage
/  TNF-a 

^ ^  u - 1

increased
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inc. vascular 
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Figure 2.
Summary o f the role of substance P in inflammation. SP is found to be localized in the 
small unmyelinated sensory ‘C’ fibers associated with nociceptor responses. Upon 
activation o f these fibers, SP is released from axons and synapses in the dorsal horn o f the 
spinal cord to cany pain messages to the brain. However, SP can also be released from 
the dendrites o f these fibers, independent of the central nervous system, and is refened to 
as an “antidromic release". Once released into peripheral tissues, SP is capable o f 
causing many pro-inflammatory effects, the results o f which are refened to as 
“neurogenic inflammation”.
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The role o f substance P in inflammatory diseases

The involvement of SP in inflammatory disease has been reviewed extensively 

(Ahmed et al., 1995; Basbaum & Levine, 1990: Colpaert et al., 1983; Garrett et al., 

1992; Menkes et al., 1993; Payan, 1989). Patients affected with RA have been shown to 

have elevated levels of SP in plasma and synovial fluid (Garrett et al., 1992; Hemanz et 

al., 1993; Joyce etal., 1993; Marshall et al., 1990; Menkes et al., 1993). Similar 

increases in levels of SP have been observed in experimental adjuvant-induced arthritis in 

rats (Ahmed etal., 1995; Gilligan et al., 1994; Levine et al., 1985). Furthermore, there 

is an increase in synthesis and axonal transport of SP seen after induction o f adjuvant 

arthritis. These changes in SP plasticity appear to depend on the time-course and 

severity o f the inflammatory response (Donnerer et al., 1993; Gilligan et al., 1994). In 

addition to chronic inflammation, levels of SP are also altered in models of acute 

inflammation. Injection of carrageenan, as an acute phlogistic agent, into the hind paw of 

rats results in an increase in levels o f SP and swelling. This increase occurs within 15 

minutes after induction, reaches peak levels in 30 minutes and remains elevated during 

the first 2 hours of inflammation (Gilligan et al., 1994). More direct evidence to further 

support the role of SP in inflammatory diseases includes the phlogistic effects observed 

from SP itself. It has been demonstrated that subcutaneous injection of SP can produce 

the redness, flare and wheal responses associated with the classic "triple response’ (Chahl,

1988). Similar pro-inflammatory effects have been observed in rats in which injection of
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SP in to the subplantar region o f the hind paw presents with intense redness and swelling 

(Gilligan et al., 1994).

In addition to the direct involvement of SP in stimulating an inflammatory response, 

SP can also potentiate the effects of other mediators. Inflammation observed in the hind 

paws of adjuvant arthritic rats is exacerbated when SP is injected (Levine et al., 1987). In 

addition, SP, in concert with BFC, can sensitize sensory nerve endings as well as transmit 

nociceptive responses. This hyperalgesia is thought to contribute to the severe pain 

experienced in arthritic conditions (Wiesenfeld-Hallin & Xu, 1993).

Since SP has been shown to be involved in inflammation and inflammatory diseases, 

it is not surprising that interfering with SP can attenuate its phlogistic effects and 

subsequently diminish conditions of inflammation. This has been demonstrated by the 

use of SP antagonists in animal models of inflammation. Hind paw edema associated 

with carrageenan edema or adjuvant arthritis is significantly reduced in rats pre-treated 

with an NK-1 antagonist (Lam et al., 1989; Lowe et al., 1993). In addition, SP- 

antagonists are also useful in reducing the pain associated with these models o f 

inflammation (Birch et al., 1992; Garret etal., 1993; Henry, 1993; Lowe et al., 1993). 

The effects of SP in inflammatory diseases can also be attenuated by depleting SP from 

sensory nerves. This has been demonstrated with the use o f capsaicin, an extract from the 

red chilli pepper. Capsaicin specifically destroys the small unmyelinated ‘C’ sensory 

fibers where SP has been shown to be localized (Cordell & Araujo, 1993; Dray, 1992; 

McMahon et al., 1990). As a result, chronic exposure to capsaicin destroys these sensory 

nerves and subsequently depletes them of SP. Pre-treatment of neonatal rats with
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capsaicin results in a significant reduction in the severity o f  the arthritic condition 

observed after inducing arthritis (Ahmed etal., 1995; Colpaert et al., 1983). Similarly, 

acute inflammation, induced using carrageenan as a phlogistic agent, is greatly reduced in 

rats pre-treated with capsaicin (Lam & Ferrell, 1990; Lembeck & Holzer, 1979). 

Comparable neurotoxic effects and relief from inflammatory disease have been observed 

with the treatment of gold salts. Adjuvant arthritic rats pre-treated with gold salts were 

spared from developing the disease. In these studies, the number o f unmyelinated axons 

in gold-treated animals was significantly lower than those found in control animals 

(Levine et al., 1986). Interestingly, clinical studies involving the use o f gold salts to treat 

RA report improvement o f the disease with significant reduction in inflammation, an 

increase in grip strength and a reduction in joint and bone erosion (Sigler et al., 1974). 

These observations may be related to the effect of gold on sensory nerves.

Pharmacological Strategies Against Inflammatory Diseases

Although more is known about the mediators and cells that contribute to the 

pathogenesis of rheumatoid arthritis, the current pharmacological treatment continues to 

be inadequate in preventing the progression of this disease to the stage o f irreversible 

joint erosion and deformity. Nonsteroidal anti-inflammatory drugs (NSAIDs) have been 

shown to be effective in controlling some of the symptoms o f RA by inhibiting AA 

metabolism, but they have little effect on the outcome of this disease (McNamara & 

Mayeux, 1995). Similarly, steroids aid in attenuating the pain and swelling associated 

with RA; however, the side effects and inability to reverse the disease limit the use of
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these compounds. Hence, the development of new anti-inflammatory drugs continues to 

be essential not only because of the need for compounds that will prevent joint 

destruction but also because compounds with a novel mechanism o f action can be used as 

tools to further clarify the pathogenesis o f RA. Some of the new inflammatory targets at 

which pharmacological treatment has been recently directed include interfering with the 

actions o f endogenous substances, such as cytokines, proteases, adhesion molecules, 

oxygen radicals and neuropeptides.

Pharmacological Strategies Targeting the Neuropeptide Substance P

Due to the increasing evidence for the role of SP as a mediator o f inflammation and 

inflammatory disease, it has become a pharmacological target for treatment o f 

inflammatory diseases in man and animal (Barnes, et al., 1990). Currently, there are 

experimental agents targeted at inhibiting the release of SP (opioids), blockade of SP 

receptors (SP antagonists) and potentiating the breakdown of SP (endopeptidases)

(Maggi, 1991). However, inhibiting the synthesis of SP, as a mechanism o f action for 

treating inflammation, has not been aggressively pursued and, therefore, its effectiveness 

is still not known.

Neuropeptide synthesis

The mechanisms involved in the synthesis of neuropeptides have been extensively 

investigated (Castro etal., 1991; Dores etal., 1990; Eipperetal., 1992; FCatopodis& 

May, 1991; Moore & Black, 1991; Morgan & Chubb, 1991; Sossin & Scheller, 1991;
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Stewart & Hall, 1993). Neuropeptides are synthesized from a larger precursor protein. 

Most active neuropeptides are less than forty amino acids in length and, therefore, are the 

enzymatic cleavage products of precursor proteins which are usually 60 amino acids long. 

These precursor proteins can contain numerous copies of a single neuropeptide or several 

unique species. Whether there are single or multiple copies present, each coding gene is 

separated by a basic region where post-translational cleavage occurs. Some examples of 

prepropeptides include preproNPY and preprotachykinin, encoding for neuropeptide Y 

(NPY) and the tachykinins, respectively. The prepropeptide’s genetic DNA material is 

transcribed within the nucleus of the neuron. This nuclear RNA transcript (nRNA) 

undergoes post-transcriptional processing including 5' GTP capping, 3' polyadenylation 

and RNA splicing (Morgan & Chubb, 1991). RNA splicing is important in that several 

unnecessary intron sequences are excised from the transcript and avoid being translated in 

the cytoplasm. Alternative splicing of the transcript is common for some important 

prepropeptides, including the genes for both proNPY and protachykinin. This results in a 

variety of unique intron and exon nRNA transcripts. The different forms of nRNA 

transcripts are required to provide adequate levels of tissue specific prepropeptide mRNA 

for different tissue sites (Dores et al., 1990). The newly formed mRNA is then translated 

on the surface of the rough endoplasmic reticulum to form the preprohormone protein. 

This large precursor protein is then inserted and routed through the lumen o f the 

endoplasmic reticulum. It is within the endoplasmic reticulum where the preprohormone 

undergoes chemical reactions including phosphorylation, glycosylation, sulfation and 

endoproteolysis (Dores et al., 1990). The modified polypeptide is ultimately transported
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and packaged in a secretory granule within the golgi apparatus where it undergoes further 

processing including endoproteolysis, acetylation and amidation (Dores et al., 1990).

After translation and during processing, the neuropeptide-containing vesicles are axonally 

transported down the dorsal roots to central and peripheral nerve terminals.

The above scheme for neuropeptide synthesis and processing is very complicated and 

involves a series of important steps. It has been reported that a-amidation, a terminal 

post-translational modification, appears to be the rate-limiting step in the synthesis o f 

over 50 % of neuropeptides, including SP (Morgan & Chubb, 1991; Mueller et al.,

1993). In addition, the enzymes required for this reaction have been isolated and studied 

extensively (Eipper& Mains, 1988; Katopodis et al., 1991; Ping et al., 1992). The 

formation of the a-amide is important for the active peptide to bind with and activate its 

receptor. All amidated peptides contain the following peptide sequence, -X-Gly-Basic- 

Basic. Formation of active peptides occurs via a two step enzymatic process on the 

glycine-extended precursor peptide (Bradbury et al., 1982; Eipper et al., 1992;

Katopodis et al., 1990; Li et al., 1994; Ping et al., 1995). The first reaction involves 

oxidation of the a-carbon, liberating the a-hydroxyglycine derivative (figure 3). This 

step requires the enzyme peptidylglycine a-monooxygenase (PAM). Much like 

dopamine-P-monooxygenase (DBM), PAM’s catalytic activity is dependent upon the 

presence of copper, ascorbate and oxygen (Eipper & Mains, 1988; Mains et al., 1985; 

Mueller et al., 1993; Oldem etal., 1992; Ping etal., 1992). After formation o f the a -  

hydroxyglycine, peptidylamidoglycolate lyase (PGL) cleaves just prior to the a-carbon
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rendering an active amidated peptide (Katopodis et al., 1991; Ping et al., 1992). Unlike 

PAM, PGL is independent of copper, ascorbate or oxygen for its catalytic activity.

Glycine-extended precursor oM
Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-N-CF^-C-OH

Ascorbic
Acid

°2
C opper

PAM

OH O
i ii

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

PGL

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

Amidated Substance P

Figure 3.
Enzymatic steps involved in the synthesis of the a-amidated neuropeptide, substance P, 
from its glycine-extended precursor.

Since PAM is the rate-limiting step for a-amidation, inhibition o f PAM activity 

should lead to a reduction in levels o f active neuropeptide. Studies involving the 

depletion of copper or ascorbate, the co-factors required for PAM activity, have been 

conducted to determine if inactivation o f PAM can reduce peptide levels. Pre-treatment 

o f rats with the copper chelator, disulfiram, resulted in the inactivation of PAM and a
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decrease in levels of amidated peptides (Marchman et al., 1990; Mueller et al., 1993). 

Similarly, a reduction in levels of amidated peptides was also observed in rats allotted an 

ascorbate deficient diet (Mains et al., 1985). Although depletion of the co-factors for 

PAM activity was effective in reducing levels of amidated peptides, the depletion was 

non-specific. Moreover, it is difficult to conclude whether the reduction in levels of 

peptide was due to PAM inactivation or a consequence of some other non-specific effect. 

Furthermore, copper and ascorbate are required co-factors for many other biological 

processes and diminishing their activities could result in numerous side effects. Hence, 

the possibility of using depletion of these co-factors as a method to reduce levels of 

amidated peptides appears to be impractical.

In order to determine if amidation is an attractive target for treatment of 

inflammation, a specific inhibitor of PAM is required. In the past, this rationale has not 

been aggressively pursued due to the lack of specific inhibitors of PAM. However, it has 

recently been discovered that 4-phenyl-3-butenoic acid (PBA) is effective at inhibiting 

amidation and, therefore, is available as a tool to determine if PAM is a potential site for 

anti-inflammatory drugs (figure 4). PBA has been shown, in vitro, to inhibit amidation 

by specifically inactivating PAM while having no effect on PGL (Katopodis, et al., 1990). 

The mechanism of PBA demonstrates irreversible inhibition of PAM requiring turnover 

of the enzyme, characteristic o f a mechanism-based inactivator (Bradbury, et al., 1990; 

Katopodis, etal., 1990).

Since SP has been shown to be involved in initiating and perpetuating the 

pathogenesis of inflammatory diseases, such as RA, and the fact that SP requires a -
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amidation for activity, treatment o f these conditions with PBA should result in a 

reduction of endogenous levels of SP and an anti-inflammatory response. With this 

rationale in mind, and the availability of a selective inhibitor o f PAM, the primary 

objective of this dissertation project was to investigate an entirely new approach to 

control the inflammatory process by determining if inhibiting the amidation of 

neuropeptides is effective in reducing levels of SP, in vivo, and attenuating the 

inflammatory response.

4-Phenvl-3-Butenoic Acid (PBA>

o

o
II

-CH=CH-CH-C-OH

Figure 4.
The structure of 4-phenyl-3-butenoic acid (PBA)
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CHAPTER 2

SPECIFIC AIMS

Since there is a substantial amount of evidence demonstrating that SP plays a critical 

role in the pathogenesis of inflammatory diseases, including RA, the major objective of 

this dissertation was to determine if inhibiting the synthesis o f inflammatory 

neuropeptides, such as SP, is effective in reducing the inflammatory response. To date, 

no one has determined whether this approach is effective in reducing inflammation due to 

the lack of availability of a compound that could interfere with the synthesis of these 

neuropeptides. It has been shown that amidation, involving the enzymes PAM and PGL, 

is a post-translational step required for the synthesis o f these neuropeptides. Results, in 

vitro, have demonstrated that PBA is a turnover-dependent inactivator of PAM with the 

ability to inhibit the formation o f  these neuropeptides. These results support the 

contention that administration o f  PBA to animals should result in an inhibition of PAM 

activity, a reduction o f endogenous levels of neuropeptides and the attenuation of an 

inflammatory response. Therefore, this dissertation was designed to explore the ability of 

PBA to inhibit an inflammatory response and to determine if this specific enzyme is a 

potential target for drugs to inhibit these diseases. The specific aims o f this dissertation 

were:

27
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1. Determine a  general pharmacological profile for PBA.

Since PBA has never been administered in vivo, initial studies were conducted to 
obtain information about the general pharmacology of this compound and its potential 
toxicity. These studies involved observing animals dosed with increasing 
concentrations of PBA for reflexes and parameters of normal behavior.

2. Develop assays to measure serum PAM activity and levels of SP in the rat joint and 
plasma.

These methods were necessary to determine the effects of PBA on PAM activity and 
levels of SP prior to and during carrageenan edema. The results from these 
experiments were pivotal in determining whether inhibiting PAM in vivo is related to 
altering levels o f SP and inflammation

3. Develop a dosing regimen for PBA that would result in a sustained inhibition of PAM 
activity that would allow for a significant reduction in the synthesis o f SP.

It is not clear whether elevated levels o f SP, in response to inflammation, are the result 
of pre-synthesized, stored SP or SP synthesized de novo. PBA has been shown, in 
vitro, to inhibit the synthesis of SP. Therefore, acute dosing with PBA should inhibit 
the de novo conversion of SP-Gly to SP and chronic dosing should inhibit the 
formation o f basal SP, both of which may be important in inflammation. To address 
these possibilities, animals were dosed both acutely and chronically with PBA and the 
effects of these two dosing regimens were evaluated for serum PAM activity and 
levels of tissue SP.

4. Determine if  the administration of PBA, either acutely or chronically, inhibits 
inflammation and whether this effect corresponds with the ability of the drug to inhibit 
serum PAM activity and reduce tissue levels of SP.

Results from these experiments are necessary to determine whether targeting the 
synthesis o f inflammatory neuropeptides would offer a new potential site for anti
inflammatory drugs to interfere with the pathogenesis of inflammatory diseases. 
Animals were administered PBA using an acute dosing regimen as well as a dosing 
regimen that provided sustained inactivation of PAM, and inflammation, serum PAM 
activity and tissue levels of SP were evaluated and compared to control animals.
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CHAPTER 3 

METHODS

Animals

Adult male, Sprague Dawley rats (150-300 g) and male ND4 Swiss Webster albino 

mice (15-20 g) were purchased from Harlan Sprague Dawley, Inc. (Indianapolis, IN), 

housed in appropriate caging facilities and allowed to acclimate one week prior to 

experimentation. All experiments using animals were approved by the Institutional 

Animal Care and Use Committee of Mercer University (Macon, GA).

Drugs and Reagents

PBA was purchased from Aldrich Chemical Co. (Milwaukee, WI) and recrystallized 

from hot hexane. For all experiments, PBA was dissolved in saline, the pH adjusted with 

sodium hydroxide to 7.5 and administered either intraperitoneally or subcutaneously 

(between the scapulae) using a constant volume (2 ml/kg). Alzet® osmotic pumps were 

purchased from Alza Corporation (Palo Alto, CA) and filled with the appropriate 

concentrations of PBA for one week delivery of compound. Radioimmunoassay (RIA) 

kits that were used to measure SP were purchased commercially from IncStar (Stillwater, 

MN). Prostaglandin production was measured using an enzyme-linked immunosorbant

29

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



30

assay (ELISA) purchased from Oxford Biomedical (Rochester Hills, MI).

Methoxyflurane, for anesthesia, was purchased from Mallincrodt Veterinary (Mundelem, 

IL). SP-Gly and TNP-D-Tyr-Val-Gly (Katopodis & May, 1990) were synthesized and 

donated by The Georgia Institute of Technology Department o f Chemistry and 

Biochemistry. Type IV, lambda carrageenan, bradykinin, serotonin hydrochloride, 

phenyl-p-quinone and acetylcholine chloride were all purchased from Sigma Chemical 

Co. (St. Louis, MO). Bovine liver catalase (65,000 units/mg) was purchased from 

Boehringer Mannheim (Indianapolis, IN). a-Hydroxyhippuric acid was purchased from 

Aldrich and recrystallized before use. All other reagents, solvents and chemicals were o f 

analytical grade.

Evaluation for Locomotor Activity

Mice were placed in an open field (divided into 4 inch squares) and observed for 10 

minutes to determine locomotor activity (number of lines crossed). After establishing a 

baseline, animals, in groups of 8, were injected i.p. with PBA 10 minutes prior to the start 

of the observation period. Locomotor activity was then observed for 10 minutes and 

compared to baseline.

PAM and PGL Extraction from Serum

Adult male rats (150-200 g) were treated with methoxyflurane for anesthesia, the 

tails clipped and 0.5 ml o f blood collected in microcentrifuge tubes and allowed to clot.
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The blood was spun in a refrigerated centrifuge at 16,000 x g. The serum was collected 

and stored at -80° C until assayed for PAM or PGL activity.

Determination of PAM Activity

PAM activity was determined as previously described (Katopodis, et al., 1991). 

Briefly, 50 pi o f serum sample (enzyme source) was added to 200 pi of the assay mixture 

which contained; tripeptide TNP-D-Tyr-Val-Gly as the enzyme substrate (40 pM), 

copper sulfate (15 pM), L-ascorbate (4 mM) and catalase (1 mg/ml) in MES buffer (100 

mM, pH 6.5). After a 30 minute incubation period at 37° C, an aliquot (90 pi) was 

quenched with 10 pi o f HC104 (3M) and centrifuged at 14,000 x g for 5 minutes. A 20 pi 

aliquot was removed and used to assay for product using reverse phase HPLC at 344 nm 

on a C8 column with a mobile phase o f 56% water/0.1% trifluoroacetic acid/ 44% 

acetonitrile at a flow rate of 1.5 ml/min. In this manner, both TNP-D-Tyr-Val-NH2 as 

well as the TNP-D-Tyr-Val-a-hydroxyGly were quantitated simultaneously. Enzyme 

activity was expressed as milliunits per milliliter which is the amount o f enzyme required 

to produce one nanomole of product.

Determination o f PGL Activity

PGL activity was assayed by measuring the conversion of a-hydroxyhippuric acid to 

benzamide (Katopodis & May, 1990). Briefly, 50 pi of the serum sample was added to 

200 pi o f a 100 mM MES buffer solution (pH 6.5) containing 2 mM of the enzyme 

substrate. After incubation for 30 minutes at 37° C, a 65 pi aliquot o f the assay mixture
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was quenched with 35 pi HC104(3M), centrifuged at 14,000 x g for 5 minutes, and 20 pi 

used to analyze for benzamide product by reverse phase HPLC with a C8 column.

Product detection was performed at 225 nm using a mobile phase of 80% water/0.1% 

trifluoroacetic acid/20% acetonitrile at a flow rate o f 1.5 ml/min. Enzyme activity was 

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

one nanomole of product.

Induction o f Carrageenan. Bradvkinin and Serotonin Edemas

Carrageenan, bradykinin and serotonin edemas were induced in anesthetized, male 

Sprague-Dawley rats (150-170 g) by injecting 0.5 mg (0.05 ml) carrageenan, 50 fig (0.1 

ml) of bradykinin and 20 pg (0.1 ml) of serotonin, respectively, into the subplantar region 

of the left hind paws; the contralateral hind paws received saline. Hind paw volumes 

(edema) were measured plethysmographically by displacement of mercury at 0, 1, 2, 3, 4 

and/or 6 hours post-administration of carrageenan, 20 minutes after bradykinin and 1 hour 

after serotonin. Swelling was determined by subtracting the volume (ml) o f the right hind 

paw from that o f the left. For acute studies, PBA was injected s.c. 30 minutes before the 

administration o f carrageenan and serotonin and 1 hour before bradykinin. For 

subchronic studies, PBA was administered s.c. every 6 hours for 1 week. Additional 

subchronic studies, involving sustained release o f PBA, were performed using s.c. 

implantation of osmotic pumps (as described below) for a period o f 1 week.
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Rats were treated with methoxyflurane for anesthesia, the tails clipped and 2.0 ml o f 

blood collected in EDTA-treated (100 pi of a 15 % solution) tubes and kept on ice.

Blood was spun in a refrigerated centrifuge at 760 x g for 15 minutes. The plasma was 

collected and 1 ml treated with 2 ml of cold analytical grade acetone. After vortexing and 

centrifuging, the supernatant was decanted into tubes containing 4 ml o f petroleum ether. 

Again, tubes were centrifuged, the ether layer pipetted off and the acetone layer dried 

using a Brinkman concentrator (Westbury, NY). The dried product was reconstituted in 1 

ml radioimmunoassay (RIA) buffer and assayed by RIA.

SP Extraction from Joint Tissue

SP was extracted from joint tissue using a modification o f a method previously 

described (Ahmed et al., 1994). After obtaining blood for the plasma extraction, rats 

were sacrificed by carbon dioxide (C 02) inhalation, and both ankle joints excised. Joint 

tissue included the area from the midsection of the metatarsals through the midsection of 

the tibiofibula, as indicated within the circle of figure 5. Tissue was cut into 3 pieces and 

then snap frozen on dry ice and stored at -80° C. Tissue was weighed and boiled as a 

10% w/v extraction solution (2 M acetic acid in 4% EDTA, pH 3.5). After 7 minutes, 

tissue pieces were further cut into smaller units and boiled for an additional 7 minutes. 

Samples were homogenized (60 seconds) using a Brinkman Polytron (Westbury, NY), 

sonicated (30 seconds) and centrifuged at 3000 x g (20 minutes). Supernatants were
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Iyophilized and then the dried material reconstituted in 15 ml of deionized water. A 1 

10 dilution o f sample in RIA buffer was made just prior to RIA analysis.

fibulatibia

tibiof

metatarsals
phalanges

tarsals

Figure 5.
The area o f the rat hind paw excised for extraction of SP. 
Animals were sacrificed by carbon dioxide inhalation and both 
ankle joints (that area including the midsection of the 
metatarsals through the midsection o f the tibiofibula, as 
indicated within the circle) were excised. Tissue was then cut 
into 3 pieces, snap frozen on dry ice and stored at -80° C.
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Measurement o f SP

Levels of SP in plasma and joint tissue were measured using an RIA kit purchased 

from IncStar (Stillwater, MN)- Briefly, vials of BSA-peptone buffer, SP antiserum, I25I - 

SP , rabbit gamma globulin carrier and ammonium sulfate were reconstituted with 25 ml, 

10 ml, 5 ml, 10 ml and 60 ml deionized water, respectively. A 200 pi volume o f sample 

was added to 100 pi SP antiserum and 100 pi 125I-SP. Samples were vortexed and 

incubated in the refrigerator overnight. After adding 100 pi of rabbit gamma globulin 

carrier, bound SP was precipitated by adding 500 pi o f saturated ammonium sulfate to 

samples. Again, samples were vortexed and incubated at room temperature for 20 

minutes. Samples were then centrifuged at 760 x g for 10 minutes, the supernatants 

decanted and each tube counted for 1 minute. The percent of bound SP over total SP (% 

B/T) standards were plotted on the Y-axis with their respective SP concentrations plotted 

on the X-axis. A linear regression line was used to determine the best fit curve. The % 

B/T for all unknown samples was compared to this curve to determine the levels of SP.

In Vitro Assay for Cvclooxveenase Activity

The effect of PBA on cyclooxygenase activity was evaluated by measuring the 

amount of PGEj product formed from whole blood in the presence or absence of 

compound.
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Assay for in Vitro PGE-. Production

Whole blood was collected in heparinized vaccutainers (Fisher Scientific, Pittsburgh, 

PA) from healthy volunteers who had not received any non-steroidal anti-inflammatory 

drugs within a 30 day period. Aliquots of blood (2 ml) were treated with PBA (200 pi) of 

varying concentrations diluted in phosphate buffered saline (PBS). Samples were 

incubated at 37°C for 15 minutes and then treated with 22 pi o f calcium ionophore (5 mM 

in ethanol) to induce prostaglandin synthesis. Samples were then incubated with gentle 

shaking at 37°C for an additional 20 minutes and then centrifuged at 400 x g at 4°C for 5 

minutes. Supernatants (0.5 ml) were treated with 1 ml of acetonitrile, vortexed and 

centrifuged at 400 x g at 4° C for 5 minutes. Supernatants were then frozen, Iyophilized, 

reconstituted with 300 pi of PBS and assayed for PGE,.

Measurement of Levels of P G ^

The levels of PGEj were measured using an ELISA purchased from Oxford 

Biomedical (Rochester Hills, MI). Briefly, 50 pi samples were incubated in a microplate 

pre-coated with PGE, antibody at room temperature for 1 hour with 50 pi of diluted PGE2 

enzyme conjugate. After incubation, the contents of the plate were tapped out and the 

plate washed three times with 200 pi of washing buffer. Tetramethylbenzidine/hydrogen 

peroxide (TMB) substrate (150 pi) was added to each well and incubated at room 

temperature for 30 minutes. The enzyme reaction was terminated by adding 100 pi o f 

HCL(IM). Absorbance was read at 450 nm and compared to standard values. The
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percent binding (%B/B0) for standards was plotted on the Y-axis with their respective 

PGE^ concentration plotted on the X-axis. A linear regression line was used to determine 

the best fit curve. The %B/B0 for all unknown samples was compared to this curve to 

determine the amount o f PGE, present.

Analgesic Assays

The effects o f PB A on the perception o f pain was evaluated using several different 

animal models. The spinally-mediated tail-flick response to heat in fasted rats (250-290 

g) was used by measuring the withdrawal latency following immersion o f  the tail (2") into 

hot water (50° C). PBA, at different doses, was administered s.c. and the time to tail 

withdrawal measured at 15, 30 and 60 minutes post-drug administration. The analgesic 

effects of PBA were also evaluated in fasted mice following the injection o f either PQ or 

ACH. Male, ND4 Swiss mice (15-20 g) were dosed s.c. with PBA or saline followed 

immediately by the injection of phenyl-p-quinone (2 mg/kg i.p.). After 5 minutes, the 

number of writhes (abdominal constrictions along with contortion of the trunk and 

extension of the hindlimbs) were counted over the next 10 minutes. When acetylcholine 

(6 mg/kg i.p.) was used as the noxious agent, PBA was administered s.c. 15 minutes 

before the administration of the algesic agent. The number of writhes produced was 

counted over the next 5 minutes.
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Osmotic Pump Implantation

Rats receiving osmotic pumps were anesthetized with sodium pentobarbital (35 

mg/kg i.p.) and a small incision was made between the scapulae. Using aseptic 

technique, 1 -2 Alzet® osmotic pumps (Alza Corporation, Palo Alto, CA), containing 

either 25, 50 or 100 mg/kg/hr PBA, were inserted s.c.; control animals underwent a sham 

operation. The incisions were sutured and the animals allowed to recover.

Statistical Analysis

Data are presented as mean responses ± standard error of the mean (S.E.M.). One 

way analysis of variance (ANOVA) for repeated measures was used to test for 

significance. The comparison of means within a group was performed by using Tukey’s 

post-hoc test. The Student’s t test was used to compare the means between two groups. 

All groups contained between 6 and 8 animals. A probability o f P < .05 was considered 

statistically significant.
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CHAPTER 4 

RESULTS

Initial Pharmacological Evaluation of PBA

Since the studies investigating the effects o f PBA on PAM activity have only been 

reported in an in vitro environment, the effects this compound would have in animals was 

not known. Therefore, initial studies were performed to obtain a general pharmacological 

profile o f PBA. Using grooming, defecation, urination and a number of reflexes as 

parameters o f general behavior, no overt changes were observed in PBA-treated animals 

compared to controls with doses of 12.5 to 500 mg/kg i.p. However, there was a slight 

sedative effect observed in PBA-treated animals and, therefore, experiments were 

conducted using locomotor activity to investigate this sedative effect. Mice (groups of 8) 

were placed in an open field (divided into 4 inch squares) and observed for 10 minutes to 

determine locomotor activity. After establishing a reproducible baseline, animals were 

dosed i.p. with increasing concentrations of PBA and the number o f lines crossed were 

counted and compared to control values. As shown in figure 6, PBA produced a dose- 

related inhibition of locomotor activity with an estimated IDS0 o f250 mg/kg. Complete 

suppression of locomotor activity occurred using the 500 mg/kg dose; however, animals 

remained alert and could respond to external stimuli. Interestingly, the lower dose of 50

39
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mg/kg produced a significant rise in locomotor activity. This observation may reflect the 

initial stimulatory effect that precedes the sedation associated with many central nervous 

system (CNS) depressants.
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Figure 6.
Effect of PBA on locomotor activity. Different doses of PBA were 
administered i.p. to fasted, male ND4 Swiss mice. After 10 minutes, 
the number of lines crossed were counted for 10 minutes and 
compared to baseline values. Estimated ID50 = approximate dose 
that reduced locomotor activity by 50 %. Data are presented as 
mean ± S.E.M. for each group (n = 8). * Statistically significant (P < 
.05) compared to saline-treated controls (Tukey’s test).

The decreased locomotor activity observed after dosing with PBA suggests that PBA 

is capable of crossing the blood brain barrier and entering the CNS. However, repeated 

dosing with PBA (250 mg/kg i.p. three times a day) for several weeks resulted in a 

tolerance to the reduced locomotor effect (Figure 7). As expected, PBA significantly
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reduced locomotor activity during the first 3 weeks of dosing. However, by week 4 there 

was no significant difference in locomotor activity between animals pre-treated with PBA 

and controls. By week 7 locomotor activity in PBA-treated animals were similar to 

controls.
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Figure 7.
Tolerance to the effect of PBA on locomotor activity. PBA (250 
mg/kg) was administered i.p. to male ND4 Swiss mice three times a 
day for 7 weeks. At the end o f each week animals were dosed with 
PBA and locomotor activity was evaluated and compared to 
controls. Data are presented as the mean ± S.E.M. for each group (n 
= 5). ** Statistically significant (P < .05) compared to controls for 
that time period (Student’s t test).

While increasing the dose of PBA to completely evaluate its effect on locomotor 

activity, it was possible to also determine its toxicity. Figure 8 illustrates that PBA is a 

relatively non-toxic compound with death not occurring until almost 1000 mg/kg. The
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LD50 was estimated to be 1050 mg/kg, with all animals expiring following administration 

of 1400 mg/kg.
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Figure 8.
Estimated LD50 for PBA* Different doses of PBA were administered 
i.p. to male ND4 mice as described in “Methods” for locomotor 
activity. Upon increasing the concentration o f PBA, the 
approximate dose to produce lethality in 50 % o f the population 
(LD50) was estimated (n = 8).

Determination of Serum PAM and PGL Activity in the Presence of PBA

Effect of PBA on PAM Activity

After establishing that PBA was a relatively non-toxic compound, experiments were 

performed to determine if the effects of PBA on serum PAM and PGL activity in vivo 

were similar to those observed in vitro. Rats were dosed with PBA (50, 150 and 500
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mg/kg s.c.) and serum PAM activity determined over a 6 hour period. PBA (500 mg/kg) 

significantly inhibited PAM activity by more than 90% (figure 9). This magnitude of 

inhibition remained during the first 3 hours but decreased to 43% by hour 6.

Interestingly, the inhibition of PAM activity was found to be dose-related with the 50 and 

150 mg/kg doses having similar time-courses of inactivation but o f lesser magnitude than 

the effects caused by the 500 mg/kg dose.
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Figure 9.
Dose-response effect of PBA on serum PAM activity in normal rats. 
Different doses of PBA were administered s.c. to rats. Serum 
samples were taken from the tail and assayed for PAM activity as 
described in “Methods”. Saline-treated controls (■); 50 mg/kg (*); 
150 mg/kg (♦); 500 mg/kg (A). Data are presented as mean ± 
S.E.M. for each group (n = 6). * Statistically significant (P < .05) 
compared to time 0 (Tukey’s test).
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Effect of PBA on PGL Activity

Since the dose o f PBA required to inhibit PAM activity by more than 90 % was 

relatively high (500 mg/kg), there was a concern that this inhibition was nonspecific. 

Therefore, studies were conducted in which animals were dosed with PBA (500 mg/kg 

s.c.) and its effects on both serum PAM and PGL activity determined over a 24 hour time 

period. As shown in figure 10, acute dosing with PBA significantly inhibited PAM 

activity for 6 hours and approached control levels by hour 24. However, this same dose 

(500 mg/kg) had no effect on PGL activity during the entire 24 hour period, 

demonstrating the ability o f PBA to selectively inhibit PAM activity. Hence, the in vivo 

data is consistent with the in vitro data in that PBA is capable of inhibiting PAM activity 

without affecting the activity o f PGL.

Determination of Acute Anti-Inflammatory Activity of PBA 

Effect o f PBA on Carrageenan Edema — Dosing Intraperitoneallv

Since PBA was effective in vivo in inactivating the rate-limiting enzyme required for 

synthesis of pro-inflammatory peptides, experiments were conducted to determine if  PBA 

had any anti-inflammatory activity. Using carrageenan edema as an acute model o f 

inflammation, rats were treated i.p. with PBA 30 minutes prior to injection of carrageenan 

into the subplantar region o f the hind paw. As expected, injection of carrageenan into the 

hind paw resulted in a rapid increase in paw edema that increased with time and peaked at 

the third hour post-injection o f the phlogistic agent (figure 11).
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Figure 10.
Effect o f PBA in vivo on the activity o f serum PAM and PGL. Normal, male rats 
were dosed with PBA (500 mg/kg s.c.) and serum samples were taken from the tail 
at different times over a 24 hour period. The activity of PAM and PGL in these 
samples was measured as described in “Methods”. Saline-treated control (■); PBA 
effect on PAM (□); saline-treated PGL (♦); PBA effect on PGL (0). Data are 
presented as mean ± S.E.M. for each group (n = 6). * Statistically significant (P < 
.05) compared to time 0 (Tukey’s test).
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Figure 11.
Effect of carrageenan on hind paw volumes in rats. Normal, male 
rats were administered 0.05 ml of carrageenan (0.5 mg) into the 
subplantar region of the left hind paw. The right hind paw received 
saline. Hind paw volumes were measured plethysmographically by 
mercury displacement. Changes in hind paw volumes were 
calculated as described in “Methods”. Data represent the mean ± 
S.E.M. for each group (n = 6). * Statistically significant (P < .05) 
compared to time 0 (Tukey’s test).

Animals treated with PBA (250 and 500 mg/kg i.p.) 30 minutes prior to receiving 

carrageenan showed a significant reduction in hind paw swelling (figure 12). This 

inhibition was greatest at hours 1 and 2 with no significant difference from controls 

occurring by hour 3. The reduction in edema by PBA was also dose-related with the 250 

and 500 mg/kg doses producing approximately 40 and 50 % inhibition at hour 2, 

respectively.
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Figure 12.
Effect of acute, i.p. administration of PBA on carrageenan-induced 
edema in rats. Normal, male rats were administered 0.05 ml o f 
carrageenan (0.5 mg) into the subplantar region of the left hind paw. 
The right hind paw received saline. Hind paw volumes were measured 
plethysmographically by mercury displacement. Different doses of 
PBA were administered intraperitoneally 30 minutes before the 
phlogistic agent. Changes in hind paw volumes were calculated as 
described in “Methods”. Numbers on top of bars represent the 
percentage inhibition at each time period due to drug. Open bars - 
saline-treated controls; solid bars -  250 mg/kg; cross-hatched bars - 
500 mg/kg. Data represent the mean ± S.E.M. for each group (n = 6). 
** Statistically significant (P < .05) compared to controls for that time 
period (Student’s t test).

Effect o f PBA on Carrageenan Edema — Dosing Subcutaneouslv

The effectiveness of PBA during the first two hours of carrageenan but not the third 

hour suggested that the compound was either specific for mediators released during the 

early phases of this inflammatory response or that the compound has a very short duration
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of action. To address these possibilities, animals were dosed subcutaneously with PBA 

rather than intraperitoneally. This route of delivery would allow for a slower, more 

sustained absorption o f PBA and a longer duration. Figure 13 illustrates that s.c. dosing 

with PBA effectively reduced the edema observed at hour 3 post-carrageenan injection 

even though it was still less than that observed at hour 2. While there was little inhibition 

observed with the 100 mg/kg dose of PBA, both the 250 and 500 mg/kg doses produced 

significant inhibition at hours 2 and 3 post-phlogistic agent. Results from these 

experiments suggest that the inability of PBA to reduce hind paw swelling after 3 hours 

following i.p. administration was due to a pharmacokinetic problem rather than 

specificity for the early phase o f carrageenan edema. This conclusion is further illustrated 

in figure 14 in which rats were dosed s.c. with PBA (100,250 and 500 mg/kg) 2 hours 

after the induction o f inflammation, rather than 30 minutes prior to the phlogistic agent. 

Using this method o f dosing, the 100 mg/kg dose was capable of reducing hind paw 

edema at hour 3 but was ineffective at hours 4 and 6. The 250 mg/kg and 500 mg/kg 

doses significantly inhibited hind paw swelling, up to 100 %, compared to the 

inflammation observed in control animals receiving only carrageenan. Furthermore, the 

inhibitory effect produced by both of these doses was maintained throughout the entire 

observation period (6 hours).
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Figure 13.
Effect o f acute, s.c. administration of PBA on carrageenan-induced edema in rats. 
Normal, male rats were administered 0.05 ml of carrageenan (0.5 mg) into the 
subplantar region of the left hind paw. The right hind paw received saline. Hind paw 
volumes were measured plethysmographically by mercury displacement. Different 
doses of PBA were administered subcutaneously 30 minutes before the phlogistic 
agent. Changes in hind paw volumes were calculated as described in “Methods”. 
Numbers inside bars represent the percentage inhibition at each time period due to 
drug. Open bars - saline-treated controls (n = 7); vertical striped bars -  100 mg/kg (n 
= 6); horizontal striped bars -  250 mg/kg (n = 6); solid bars -  500 mg/kg (n = 6). 
Data are presented as mean ± S.E.M. for each group. ** Statistically significant (P < 
.05)  compared to controls for that time period (Student’s t test).
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Figure 14.
Effect of PBA on carrageenan-induced edema when administered two hours after the 
injection of the phlogistic agent. Normal, male rats were administered 0.05 ml of 
carrageenan (0.5 mg) into the subplantar region of the left hind paw. The right hind 
paw received saline. Different doses of PBA were administered subcutaneously two 
hours after the phlogistic agent. Hind paw volumes measured at hours 3, 4 and 6 were 
compared to hour 2 and the change (ml) in this volume from hour 2 was calculated. 
Open bars -  saline-treated controls; vertical striped bars - 100 mg/kg; horizontal 
striped bars -  250 mg/kg; solid bars - 500 mg/kg. Data are presented as the mean ± 
S.E.M. for each group (n = 5). * Statistically significant (P < .05) compared to hour 2 
(Tukey’s test).
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In order to determine whether the acute anti-inflammatory effects of PBA were 

related to inhibition o f neuropeptide amidation and subsequent reduction of levels o f SP, 

studies were conducted to measure levels of SP in the rat joint and plasma. The ability to 

measure SP in these tissues would require the use o f a highly sensitive assay due to the 

fact that levels of endogenous SP are expected to decrease as a consequence of PAM 

inactivation. Therefore, an RIA procedure was selected as the method to use because of 

its high sensitivity as well as its potential ability to differentiate between the glycine- 

extended precursor SP (SP-Gly) and the active, amidated SP. This was a major concern 

because SP-Gly differs from SP by only one glycine residue. In addition, a build up o f 

SP-GIy would be expected since PBA inhibits the conversion of SP-Gly to SP. An RIA 

kit was purchased from IncStar (Stillwater, MN), and initial experiments were performed 

to confirm that this RIA kit would selectively react with only SP and not significantly 

cross-react with the glycine-extended SP. This was determined using two different 

protocols which included measuring increasing levels of SP-Gly alone and measuring 

levels of SP in combination with SP-Gly using the RIA kit. Results from these 

experiments would determine whether this method was appropriate for measuring SP 

levels in the rat joints and plasma.
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Specificity of RIA Antibody for SP

Measuring levels of SP-Glv using the RIA kit for SP

Studies using synthesized SP-Gly (78-1250 pg/ml) as the competing antigen to 

displace I25I-labeIed SP were performed to determine the amount o f cross-reactivity the 

IncStar RIA kit antibody had for SP-Gly. The results obtained from this experiment 

indicate that concentrations of SP-Gly from 78 up to 1250 pg/ml did not interfere with the 

ability o f  the antibody to recognized I25I-SP (figure 15).
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Figure 15.
Specificity of the RIA antibody for SP (78 - 1250 pg/ml). 
Measurement of SP using RIA was performed as described in 
‘Methods’ in the presence o f varying amounts of nonradioactive SP 
(■ ) or SP-Gly (♦ ). Each point represents the average o f two 
duplicate tubes.
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Since levels o f SP-Gly were expected to build up, as a consequence of PAM 

inactivation, higher concentrations of SP-Gly (500-100,000 pg/ml) were also tested for 

cross-reactivity with the RIA’s antibody for SP. As demonstrated in figure 16, only 

minimal cross-reactivity for SP-Gly occurred using the RIA kit antibody specific for SP 

with concentrations o f SP-Gly that were 10-100 times higher than those expected in vivo.
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Figure 16.
Specificity o f  the RIA antibody for SP (500 - 100,000 pg/ml). Measurement o f SP 
using RIA was performed as described in ‘Methods’ in the presence o f increasing 
concentrations of SP <■) or SP-Gly (♦). Each point represents the average o f two 
duplicate tubes.
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From these results the percent cross-reactivity o f the SP RIA antibody for SP-Gly 

was calculated and determined to be from 0 to 6.5%, with an average of 2.4 % cross- 

reactivity occurring across the entire concentration range (table 1). These results suggest 

that the IncStar RIA kit, specific for SP, does not significantly cross-react with SP-Gly 

and, thereby, can effectively distinguish the active SP from its glycine-extended 

precursor.

Table 1. Cross-reactivity of SP RIA antibody with SP-Gly 3

SP-Gly
(pg/ml)

SP detected 
(pg/ml)

Cross reactivity 
(%)

100 0.0 0.0
500 32.5 6.5

1000 14.5 1.5
2000 76.3 3.8
5000 98.0 2.0

10000 297.5 3.0
100000 182.0 0.2

Average cross reactivity 2 .4  % (0 .85 )b

a  Specificity of RIA for SR RIA, specific for SR  w as performed in the 
presence of SP-Gly (100 - 100,000 pg/ml) and  the percent 
cross-reactivity calculated. 

b  Number in paren thesis represents standard error of the mean. N = 7
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Measuring levels of SP in combination with SP-Glv bv RIA

Another study performed to confirm these results involved measuring levels of SP 

from samples containing both SP-Gly and SP. Since the samples that would be obtained 

from the animals would contain both SP and SP-Gly, experiments were performed to 

ensure that the RIA kit would be able to distinguish SP in the presence o f SP-Gly. 

Different concentrations of SP-Gly (1000-5000 pg/ml) were added to a known 

concentration o f SP and the amount o f SP present was determined by RIA and compared 

to values obtained for SP alone. As shown in table 2, when 1000 pg of SP-Gly were 

added to 378 pg/ml of SP, the RIA kit measured 457 pg/ml total SP. Therefore, the cross

reactivity o f the RIA kit for 1000 pg o f SP-Gly is 7.9 %, a value similar to that obtained 

when 2000 pg o f SP-Gly were added (table 2). However, 5000 pg o f SP-Gly, the highest 

concentration used, produced only a 4 % cross-reactivity. The mean percent cross

reactivity of the SP RIA for SP-Gly was calculated to be 6.6 % using this experimental 

protocol which further confirms the specificity of the RIA for SP.

Extraction of SP from the Rat Joint 

Maximum Recovery of SP from the Rat Joint

After establishing that the RIA procedure was a sensitive method to differentiate 

between SP and SP-Gly, it was necessary to develop a reproducible procedure for the 

extraction o f SP from the rat joint. Initial experiments were conducted using a 

modification o f a method previously described (Ahmed et al., 1994). In these
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experiments, the amount o f SP extracted from each joint was very consistent with a  mean 

of 41.5 ng/joint (table 3). To determine if this value represented the maximum amount of 

SP that could be extracted, the extraction pellet from each joint was re-extracted using a 

similar method. A small amount of SP was detected from these pellets which represented 

approximately 12 % o f the total amount of SP available for extraction. These results 

indicate that the method used to extract SP from the joint tissue recovers nearly 88 % of 

the total amount o f SP available after only 1 extraction procedure.

a
Table 2. Measurement o f SP in combination with SP-Gly by RIA

SP present 
(pg/ml)

SP-Giy added 
(pg/ml)

Amount of SP 
detected (pg/ml)

Cross-reactivity
(%)

378 1000 457 7.9
378 2000 531 7.6
378 5000 575 4.0

Average % cross-reactivity 6 .6  % (1.25)^

a  Specificity of RIA for SR RIA for SP  w as performed in the p resen ce  
of SP-Gly (1000 - 5000 pg/ml) in combination with SP and the percen t 
cross-reactivity calculated. 

k  Number in parenthesis represents standard  error of the m ean. N = 3
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SP (pg/joint)

Initial SP Extracted 41531 (3 1 9 8 )b

Re-extracted SP  5891 (257)

Total SP  extracted 47422 (3387)

% Maximum SP Recovery 88 % (0.59)

g
To determine the maximum SP recovered during the extraction 
procedure, SP  w as re-extracted and m easured  from initial extraction 
pellets. This am ount w as added to the initial S P  extraction value 
(total SP extracted). From these values the percen t maximum 
recovery w as calculated.

Numbers in parenthesis represent standard error of the  m ean. N=7

SP Loss from Extraction Procedure

Although the extraction procedure was effective in recovering the majority of SP, 

there was a concern that the harsh extraction environment could degrade the available SP 

resulting in levels of SP that are lower than those actually present. To address this 

concern, studies were conducted to determine the amount of SP degraded during the 

extraction procedure. In these experiments, different concentrations of SP were used to 

spike the extraction solution. These samples were then boiled, homogenized, sonicated, 

lyophilized and reconstituted as described in “Methods”. The amount o f SP was then
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measured by RIA and the percent recovery o f SP was determined. As shown in table 4, 

the percent o f SP recovered in each of these experiments was, in most cases, greater than 

80 % with a mean recovery of approximately 92 %. These results suggest that SP is 

relatively stable when subjected to the extraction procedure and that the amount o f SP 

recovered was representative of SP available for extraction.

a
Table 4. Extraction recovery of SP from spiked extraction solution

S P  spiked SP  recovered SP recovered 
(pg/ml)________ (pg/ml)____________ (%)

50 47.5  95.0
100 111.5 111.5
200 156.0 78.0
500 451.5 90.3

1000 840.0 84.0

______ Average recovery______ 91.76 % (5.7)b
a  To determ ine the amount of S P  degraded during the extraction 

procedure, S P  content w as m easured  from extraction solution spiked 
with different concentrations of SP. From this the percen t of SP  
recovered w as calculated. 

k  Num ber in parenthesis rep resen ts standard error of the  m ean. N=5

SP Loss from Endogenous Components

In addition to heat and physical effects associated with the extraction procedure, the 

presence of endogenous substances such as proteolytic enzymes, proteins, lipids etc. 

found in rat joint homogenate could potentially destroy SP or interfere with the RIA.
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This could result in reduced or inaccurate measurements of the amount of recovered SP. 

Therefore, experiments were performed to determine the amount of SP recovered in the 

presence of joint homogenate.

a
Table 5. Extraction recovery o f SP from spiked joint homogenate

SP pg/ml 
homogenate 1 homogenate 2

Endogenous levels of SP 406 406
SP added 378 768
SP  recovered 740 1018
Expected recovery 784 1174

% Recovered 87 94

Average recovery 91 %

a  To determ ine the amount of SP recovered in the presence of joint 
hom ogenate, rat joint hom ogenate w as split in two portions. O ne 
portion w as spiked with a known concentration of SP while the other 
portion served  a s  a  control. Control values w ere subtracted from the 
spiked va lues and the percent of SP recovered was calculated.

In these studies, levels o f SP were measured from joint homogenate spiked with 

known concentrations o f SP. The amount o f SP recovered was compared to values 

obtained from the same joint homogenate in which no SP was added. Two different 

concentrations o f SP were added to homogenates in which levels of SP were previously 

determined (table 5). When 378 pg of SP was added to a homogenate containing 406 

pg/ml, 740 pg/ml o f SP was recovered which represents an 87 % recovery. When 768 pg
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of SP were added, 1018 pg/ml was recovered and calculated to be a 94 % recovery.

These results suggest that the extraction method for SP from rat joints is effective in 

removing the majority of SP available in the presence of endogenous components 

associated with joint homogenate.

Acute Effects of PBA on Levels of SP in the Rat Joint and Plasma

Since acute dosing with PBA was found to be effective at inactivating PAM (figures 

9 & 10) and inhibiting inflammation (figures 12-14), experiments were performed to 

determine whether the anti-inflammatory effects were related to a reduction in levels of 

endogenous SP in the joint and plasma tissues. Rats (groups o f 6) were dosed with PBA 

(500 mg/kg s.c.) and at different time periods after dosing (0, 1,2 and 3 hours) animals 

were sacrificed, hind paws removed and extracted and levels o f SP measured by RIA, as 

described in “Methods”. As shown in figure 17, acute dosing with PBA did not produce 

any significant difference in levels of joint SP during the entire 3 hour period even though 

this same dosing protocol produced significant inhibition of carrageenan edema (figure 

13).
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Figure 17.
Effect o f acute, s.c. administration of PBA on levels of SP in the rat joint. Normal, 
male rats were administered PBA (500 mg/kg s.c.). At each time period (0, 1,2 
and 3 hours post-dosing with PBA), groups o f animals were sacrificed, hind paws 
removed, joint tissue dissected, and SP extracted and measured as described in 
“Methods”. Data are presented as mean ± S.E.M. for each group (n = 6).

Similar results were observed in rat plasma obtained from these same animals. As 

illustrated in figure 18, levels of plasma SP did not change after dosing with PBA (500 

mg/kg s.c.) for the duration of the experiment when compared to time 0 controls.
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Figure 18.
Effect of acute, s.c. administration of PBA on levels of SP in the rat plasma. 
Normal, male rats were administered PBA (500 mg/kg s.c.). At each time period 
(0, 1,2 and 3 hours post-dosing with PBA) blood was collected from groups o f 
animals. SP was extracted and measured using RIA as described in “Methods” . 
Data are presented as mean ± S.E.M. for each group (n = 6).

Effect o f PBA on Edema Induced with Bradvkinin and Serotonin

Since the acute anti-inflammatory effects of PBA appear to be independent o f 

reducing levels of SP, experiments were conducted to determine if PBA was capable of 

inhibiting the edema induced by either bradykinin or serotonin, two other mediators that 

have been shown to be involved in the earlier phases o f  carrageenan edema (Di Rosa et

0 21
Hours
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al., 1971). Using the dose (500 mg/kg) that was effective in inhibiting carrageenan 

edema (figures 12 & 13), PBA did not produce any significant inhibitory effect on hind 

paw edema induced by either bradykinin or serotonin (table 6).

In summary, these results suggest that the anti-inflammatory effects on carrageenan 

edema produced by the acute administration of PBA were unrelated to its ability to inhibit 

PAM activity and lower endogenous levels of SP in the joint. In addition, this activity 

could not be explained by interfering with the effects o f bradykinin or serotonin which are 

known to participate in the early phase of carrageenan edema.

Table 6. Comparison of the effects of PBA (500 mg/kg s.c.) on acute inflammation 
induced by different phlogistic agents.

Male, Sprague-Oawley rats were dosed with PBA s.c. 30 m inutes before 
carrageenan and serotonin and 1 hour before bradykinin. Hind paw volumes 
w ere m easured plethysmographically by displacem ent of mercury.

Phlogistic agent
Hind paw volume 

(ml * S.E.M.)
Inhibition

(%)
Controls PBA

Carrageenan 1 .93 ± .12 .31 + .07 66.7
Bradykinin 2 .39 + .05 .29 ± .04 25.6
Serotonin 3 .81 + .07 .66 t  .03 18.5

1 Carrageenan (0.5 mg) was given to left hind paw. Right hind paw received 
saline. Paws were measured 2 hours after phlogistic agent.

2 Bradykinin (50 ug) was injected into left hindpaw. Paws were measured 
30 minutes after phlogistic agent.

3 Serotonin (20 ug) was injected into the left hindpaw. Paws were measured 
1 hour after phlogistic agent.

** Statistical significance (P < .05) compared to controls (Tukey's test). N = 8.
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Since prostaglandins have also been shown to be involved in carrageenan edema (Di 

Rosa et al., 1971), experiments were performed to determine the effect o f  PBA on 

cyclooxygenase (COX) activity. Blood was drawn from healthy volunteers, COX activity 

was induced, and the effect of PBA on COX activity was determined by measuring the 

change in production of PGE, as described in “Methods”. As shown in figure 19, PBA 

appear to be a weak inhibitor of COX activity. While 400 pM of PBA did not produce 

any activity on COX activity, 800 pM PBA produced approximately 40 % inhibition of 

COX activity. However, concentrations as high as 1000 pM of PBA were required to 

inhibit the enzyme by greater than 60 %. The estimated IC50 for PBA from these data is 

approximately 900 pM.

Interestingly, the dose required to produce acute anti-inflammatory activity was 

approximately 250 mg/kg s.c. (figure 12). The 250 mg/kg dose is roughly equivalent to a 

molar concentration in the rat of approximately 1500 pM. This corresponds to the 

approximate in vitro IC50 value for cyclooxygenase inhibition by PBA. Collectively, 

these data suggest that the acute anti-inflammatory activity of PBA may be due, in part, to 

the inhibition of COX activity and the subsequent reduction in synthesis o f  prostaglandin.

Evaluation of Acute Analgesic Activity of PBA

Since many anti-inflammatory drugs also possess analgesic activity, studies were 

conducted to evaluate the acute analgesic activity of PBA. Initial experiments were

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



65

performed using the tail-flick assay in rats to determine if  the acute administration o f 

PBA possessed any central analgesic activity. After obtaining baseline values, PBA was 

administered subcutaneously to rats followed by the immersion of the rodent tail into 50° 

C water. The time to tail withdrawal at 15, 30 and 60 minutes post-drug administration 

was measured and the percent change in threshold to pain calculated. In these 

experiments, PBA did not have any effect on time to tail withdrawal at any observation 

period with doses up to 750 mg/kg (figure 20).
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Figure 19.
Effect of PBA on cyclooxygenase (COX) activity, in vitro. Blood 
was drawn from healthy volunteers and assayed for PGEs in the 
presence or absence of PBA as described in “Methods”. Estimated 
ICj0 = approximate concentration of PBA that reduced PGE2 

production by 50 %. Each point represents the average of three 
samples run in triplicate.

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



66

100

2  80
2
■o
1  60 
Cfts
fE 40 
c

?  20 

I
I  0
O

(20)

Figure 20.
Effect of the acute administration of PBA on the spinally-mediated tail- 
flick response to heat. Normal, male rats were administered PBA (100- 
750 mg/kg s.c.). The time to tail withdrawal was measured at 0, 15, 30 
and 60 minutes post-dosing. Opened bars - codeine, 10 mg/kg; solid bars 
-  PBA, 100 mg/kg; vertical striped bars -  PBA, 250 mg/kg; double 
hatched bars -  PBA, 500 mg/kg; horizontal striped bars -  PBA, 750 
mg/kg (n = 6). * Statistical significance (P < .05) compared to controls 
(Tukey’s test). N = 8.

The PQ- and Ach-induced writhing assays in mice are known to be inhibited by both 

central as well as peripheral-acting analgesic agents (Gyres & Torma, 1984). The i.p. 

injection of these two substances produces painful responses (writhes) as manifested by a 

series of abdominal constrictions with contortions of the trunk and extension of the hind 

limbs. Since PBA lacked central analgesic activity, these two assays were used to 

evaluate the peripheral analgesic activity of PBA. Animals were dosed s.c. with 

increasing concentrations o f PBA 10 minutes prior to administration of either PQ or Ach.
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As seen in figure 21a, PBA produced a significant dose-related inhibition o f PQ-induced 

writhing with greater than 85 % inhibition of writhing occurring with 250 mg/kg. In the 

Ach-induced writhing assay, because the number of writhes produced in each control 

animal was small (1 to 8), the effects o f PBA were expressed as the percentage of animals 

per group that writhed (all or none response) at each dose level (figure 21b). Again, PBA 

showed significant inhibitory activity with an estimated ED50 of 105 mg/kg which is 

similar to the dose of PBA that was required to reduce PQ-induced writhing by 50 % 

(ID50). The tail-flick assay and writhing assays collectively suggest that PBA possesses 

peripheral analgesic activity and lacks central analgesia. The analgesic activity o f PBA 

on both PQ- and Ach-induced writhing were produced by concentrations similar to those 

required to inhibit inflammation, suggesting that acute peripheral analgesic effects of 

PBA are partly related to its acute anti-inflammatory activity.
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Figure 21.
Effect of the acute administration of PBA on different analgesic assays in mice.
Figure 21a shows the effect of PBA on phenyl-p-quinone-induced writhing. Different 
doses of PBA were administered s.c. to fasted, male ND4 Swiss mice followed 
immediately by injection of phenyl-p-quinone. After 5 minutes the number o f  writhes 
were counted over the next 10 minutes. Data are presented as mean ± S.E.M. for each 
group (n = 10). * Statistically significant (P < .05) compared to saline-treated controls 
(Tukey’s test). Figure 21b shows the effect of PBA on acetylcholine-induced writhing. 
Different doses o f PBA were administered to fasted, male ND4 Swiss mice 15 minutes 
before administration o f acetylcholine (6 mg/kg i.p.). The number of writhes were 
counted over the next 5 minutes. Due to the small number of writhes/animal, the 
percentage of animals that writhed at each dose level (all or none response) was 
determined. Numbers in parenthesis represent the number of animals that writhed 
over the total number o f animals tested at that dose.
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Effect of PBA on PAM Activity —  Usine a Multiple Dosing Schedule

The results obtained for the effects o f PBA on carrageenan edema following acute 

administration suggest that the mechanism of action is related to inhibition of 

cyclooxygenase activity rather than a reduction in SP levels. However, for PBA to 

effectively reduce levels of SP, the duration o f dosing may need to be longer to provide 

sufficient time for inhibition of the enzyme and a subsequent reduction in levels of SP. A 

multiple dosing schedule was first selected to determine if it was capable o f maintaining a 

continuous inhibition of PAM activity that would result in a lowering of endogenous 

levels of SP. Rats were dosed with PBA (50 mg/kg s.c.) every 6 hours for 1 week.

Serum samples were taken every other morning and assayed for enzyme activity. The 

results from this experiment are shown in figure 22. Using this dosing schedule, PBA did 

not produce any significant inhibition of PAM activity for the first three days of dosing. 

Although there appeared to be significant reduction in PAM activity at day 5 of 

approximately 70 %, this magnitude o f inhibition was not maintained on day 7. More 

importantly, the results obtained using this dosing protocol were variable. Therefore, a 

different dosing protocol was selected which involved the sustained release of PBA from 

osmotic pumps, which would allow for a more continuous delivery and bioavailability of 

PBA over time.
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Figure 22.
Effect of PBA on PAM activity using a multiple dosing schedule. Normal, male rats 
were dosed s.c. with 50 mg/kg PBA every 6 hours for 1 week. Blood samples were 
taken every other morning and analyzed for PAM activity as described in “Methods”. 
Saline-treated controls (■); PBA-treated animals (♦). Data are presented as mean ± 
S.E.M. for each group (n = 6). * Statistically significant (P < .05) compared to time 0 
(Tukey’s test).

Effect of PBA on PAM Activity — Using Osmotic Pumps

Osmotic pumps delivering PBA (25, 50 and 100 mg/kg/hr) for 1 week were 

surgically implanted subcutaneously in the backs of rats. The effect of PBA on PAM 

activity was monitored by collecting serum samples every other morning and analyzing 

them for enzyme activity. Using this delivery system, PBA produced a dose-related
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inhibition of PAM activity that was sustained for the entire 7 day period (figure 23).

While the lower dose (25 mg/kg/hr) was effective at significantly maintaining 

inactivation of PAM (up to 60%), the higher doses (50 and 75 mg/kg/hr) were equally 

effective at inhibiting PAM activity by approximately 85%. These results clearly 

demonstrate that a sustained-release delivery o f PBA, using osmotic pumps, is effective 

at maintaining inactivation of PAM activity for up to 1 week.
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Figure 23.
Effect of continuous administration of PBA on serum PAM activity. Osmotic 
pumps containing PBA (25, 50 or 100 mg/kg/hr) were implanted s.c. into normal 
rats. Blood samples were taken every other morning and analyzed for PAM activity 
as described in “Methods”. 25 mg/kg/hr (■); 50 mg/kg/hr (□); 100 mg/kg/hr (♦ ). 
Data are presented as mean ± S.E.M. for each group (n = 6).
* Statistically significant (P < .05) compared to time 0 (Tukey’s test).
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Effect PBA on Levels o f SP —  Using Osmotic Pump Delivery

Although inhibition of PAM activity was maintained for a 1 week period, it was not 

known whether this degree of inactivation was adequate to reduce actual levels of SP. 

Therefore, PBA was administered via osmotic pumps for 1 week, as just described. On 

day seven, the levels of SP in the rat joint were measured and compared to control 

animals. The data shown in figure 24 demonstrate that the continuous delivery o f PBA, 

over a 7 day period, resulted in a significant reduction in levels o f SP in the hind paws. 

Interestingly, both the 75 and the 100 mg/kg/hr doses produced a similar degree of 

inhibition (42 %).

It is important to note that there was a major concern about the large doses o f PBA 

required to maintain inactivation of PAM for 7 days. However, during the entire dosing 

period, the animals appeared to be alert and sustained normal grooming, urination and 

defecation behaviors. In addition, there was no significant differences in the weights of 

animals treated with PBA compared to controls (figure 25).
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Figure 24.
Effect of continuous administration of PBA on levels of SP in the rat joint. 
Osmotic pumps containing PBA (75 or 100 mg/kg/hr) were implanted s.c. into 
normal rats. After 7 days, groups of animals were sacrificed, joint tissue was 
excised and SP extracted and measured by RIA as described in “Methods”. 
Numbers on top of bars represent the percentage inhibition due to PBA. Open box 
- saline-treated controls; solid box -  PBA-treated animals. Data are presented as 
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 25.
Effect of continuous administration of PBA on animal body weights. Osmotic 
pumps containing PBA (75 mg/kg/hr) were implanted s.c. into normal rats and their 
body weights were monitored every other day. Solid line -  PBA-treated animals; 
dashed line -  saline-treated. Data are presented as mean for each group (n = 6).

Effect of PBA on Carrageenan Edema — Using Osmotic Pump Delivery

The data from these previous studies suggested that the continuous delivery of PBA 

via s.c. osmotic pumps was an effective and nontoxic method of maintaining inactivation 

of PAM and significantly reducing levels of SP in the rat joint. As a result, studies could 

now be conducted to determine if inhibition of PAM activity and lowering of endogenous 

levels o f SP in the joint tissues with PBA was associated with its ability to inhibit
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carrageenan-induced hind paw edema. However, before these studies were performed, it 

would be necessary to determine what effect, if any, carrageenan would have on these 

same parameters in control animals. Results from these studies would then be compared 

to those obtained in rats treated with PBA I week prior to induction of carrageenan 

edema.

Effect o f  Carrageenan on Hind Paw Edema. PAM Activity and Levels o f SP

Carrageenan edema was induced in rats and hind paw volumes were measured at 

times 0 ,1 ,2  and 3 hours post-phlogistic agent. At each time period, after measuring 

edema, animals were sacrificed, and the blood and joint tissue collected and assayed for 

PAM activity and SP levels as described in “Methods”. As expected, injection of 

carrageenan resulted in a significant increase in hind paw volume which increased over 

time and peaked after the third hour (figure 26a). PAM activity in the serum did not 

change upon induction of carrageenan edema but remained constant throughout the 

duration of the experiment (figure 26b). However, levels of SP in the joint increased 

significantly by hour 1, up to 75 %. Levels o f SP in the joint peaked at hour 2 and 

remained elevated throughout the third hour. Surprisingly, levels of SP in the plasma 

decreased significantly by hour 1 and remained significantly lower than time 0 levels 

throughout the next two hours (figure 26d). It is important to note that the magnitude of 

the decrease in levels of plasma SP appeared to be inversely related to the magnitude of 

the increase in levels of SP observed in the joint.
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Furthermore, this inverse relationship of levels of SP in the rat joint and plasma occurred 

with a similar time course.
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Figure 26.
Effect of carrageenan on hind paw edema, PAM activity and levels of SP in the joint 
and plasma. Normal, male rats were administered 0.05 ml of carrageenan (0.5 mg) 
into the subplantar region o f the left hind paw. The right hind paw received saline. 
After measuring hind paw volumes, animals were sacrificed and the blood and joint 
tissues were removed 0, 1, 2 and 3 hours post-phlogistic agent and assayed for PAM 
activity and levels o f SP as described in “Methods”. Figure 26a -  effect of 
carrageenan on hind paw volumes; Figure 26b -  effect of carrageenan on PAM 
activity; Figure 26c -  effect o f carrageenan on levels o f joint SP; Figure 26d -  effect 
o f carrageenan on levels o f plasma SP. Numbers inside of bars represent the percent 
change at each time period from time 0. Data are presented as the mean ± S.E.M. for 
each group (n = 6). * Statistically significant (P < .05) from time 0 (Tukey’s test).
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Effect o f PBA on Edema. PAM Activity and Levels of SP During Carrageenan Edema

After determining the effects o f carrageenan-induced edema on hind paw volumes, 

PAM activity and levels of SP, the effect o f the continuous delivery of PBA on these 

parameters was investigated. Animals were administered PBA (75 mg/kg/hr) for 7 days 

via osmotic pumps. On the seventh day, carrageenan edema was induced in these animals 

and hind paw volumes, PAM activity and levels of SP were measured at 0, 1,2 and 3 

hours post-carrageenan injection as described in “Methods”. These values were then 

compared to those obtained from control animals that had undergone sham osmotic pump 

surgeries.

As shown in figure 27, the continuous delivery of PBA for 7 days produced a 

significant reduction in hind paw swelling that was maintained for the duration of the 3 

hour time course of carrageenan edema. The greatest reduction was seen during the first 

hour (100%), but significant inhibition was still observed at hours 2 (48%) and 3 (66%), 

post-phlogistic agent.

Using this same dosing protocol, the effect of PBA on serum PAM activity during 

carrageenan edema was determined (figure 28). An interesting initial observation of the 

data reveals that PBA inhibited PAM activity by 72 % prior to the induction of 

carrageenan edema. These results are similar to those presented earlier in the dose- 

response experiments (figure 23). The inhibitory effect of PBA on PAM activity during 

carrageenan edema was even more pronounced at hour 1 and remained significantly 

reduced over the next two hours.
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Figure 27.
Effect o f continuous administration o f PBA on hind paw volumes during 
carrageenan-induced edema. Osmotic pumps containing PBA (75 mg/kg/hr) were 
implanted s.c. into normal rats. After 7 days, carrageenan edema was induced in 
both control and PBA treated animals. Hind paw volumes were measured 
plethysmographically by mercury displacement at times 0, 1, 2 and 3 hours post- 
phlogistic agent. Changes in hind paw volumes were calculated as described in 
“Methods”. Numbers on top of bars represent the percentage inhibition at each 
time period due to PBA. Open bar -  sham operated controls; solid bars -  PBA- 
treated animals. Data are presented as mean ± S.E.M. for each group (n = 6). ** 
Statistically significant (P < .05) compared to controls for that time period 
(Student’s t test).
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Figure 28.
Effect of continuous administration of PBA on serum PAM activity during 
carrageenan-induced edema. Osmotic pumps containing PBA (75 mg/kg/hr) 
were implanted s.c. into normal rats. After 7 days, carrageenan edema was 
induced in both control and PBA-treated animals. Blood samples were collected 
from groups of animals at times 0, 1, 2 and 3 hours post-phlogistic agent. Serum 
was analyzed for PAM activity as described in “Methods”. Numbers on top of 
bars represent the percentage inhibition at each time period due to PBA. Open 
bars -  sham operated controls; solid bars - PBA-treated animals. Data are 
presented as mean ± S.E.M. for each group (n = 6).
** Statistically significant (P < .05) compared to controls for that time period 
(Student’s t test).
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PBA was also effective in significantly lowering levels o f SP in the rat joint before 

and after inducing edema with carrageenan (Figure 29). Dosing with PBA for 7 days 

resulted in a 43 % reduction in levels of joint SP prior to inducing inflammation which is 

similar to the amount of SP reduction described previously (figure 24). A significant 

reduction of joint SP (62%) was observed 1 hour following the injection of carrageenan 

which decreased to 48 % by 2 hours after administration of the phlogistic agent.

Hour s

Figure 29.
Effect of continuous administration o f PBA on levels o f SP in the rat 
joint during carrageenan-induced edema. Osmotic pumps containing 
PBA (75 mg/kg/hr) were implanted s.c. into normal rats. After 7 
days, carrageenan edema was induced in both control and PBA 
treated animals. Groups o f animals were sacrificed at times 0, 1, 2 
and 3 hours post-phlogistic agent. Joint tissue was excised and SP 
extracted and measured by RIA as described in “Methods”.
Numbers on top of bars represent the percentage inhibition at each 
time period due to PBA. Open bars -  sham operated controls; solid 
bars -  PBA-treated animals. Data are presented as mean ± S.E.M. 
for each group (n = 6). ** Statistically significant (P < .05) 
compared to controls for that time period (Student’s t test).
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By hour 3, there was still a 25 % reduction in joint SP, but this value was not 

significantly lower than controls. Most importantly, levels of SP in the joints of PBA- 

treated rats given carrageenan never increased beyond those seen at time 0 for control

animals.

The effects of the continuous administration of PBA on plasma levels of SP during 

carrageenan edema are shown in figure 30. Again, this data demonstrates the ability of 

PBA to reduce levels of SP after 7 days of dosing. In these studies PBA produced a 55 % 

reduction in plasma SP levels compared to control animals prior to the induction of 

carrageenan edema. Interestingly, the rapid decrease in plasma SP at hours 1-3 from 

time 0, observed in control animals, was not seen in the plasma of rats treated with PBA. 

Rather, levels of plasma SP of PBA-treated rats slightly increased from time 0, but this 

increase was not significant. In addition, levels o f SP in the PBA-treated animals never 

approached those values found in control animals prior to the induction of carrageenan 

edema.
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Figure 30.
Effect of continuous administration o f PBA on levels of SP in the rat plasma during 
carrageenan-induced edema. Osmotic pumps containing PBA (75 mg/kg/hr) were 
implanted subcutaneously into normal rats. After 7 days carrageenan edema was 
induced in both control and PBA-treated animals. Blood samples were collected 
from groups of animals at times 0, 1, 2 and 3 hours post-phlogistic agent. SP was 
extracted from plasma and measured by RIA as described in “Methods”. Numbers 
on top of bars represent the percentage inhibition at each time period from controls at 
time 0. Open bars -  sham operated controls (n = 12); solid bars -  PBA-treated 
animals. Data are presented as mean ± S.E.M. for each group (n = 6). **
Statistically significant (P < .05) compared to controls for that time period (Student’s 
t test).
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS

Inflammation is a complicated process involving a variety o f cells, mediators and 

the vasculature. Although the inflammatory response is vital for sustaining life, it is also 

the foundation for which the pathogenesis of diseases, including RA, can thrive. As a 

result, the processes of inflammation have been extensively studied in order to determine 

potential pharmacological targets to control the inflammatory response. Current therapy 

involves the use of agents that deliver only symptomatic relief of the pain and 

inflammation associated with RA. However, severe joint destruction and bone erosion 

continue to occur and can escalate to end organ failure and morbidity (Harris, 1990). 

Hence, there is no current therapy available to prevent the pathogenesis of RA.

With the recent evidence implementing SP as a major determinant of RA, 

understanding the pro-inflammatory mechanisms of this peptide has become an area o f 

extensive study (Donnerer et al., 1993; Eglezos etal., 1991; Garrett et al., 1992;

Gilligan et al., 1994; Lam & Ferrell, 1990; Mantyh, 1991; Payan, 1989). Compounds 

that are currently undergoing investigation to interfere with the inflammatory effects o f 

SP include NK-1 antagonists, SP endoproteases and compounds that inhibit the release of 

SP from sensory nerve endings (Maggi, 1991). Only recently has an inhibitor of 

neuropeptide amidation, a common post-translational step required for the activation of
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SP, become available as a tool to determine if inhibiting the synthesis o f neuropeptides 

offers a potential alternative target for anti-inflammatory drugs. Furthermore, knowledge 

gained from these studies may afford not only a novel site for anti-inflammatory agents, 

but also a site that may, in addition to attenuating inflammation, prevent the pathogenesis 

and irreversible damage associated with inflammatory disease. It has been demonstrated, 

in vitro, that PBA is a potent turnover-dependent inactivator of PAM with inactivation 

exhibiting the characteristics expected for a mechanism-based inhibitor (Katopodis & 

May, 1990). Since PAM appears to be the rate-limiting enzyme for neuropeptide 

amidation, inhibiting PAM activity, in vivo, should result in a reduction of endogenous 

levels of SP which should be advantageous in treating inflammatory disease states, such 

as RA. The major experimental results reported herein have focused on exploring the 

effects of inhibiting the synthesis of SP as a novel target for anti-inflammatory drugs.

Validation of Methods 

Specificity o f the RLA Antibody for Substance P

The experiments required to determine whether interfering with the synthesis of SP 

would be an effective target for anti-inflammatory drugs involved measuring levels of SP 

in the rat joint. It has been reported that levels of SP in tissues are extremely low, 

existing within the femto- to picomolar range (Morgan & Chubb, 1991). Inhibiting the 

synthesis would result in levels of SP that are even lower than those reported. Therefore, 

to determine endogenous levels of SP and to be able to detect a potential reduction in
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these levels required the use of a very sensitive assay. Another concern in measuring 

endogenous levels of SP in the presence of an inhibitor of neuropeptide amidation was 

the expectation that levels of precursor SP, SP-Gly, would increase. Therefore, in 

addition to being very sensitive, this assay would also have to be capable of 

distinguishing the precursor SP-Gly from the active SP. Results from initial studies 

demonstrate that the commercially available IncStar RIA kit was effective in measuring 

levels of SP and was sensitive enough to detect levels as low as 30 picomoles. More 

importantly, the acute sensitivity required from this RIA was preserved from being 

compromised by the presence of SP-Gly. Results shown in figure 15 and table 1 clearly 

illustrate that there was very little cross-reactivity (3 %) of the RIA kit with 

concentrations o f SP-Gly within the range o f the standard curve. Furthermore, very 

similar results were observed when the RIA was performed in the presence o f extremely 

high concentrations, in the nanomolar range, o f SP-Gly (figure 16, table 1). Since in vivo 

levels of neuropeptides exist within the femto- to picomolar range (Morgan & Chubb,

1991), and since SP-Gly did not significantly cross-react with the RIA antibody for SP at 

levels expanding into the nanomolar range, these data suggest that this RIA procedure is 

capable of distinguishing between levels of SP and SP-Gly. In addition, data from studies 

in which this RIA was used to measure levels o f SP in samples containing combinations 

of both SP and SP-Gly demonstrate that SP-Gly does not significantly affect the ability of 

SP to bind to the RIA antibody (table 2). Results from these same experiments further 

confirm that the RIA has very little cross-reactivity (6.6 %) with SP-Gly.

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



Validation of Extraction Procedure for Substance P from Rat Joint Tissue
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Since levels of SP in the joint were expected to be very low due to the effects o f  PBA 

on PAM activity and subsequent reduction of endogenous SP, it was paramount to 

develop an assay that was capable of recovering the majority of SP existing in this tissue.

The assay developed to extract SP from joint tissue reported herein proved to be a 

reliable method for recovering SP. Using this method, 88 % of the SP available in the 

joint was recovered after only one extraction procedure (table 3). Similar extraction 

yields have been reported by other investigators in which 90 % of the available SP was 

extracted from joint and bone tissues of the rat (Ahmed et al., 1994).

The significance of the thermal and mechanical stresses associated with the 

extraction protocol was not known. The effects of these stresses could potentially destroy 

or affect the physicochemical properties of endogenous SP. This was a concern because 

any adulteration of the SP extracted from the joint could potentially interfere with the 

ability of the RIA antibody to recognize and measure levels o f SP in this tissue. As 

illustrated in table 4, the physical effects of homogenation and sonication and the thermal 

effects associated with boiling the extraction samples appear to be responsible for only a 

very small loss (approximately 9 %) of SP. The variation among samples was also 

minimal suggesting that this extraction procedure was a reproducible method for 

recovering SP from joint tissues.

In addition to the effects o f heat and physical forces on SP, it was not known whether 

endogenous substances found in the joint homogenate could also interfere with the
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recovery and measurement of SP. A major concern was the existence of proteolytic 

enzymes that could potentially denature or destroy the already very low levels of 

endogenous SP present in the joint tissue. Therefore, enzyme inhibition was an extremely 

important factor in developing the extraction procedure. In the protocol used herein, 

inhibition of enzyme activity was obtained by boiling samples and treating these samples 

with EDTA. Table 5 illustrates that the extraction yields of SP from homogenates spiked 

with SP were not significantly affected by the presence of endogenous substances found 

in tissue homogenate. Interestingly, the 91 % recovery of SP in the presence of joint 

homogenate is similar to the amount of SP recovered in the presence of extraction 

solution alone, suggesting that the 9 % loss of SP is primarily due to the physical and 

thermal factors of the extraction procedure discussed early. The preservation of SP from 

hydrolysis by endogenous components may be due, in part, to the presence o f either heat 

or EDTA. EDTA is capable o f inactivating enzymes by chelating co-factors necessary for 

activity, while the presence of heat destroys activity by denaturing the enzyme. In 

addition, it was determined that EDTA did not interfere with the ability of the RIA to 

measure levels of SP in tissue samples (data not shown). These results are consistent 

with those reported previously in which a series of experiments were performed to 

determine the composition of extraction solution that would allow for the most 

reproducible and highest yield o f neuropeptides from rat joints (Ahmed et al., 1994). In 

these experiments SP was recovered from rat joints using extraction solutions containing 

several combinations of EDTA concentrations and pH ranges. Their results demonstrated 

that the extraction solution containing the highest concentration o f EDTA (4 %) and
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lowest pH (3.5) was the most effective in extracting the highest yield o f neuropeptides. 

These findings, in addition to those reported herein, demonstrate that a combination of 

heat, EDTA and an acidic environment is critical to effectively recover SP in the presence 

of endogenous substances associated with joint homogenate.

Discussion of Results 

Initial Pharmacological Screening of PBA 

Effect on locomotor activity

Initial studies involving a general pharmacological screening of PBA demonstrate 

that administration of PBA to mice does not appear to produce any overt changes 

associated with normal reflexes or behavior. However, the observation that animals 

become less active after treatment with PBA suggests that PBA may be gaining entrance 

into the CNS. Additional experiments involving observations of locomotor activity were 

performed and demonstrated that administration of PBA reduced locomotor activity in 

animals with an estimated ID50 of approximately 250 mg/kg (figure 6). However, even at 

a dose that produced complete suppression of motility (500 mg/kg), animals were still 

alert and remained responsive to external stimuli. Although the exact mechanism(s) of 

the reduced locomotor activity associated with PBA is (are) not known, these data suggest 

that PBA is gaining access to the CNS and producing an overall suppression o f CNS 

function. Comparable effects have been reported to occur with the use o f  sedative drugs, 

such as the benzodiazepines. These compounds are known to enter the CNS and
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stimulate inhibitory centers o f the brain to produce sedation while maintaining awareness 

and responsiveness to the environment (Rail, 1980). PBA may possess properties 

comparable to these compounds and produce sedation by a similar mechanism.

Tolerance to reduced locomotor activity after repeated administration of PBA

Interestingly, daily dosing with PBA appeared to result in the development o f a 

tolerance to the reduced locomotor effect. As shown in figure 7, daily dosing for 4 weeks 

with PBA resulted in a loss o f the reduction of locomotor activity. In fact, the locomotor 

activity of PBA-treated animals approached control values by week 7. A similar 

tolerance to sedative-like effects has been shown to occur with the use o f a variety o f 

CNS depressants including ethanol, barbiturates and benzodiazepines. It has been 

reported that the sedation associated with these compounds diminishes upon repeated use 

(Rech, 1995; Rail, 1990), similar to the attenuation o f locomotor reduction observed 

after repeated administration of PBA (figure 7). Tolerance to the effect(s) o f a drug can 

occur by a multitude o f mechanisms including both pharmacokinetic and 

pharmacodynamic changes (Nies, 1990). The sedative effects associated with CNS 

depressants have been shown to decrease as a result o f a combination of these changes. 

One of the primary mechanisms of tolerance associated with the use of these drugs 

involves the induction o f metabolic enzymes resulting in a rapid breakdown of the active 

compound (Rail, 1990). The tolerance to the reduced locomotor activity observed with 

the use of PBA may be due to similar mechanisms, in which the expression of enzymes
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responsible for metabolizing and inactivating PBA are induced in response to repeated 

exposure o f PBA.

Increased locomotor activity produced bv PBA

In addition to the “sedative-like” effect observed following administration of PBA, 

an increase in locomotor activity was initially seen prior to the depressant effect.

Although this increase in motility occurred with only the 50 mg/kg dose, it was 

significant from time 0 values (figure 6). This type of rise in activity followed by a steady 

decrease in activity with the use o f higher doses of compound is another characteristic 

effect associated with the use o f  CNS depressants. Lower doses o f these compounds are 

thought to suppress inhibitory signals in the brain causing a paradoxical excitation (Rail,

1990). However, at higher doses both inhibitory and excitatory signals are affected 

resulting in an overall suppression o f activity. The similar pattern o f locomotor activity 

observed after administration o f PBA suggests that PBA is capable o f gaining entrance 

into the CNS and produces effects on locomotor activity by mechanisms that are 

characteristic of CNS depressant agents. However, it is difficult to conclude the exact 

mechanism(s) that explain(s) the effects of PBA on locomotor activity without further 

investigation.

LD,n data

Although PBA reduced locomotor activity with an IDS0 o f 250 mg/mg, it appears to 

be a relatively non-toxic compound. As shown in figure 8, lethality was not produced by
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PBA following administration of up to 800 mg/kg i.p. The LD50 was estimated to be as 

high as 1050 mg/kg with total mortality requiring as much as 1400 mg/kg.

Effect of PBA on PAM and PGL Activity In Vivo

Since the initial pharmacological screening results suggested that PBA produced no 

significant changes in normal reflexes and behavior and was not toxic, preliminary 

studies were conducted to determine whether administration of PBA to rats was effective 

in inhibiting PAM activity, in vivo. Figure 9 reveals that PBA is capable of inhibiting 

serum PAM activity, in vivo, following s.c. administration to rats. In addition, this 

inhibition was dose-related with maximum inactivation (over 95%) occurring with the 

500 mg/kg dose. Furthermore, this inhibitory effect o f PBA was specific for PAM, 

having no effect on PGL activity (figure 10). The inactivation of PAM was rapid, with 

over 90 % inhibition occurring within 1 hour after administration of PBA (figures 9 &

10). However, the duration of this effect appeared to be short lived since the maximum 

inhibitory effect lasted for only 3 hours, was reduced to 40 % by hour 6 and approached 

control values after 24 hours (figure 10). A similar time course for inactivation was 

found with PBA in which PAM activity, in vitro, was shown to return to control values 

within a 24 hour time period following a single dose o f PBA (Bradbury et al., 1990).

Since PBA is an irreversible inhibitor of PAM, these results suggest that the rapid return 

of PAM activity after only 6 hours is due to newly synthesized PAM. This implies that 

inhibition of PAM activity by PBA resulted in a compensatory increase in synthesis of 

PAM, which is also consistent with the findings reported by Bradbury et al., 1990.
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Although the physiological source and relevance o f serum PAM is poorly 

understood, the highest concentration of this enzyme has been measured in the central 

nervous system with the next highest levels found in the submandibular glands and serum 

(Eipper et al., 1985). PAM has been shown to be primarily located within secretory 

granules and its presence in serum may represent accumulation due to exocytosis from a 

variety of neuronal and endocrine cells along with its peptide products (Schafer et al.,

1992). While serum PAM activity may not have any physiological function, changes in 

its activity following administration o f PBA may reflect changes in enzyme activity and 

formation of amidated neuropeptides within sensory nerve terminals. Furthermore, the 

ability of PBA to inactivate PAM, in vivo, by more than 90% suggests that this compound 

may be useful in disease states where levels of amidated peptides have been shown to 

play important roles.

Acute Anti-Inflammatory Activity o f PBA

Effect of PBA on carraeeenan edema — dosing intraperitoneallv

Experiments involving the acute administration of PBA 30 minutes prior to induction 

of carrageenan edema illustrate that PBA is effective in reducing an acute inflammatory 

response (figure 12). Acute i.p. dosing with PBA produced a significant reduction of 

hind paw edema with a maximum inhibition of 49 and 50 % occurring at hours 1 and 2 

post-carrageenan injection, respectively (figure 12). By hour 3 the anti-inflammatory 

effect of PBA did not appear to be significantly different from controls. These results
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appear to suggest that PBA is more specific for inhibiting the mediators involved in the 

earlier phases o f carrageenan edema. During this time period, SP has been shown to 

increase very rapidly in hind paw tissue and synovial fluid in rats injected with 

carrageenan (Gilligan et al., 1994). Levels o f amidated SP more than doubled within 15 

minutes following carrageenan administration, peaked within 30 minutes and slowly 

decreased with time but remained elevated for up to 24 hours (Bileviciute et al., 1993). 

Therefore, the data suggests that PBA could be producing its anti-inflammatory effect 

during the early phase of carrageenan edema by inhibiting PAM activity and reducing 

tissue levels o f SP.

Effect o f PBA on carrageenan edema — dosing subcutaneouslv

While PBA was less effective during the late phase of carrageenan edema (hour 3), it 

was possible that the reason for this short duration of action was not due to its selectivity 

for mediators involved in the early phase of carrageenan edema but rather a 

pharmacokinetic effect. Therefore, animals were administered PBA subcutaneously to 

provide a more sustained delivery of PBA. Interestingly, administration of PBA by this 

route resulted in significant inhibition of hind paw edema throughout 3 hours post- 

phlogistic agent (figure 13). This suggests that the inability of PBA, when dosed 

intraperitoneally, to inhibit carrageenan edema at hour 3 was due to a pharmacokinetic 

effect of PBA rather than a lack of activity. This conclusion is further substantiated in 

figure 14, in which PBA produced significant inhibition of hind paw edema at hours 3 ,4  

and 6 in animals dosed subcutaneously with PBA 2 hours post-carrageenan edema.
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Interestingly, the variations of subcutaneous delivery of PBA were not only effective at 

increasing the duration o f the anti-inflammatory effects of PBA but were also effective in 

causing a reversal of the already established hind paw swelling. This suggests that PBA 

is effective in providing both prophylactic and therapeutic relief from an acute 

inflammatory response. In addition, these data suggest that the acute anti-inflammatory 

mechanism(s) of PBA may involve inhibiting mediators released during both the early 

and late phases of carrageenan edema.

Discussion of the doses required to inhibit PAM activity and carrageenan edem a

The doses of PBA required to effectively inhibit PAM activity and carrageenan 

edema were relatively high compared to other non-steroidal anti-inflammatory drugs 

(figures 9, 10 & 12). This might suggest that PBA is not a very potent compound. 

However, in vitro studies report that PBA has a kinac/K , value of 6700 mM'1 min.'1, which 

indicates that PBA is an extremely potent inactivator of PAM (Katopodis & May, 1990). 

The effects of acute administration of PBA on serum PAM activity, described previously, 

demonstrate that PBA has a very short duration of action in which nearly complete 

inactivation of PAM was limited to 3 to 4 hours (figures 9 & 10). After this time period, 

it appears that levels of PBA in the blood were not sufficient to inactivate newly 

synthesized PAM. Therefore, the effective half-life of PBA on PAM inactivation could 

conceivably be less than 2 hours. This is consistent with the short duration o f action of 

PBA on carrageenan edema in which the anti-inflammatory activity of PBA was limited 

to 2 hours dosing intraperitoneally (figure 12). However, when dosed subcutaneously, to
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provide a more sustained release and longer duration, PBA was effective in inhibiting the 

later phase of carrageenan edema including hours 3,4 and 6 post-phlogistic agent (figures 

13 & 14). These fmdings suggest that the potency of PBA may not be the issue but rather 

the pharmacokinetics of PBA, including its metabolism and distribution, may explain the 

need for such high doses of the compound to effectively inactivate PAM and inhibit 

carrageenan edema.

The metabolic pathway(s) for inactivation of PBA is(are) not known. Based on the 

structure of PBA (figure 4), hydroxylation followed by conjugation via the cytochrome P- 

450 enzyme system is one possible metabolic pathway (Alvares & Pratt, 1990).

However, due to the large quantities of PBA administered, metabolism solely through P- 

450 seems unlikely. Another possible route of metabolism, to explain the rapid loss of 

PBA activity, is through the P oxidation pathway associated with fatty acid metabolism. 

Most fatty acids existing in nature, that are metabolized through P oxidation, are either 

saturated or contain cis double bonds. However, fatty acids containing a trans 

conformation have also been shown to be metabolized through P oxidation. Isomerases 

have been found to exist in tissues and are capable of manipulating the C3-C4 trans 

double bond to a C2-C3 trans double bond, liberating an appropriate substrate for P- 

oxidation sequences to occur (Ide & Sugano, 1986; Ide et al., 1987; Lehninger, 1988; 

Schulz, 1991). The ubiquitous nature of these enzymes throughout tissues would offer an 

alternative route of PBA metabolism, in addition to P-450, which is more restrictive in its 

location.
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In addition to being rapidly metabolized, PBA may be accumulating within muscle or 

fat tissues which could also explain its short duration of action. Many lipophilic 

compounds have been shown to exist in higher concentrations in these tissues relative to 

the extracellular fluids and plasma (Benet et al., 1990). Once inside these tissues, drugs 

can bind to intracellular lipids and proteins, thereby reducing bioavailability. Although 

the distribution o f  PBA is not known, it appears to be a relatively lipophilic compound 

(figure 4), and therefore, could be concentrating in fat or muscle tissue by a similar 

mechanism. Of course, future experiments, including comprehensive pharmacokinetic 

studies, are required to effectively determine the exact half-life, absorption, 

biodistribution and metabolic pathways responsible for the short duration of action of 

PBA, in vivo.

Acute Effects o f PBA on Levels of SP in the Rat Joint and Plasma

Results o f the effects o f PBA on carrageenan edema demonstrate that PBA is 

effective in reducing hind paw swelling. However, it was still not known whether these 

acute anti-inflammatory effects were due to PAM inactivation and a lowering in levels of 

SP.

Other investigators have shown that interfering with the pro-inflammatory effects of 

SP produces reduction in hind paw swelling associated with carrageenan-induced edema. 

Pre-treatment of rats with capsaicin, a neurotoxin selective for SP-containing sensory “C” 

fibers, produced a significant inhibition o f carrageenan-induced edema by 44 % (Lam & 

Ferrell, 1991). The degree o f inhibition (60 %) produced after treatment with a SP
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antagonist in rats receiving carrageenan edema parallel these findings (Birch et al., 1992). 

The percent inhibition of carrageenan edema produced by PBA is also consistent with 

these findings (figures 12 & 13).

After establishing reliable methods to extract and measure SP from the rat joint, 

experiments were performed to determine whether acute s.c. dosing with PBA would 

reduce levels o f  SP and if these results could be related to the acute anti-inflammatory 

effects of PBA. Normal rats (groups o f 6) were administered 500 mg/kg PBA s.c., a dose 

that was effective in inhibiting PAM activity and carrageenan edema (figures 9, 13 & 14). 

The levels o f SP in the joint and plasma tissues of these animals were analyzed at times 

analogous to when the acute administration of PBA inhibited inflammation (hours 1-3). 

The content o f tissue SP in PBA-treated animals was then compared to those obtained 

from control animals. As illustrated in figures 17 and 18, acute s.c. administration of 

PBA did not significantly affect levels o f SP in the joint tissue or plasma throughout the 

entire 3 hour observation period. This suggests that, although PAM activity and 

carrageenan edema were significantly reduced using this same dose (figures 9, 10 & 13), 

a single injection o f PBA prior to the administration of carrageenan is not adequate to 

reduce overall peptide levels. This may be explained by the fact that PBA selectively 

inhibits new synthesis o f SP and does not affect the pre-synthesized SP stored in nerve 

terminals. Based on this assumption, adequate blood levels of PBA may not have been 

maintained long enough to prevent several cycles of turnover required to deplete stored 

SP. This contention is supported by results o f other investigators in which acute 

inactivation o f PAM did not significantly lower active peptide levels (Mueller et al.,
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1993; Marchman er a/., 1990; Mains et al., 1985). In these studies, the amount of 

amidated peptide was measured in animals pre-treated with either disulfiram (a copper 

chelator) or a diet deficient in ascorbate, both of which are capable of inhibiting PAM 

activity. Results from these studies reported that a chronic dosing period between 3 to 10 

days was required to significantly reduce the levels of amidated peptides. Collectively, 

these findings, in addition to those described herein, explain why acute dosing with PBA 

failed to significantly lower levels o f active peptide.

Acute Effects of PBA on Edema Induced with Bradykinin and Serotonin

The acute anti-inflammatory effect produced by PBA did not appear to be associated 

with its ability to inhibit PAM activity and lower endogenous levels of SP. However, 

other mediators of inflammation, such as serotonin and bradykinin, have also been 

identified and shown to play important roles during the early phase of carrageenan edema 

(Vinegar et al., 1987; Di Rosa et al., 1971). Therefore, PBA could also be exerting some 

of its anti-inflammatory effects by interfering with the activity of these two mediators. 

However, PBA, at doses required to inhibit carrageenan edema by greater than 65 %, was 

ineffective in reducing hind paw swelling induced by either serotonin or bradykinin (table 

6), suggesting that PBA does not interfere with the effects of these two mediators.

Effect o f PBA on Cvclooxveenase Activity

Since the acute anti-inflammatory mechanism(s) for PBA appeared to be independent 

of SP, bradykinin or serotonin, experiments were conducted to determine whether PBA
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had any effect on prostaglandin synthesis, a response that has been shown to be involved 

in both the early and later phase of carrageenan edema (Di Rosa et al., 1971). In addition, 

inhibition o f prostaglandin production is one of the primary mechanisms by which other 

non-steroidal anti-inflammatory drugs are thought to inhibit acute inflammation 

(McNamara & Mayeux, 1995; Insel, 1990). As shown in figure 19, PBA, in vitro, was 

capable of inactivating cyclooxygenase with an estimated IC50 of 1 mM. The 

approximate ID50 , estimated from figures 12 and 13, for the acute anti-inflammatory 

actions o f PBA is 250 mg/kg. Based on a 250 gram rat with a blood volume o f 250 ml, 

this dose is roughly equivalent to an in vivo molar concentration close to 1.5 mM. These 

findings suggest that the acute anti-inflammatory effects of PBA are due to inhibition of 

cyclooxygenase activity with a subsequent reduction in levels of prostaglandins rather 

than PAM inactivation and lowering o f endogenous levels of SP.

Acute Analgesic Activity of PBA

In addition to its acute anti-inflammatory activity, results from the phenyl-p-quinone- 

and acetylcholine-induced writhing assays in mice reveal that PBA exhibits acute 

analgesic activity (figures 21a & 21b). The effectiveness of PBA as an analgesic agent 

was slightly greater than its anti-inflammatory activity. This is demonstrated by the ID;o 

and ED50 values for PBA in both analgesic assays being approximately 100 mg/kg, 

compared to an estimated IDJ0 of 250 mg/kg, determined for its anti-inflammatory 

activity. However, it is noteworthy that the analgesic assays were performed in mice, 

while rats were used to evaluate the effects of PBA on carrageenan edema. The use of
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two different species to compare the ability o f PBA to inhibit analgesia and inflammation, 

may have contributed to the variation of doses required for PBA to produce these effects 

(Alvares & Pratt, 1990).

The site of action for this analgesic effect seems to be the periphery since PBA was 

ineffective in preventing the spinally-mediated tail immersion assay in rats (figure 20). 

The primary factors involved in mediating peripheral algesia include neuropeptides such 

as SP (Gamse, 1982; Smith et al., 1994), bradykinin (Dray & Perkins, 1993) and 

prostaglandins (Doherty et al., 1987). Since acute dosing with PBA was not effective in 

attenuating the effects o f SP and BK (figure 17 & table 6), these data suggest that it may 

be working though inhibiting cyclooxygenase activity. Prostaglandins have been shown 

to increase very rapidly (within 10 minutes) following the administration of the algesic 

agent, potentiate the effects of other mediators o f pain and are believed to be the major 

site o f action of nonsteroidal anti-inflammatory agents capable of inhibiting pain 

(Cronstein and Weissmann, 1995). The analgesic effects of PBA also occurred rapidly, 

within 15 minutes or less following administration. The dose of 100 mg/kg o f PBA, 

which is equivalent to an approximate molar concentration o f 0.6 mM (based on a 20 

gram mouse with a blood volume of 20 ml), produced significant analgesic activity 

(figures 21a & 21b). A concentration of 1 mM o f PBA was effective in reducing 

cyclooxygenase activity by 50 % (figure 19). The variation in the concentrations o f PBA 

required to inhibit pain and prostaglandin formation may be due to the fact that the 

analgesic assays were performed in mice while the effect of PBA on cyclooxygenase 

activity was performed in an in vitro setting. The significance of comparing inhibitory
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concentration values between different assays that were performed using in vitro and in 

vivo environments is not clear. Several variables including absorption, distribution and 

pharmacokinetic parameters are not controlled in the in vivo studies and may contribute to 

the variation of ICS0 values obtained for these assays (Benet et al., 1990; Nies, 1990). As 

a result, inhibition of cyclooxygenase activity and subsequent reduction of prostaglandin 

formation is a potential mechanism to explain the acute analgesic effects o f PBA. 

However, further studies are required to elucidate the precise mechanisms of the anti

nociceptive effect of PBA.

Effect o f PBA on PAM Activity — Using a Multiple Dosing Schedule

Although acute dosing with PBA does not appear to alter levels of SP, it was 

suspected that chronic inactivation of PAM may be required to provide sufficient time to 

prevent new turnover and deplete stored SP. Initial studies were performed to determine 

if delivery of PBA, using a multiple dosing schedule, would maintain inactivation of 

PAM for a 7 day period. Animals (groups of 6) were administered PBA (50 mg/kg s.c.) 

every 6 hours for 7 days. Blood samples were taken every other morning and analyzed 

for PAM activity as described in “Methods”. As illustrated in figure 22, s.c. 

administration of PBA (50 mg/kg) every 6 hours was not effective in significantly 

inhibiting PAM activity for three days. In fact, using this dosing protocol, the maximum 

inactivation of PAM did not exceed 70 %, even though previous studies showed over 90 

% inactivation of PAM occurred following acute administration of PBA (figures 9 & 10). 

However, the duration of the inhibitory effects of PBA on PAM activity, also observed in
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these previous studies, was of a very short duration (within 3 to 4 hours). This may 

explain why dosing only every 6 hours with PBA did not maintain significant inactivation 

of PAM for the duration of the 7 day period. In addition, the inhibition o f PAM activity 

using the multiple dosing regimen was extremely variable between samples. Data from 

these experiments suggest that intermittent dosing with PBA every 6 hours does not 

provide adequate delivery of PBA in order to maintain constant blood levels of PBA 

required for continuous inactivation of PAM. Therefore, additional studies were 

performed to determine whether a sustained release of PBA, using osmotic pumps, could 

maintain inactivation of PAM and do so with little variability.

Effect of PBA on PAM Activity -  Using Osmotic Pumps

In order to deliver a continuous release of PBA for 7 days, osmotic pumps containing 

concentrations of PBA sufficient to deliver 25, 50 or 100 mg/kg/hr were implanted 

subcutaneously in normal rats. Blood samples were taken every other morning and 

analyzed for PAM activity as described in “Methods”. As illustrated in figure 23, the 

continuous delivery of PBA using subcutaneous osmotic pumps produced significant 

inhibition of PAM activity within the first 12 hours. This effect appeared to be dose- 

related with a maximum inhibition of 80% or greater occurring with either the 50 or 100 

mg/kg/hr dose. More importantly, inhibition was maintained throughout the entire 7 day 

period.

Results obtained from these experiments confirmed that PAM inactivation could be 

maintained for at least 1 week. In addition, the development of this dosing protocol

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



103

which was effective in maintaining chronic inactivation o f PAM permitted the direction 

o f this dissertation to continue with additional experiments that would determine whether 

continuous inactivation o f PAM would be effective in reducing tissue levels of SP and 

attenuating an acute inflammatoiy response.

Effect of PBA on Levels o f SP -  Using Osmotic Pumps

The sustained release o f PBA over a 7 day period was effective at reducing levels of 

SP in the rat joint by 42 % (figure 24). Interestingly, the 75 mg/kg/hr dose reduced levels 

o f SP with the same magnitude produced using the 100 mg/kg/hr dose. This data suggests 

that the maximum reduction in levels of joint SP was accomplished using this dosing 

protocol and that further reduction of SP would require a longer duration of dosing rather 

than a larger dose of PBA. This is consistent with the degree o f reduction o f amidated 

peptides reported by other investigators (Mueller et al., 1993). In these studies, 

disulfiram was administered to rats to inhibit PAM activity. Levels of amidated 

neuropeptides in the atrium and various regions of brain tissues were determined after 1,

3, 7 or 10 days of chronic dosing. It was determined from these studies that a greater 

duration of dosing was more effective in lowering endogenous peptide levels rather than a 

greater dose of compound. Collectively, these findings suggest that a continuous 

inhibition of PAM activity for several days is required to effectively deplete SP that has 

been stored in nerve terminals in addition to preventing the synthesis of new SP.

Again, the doses required to reduce levels of SP in the rat joint were very high. 

However, as discussed previously, the effects of PBA on PAM activity and carrageenan
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edema were o f  a very short duration (figures 9, 10, & 12). Therefore, the high doses of 

PBA administered through osmotic pumps may not represent the amount o f PBA 

available in vivo to inhibit PAM. Furthermore, absorption, distribution and metabolism 

can affect the bioavailability of PBA. As alluded to earlier, the specifics o f these 

parameters are not known, but it is suspected that PBA is rapidly metabolized. The 

physical activity observed in rats pre-treated 1 week with PBA via osmotic pumps 

support this contention. These animals did not present with any sedative-like activity 

compared to control animals, even with doses as high as 50 to 100 mg/kg/hr. However, 

when PBA was administered using a bolus dose o f only 250 mg/kg i.p., animals presented 

with 50 % less locomotor activity and complete inhibition of activity occurred following 

500 mg/kg (figure 6). In addition to no overt changes in behavior or locomotor activity, 

there was no significant difference in the weights o f rats treated with PBA compared to 

those of sham-operated animals (figure 25). Collectively, these data suggest that large 

doses of PBA, released slowly, are required to effectively maintain inactivation o f PAM. 

Administration o f PBA using this method allows for blood levels of PBA to be high 

enough to continuously inhibit PAM activity and lower levels of SP without significantly 

affecting the CNS.

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



105

Effect of PBA on Carrageenan Edema - Usine Osmotic Pumps 

Effect of carrageenan on hind paw edema. PAM activity and levels of SP

After developing a method to deliver PBA to animals and significantly reduce levels 

of SP in the rat joint, experiments were performed to determine whether the 42% 

reduction in levels of SP was adequate to reduce hind paw swelling associated with 

carrageenan edema. Since it was not known what effect carrageenan edema would have 

on serum PAM activity and levels of plasma and joint SP, initial studies were performed 

to determine these parameters in control animals receiving only carrageenan edema. 

Results from these experiments would then be compared to the effect of PBA on hind 

paw volumes, PAM activity and levels of SP in animals receiving carrageenan edema.

As expected, injection of carrageenan resulted in a rapid increase in hind paw 

swelling which increased over time and peaked at 3 hours (figure 26a). Interestingly, 

PAM activity remained constant during the entire 3 hours o f carrageenan edema (figure 

26b). Since PAM is the rate-limiting enzyme for neuropeptide synthesis, one might 

expect an increase in PAM activity to parallel the increase in hind paw swelling. One 

possible explanation as to why PAM activity did not change could be the fact that PAM 

activity was measured in serum and not joint tissue. Carrageenan edema is an acute, 

localized response. PAM activity in the joint could be increased and not be reflected by 

the PAM activity found in serum. This is consistent with findings o f other investigators 

in which PAM activity has been demonstrated to be both tissue and pH dependent 

(Katopodis et al., 1991; Mains et al., 1985). Although the specifics of PAM activity
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within the joint tissue are not known, it has been shown that PAM activity is increased in 

an acidic environment (Katopodis et al., 1991). The synovial fluid and interstitial fluid of 

an inflamed joint have been shown to have a reduced pH, relative to plasma (McCormack 

& Brune, 1991). It is likely that PAM activity is enhanced in these areas of relative 

acidity which would lead to enhanced conversion of SP-Gly to SP. However, the pH of 

the serum is neutral and would not reflect the acidic environment associated with 

inflamed tissues. In addition, the method used to determine PAM activity places the 

extracted PAM in a cocktail that is buffered and maintained at a constant pH. Hence, 

PAM from serum, joint or any other tissue would be placed in an environment of fixed 

pH which fails to reflect the in vivo environment associated with inflamed tissues. 

Therefore, it is difficult to conclude the effect o f carrageenan on PAM activity in the rat 

joint without performing additional studies that would reflect an environment closer to 

one that occurs in vivo.

Levels o f SP in the rat joint increased by 75 % within 1 hour after injection of 

carrageenan edema (figure 26c). SP levels peaked at hour 2 (137 %) and remained 

elevated by hour 3 post-phlogistic agent. This increase appeared to correspond with the 

increase in hind paw swelling produced after induction of carrageenan edema (figure 

26a). Similar results were observed by other investigators, in which levels of SP 

increased very rapidly after the phlogistic agent and remained elevated for a 2 hour period 

(Gilligan et al., 1994). The rapid increase o f SP that occurred by 1 hour suggests that it 

was not due to an increase in transcription or translation of SP. Rather, this increase may 

reflect either an increase in transport and release of SP from sensory nerves innervating
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the joint or an increased conversion of SP-Gly to SP by PAM. It has been demonstrated 

that there is an increase in axonal transport of SP and release of SP during chronic 

inflammation as a result o f adjuvant-induced arthritis (Donnerer et al., 1993). However, 

the method used to determine levels of SP, reported herein, measures all of the SP in the 

joint tissue. This includes stored and secreted SP. Therefore, any increase would only 

reflect an increase in SP due to enhanced conversion. This is consistent with our 

contention that PAM activity is increased in inflamed joint tissue which could lead to an 

increased conversion o f stored SP-Gly to active SP. The glycine-extended precursors of 

neuropeptides have been found in plasma (Eipper & Mains, 1988) suggesting that some 

of the precursor is available within the nerve ending for rapid conversion by PAM to the 

amidated product. Furthermore, previous reports that the pH of inflamed joints is 

decreased and the fact that PAM activity has been shown to increase upon increasing the 

acidity, support the contention that the increase in levels of SP observed during 

carrageenan edema reflect an increase conversion of SP-Gly to SP.

Elevated tissue levels o f SP, associated with carrageenan edema, may also be the 

result of endogenous SP sequestered within the synovial space of the joint. Accumulation 

of SP by this method can occur through either an increased binding of SP to the joint 

synovium or through “trapping” endogenous SP within the synovial space. An increase 

in binding of SP within the joint can occur as a result o f  a localized increase in NK-1 

receptor synthesis. It has been demonstrated that these receptors are capable o f  up- 

regulating in response to chronic inflammation associated with adjuvant-induced arthritis 

(Walsh et al., 1992). However, this reported increase o f  NK-1 receptors occurred 2 days
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after the induction of the inflammatory disease. The levels o f SP reported herein were 

shown to increase in the joint within 1 hour after induction o f carrageenan edema, 

suggesting that receptor up-regulation is an unlikely mechanism to explain the increase in 

joint SP (Figure 26c). Alternatively, an increase in affinity o f the NK-1 receptor to SP 

can occur within minutes and has been shown to be associated with inflammatory disease 

(Walsh et al., 1992). Therefore, NK-1 receptors with enhanced affinity for SP, due to 

localized inflammation, may contribute to the increase in SP observed during carrageenan 

edema.

The accumulation of SP in the rat joint may also reflect a “trapping” of plasma SP to 

the synovial space. This can occur due to the increased vasodilation and vascular 

permeability associated with acute inflammation. When SP, a weak base, is placed in this 

acidic environment associated with an inflamed joint, it becomes slightly ionized relative 

to the neutral environment associated with plasma. Ionization o f SP results in a more 

hydrophilic and less lipophilic peptide. Since membranes are more lipophilic, ionized 

species are not able to move through them and can essentially become “trapped” within 

the extracellular fluid of the synovial space (Benet et al., 1990). This mechanism may 

explain the increase in levels o f SP within the joint.

The effects of carrageenan edema on plasma levels o f SP shown in figure 26d 

support this contention. The decrease of plasma SP occurred rapidly, within the first 

hour, and remained significantly lower than time 0 values for the entire 3 hour 

observation period. Interestingly, the time course in which SP in the plasma decreased 

appeared to correspond with the time course in which SP levels in the joint tissue were
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shown to increase (figures 26c & 26d). Furthermore, the magnitude o f the decrease in 

plasma SP was inversely related to the magnitude of the increase in levels of joint SP. 

These data strongly suggest that SP is redirected from the plasma and is “trapped” in the 

synovial space of the joint tissue in response to the induction of carrageenan edema. 

Collectively the data in figures 26c and 26d suggest that the increased levels of SP in the 

rat joint that occur during carrageenan edema may be a result of an increased conversion 

of SP-Gly to SP, a sequestration of systemic SP to the joint tissue or a combination of 

both processes.

The reduction of plasma SP in response to carrageenan edema, may also be explained 

by an increase in endopeptidase activity which has been shown to be associated with 

inflammation. It has been demonstrated that plasma levels of endopeptidase increase in 

patients with rheumatoid arthritis (Matucci-Cerinic et al., 1993). It is thought that the 

infiltration of neutrophils release these proteolytic enzymes, including endopeptidases, as 

a feedback mechanism to control the inflammatory response. Cleavage by these enzymes 

is one of the primary mechanism by which the effects of SP are attenuated (Matucci- 

Cerinic et al., 1993; Suzuki et al., 1994). However, an increase in levels of 

endopeptidase was also shown to be found within the synovial fluid o f rheumatoid 

patients (Matucci-Cerinic et al., 1993), suggesting that levels of SP in the joint would 

also be reduced. The fact that plasma levels of SP decreased while level of joint SP were 

shown to increase suggests that either the activity of endopeptidases in joint tissue is 

altered or the amount o f SP accumulated, through sequestration or increased conversion 

by PAM, was markedly higher than the reduction caused by endopeptidase metabolism.
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Therefore, the reduction of plasma SP could reflect a multitude of events including 

sequestration of SP to the joint due to pH change and/or enhanced degradation due to 

increase release o f endopeptidases.

Effect of PBA on edema. PAM activity and levels of SP during carrageenan edema

After determining the effect of carrageenan on PAM activity and levels o f  SP, the 

next experiments were conducted to determine what affect continuous administration of 

PBA for 1 week would have on these same parameters. Osmotic pumps delivering 75 

mg/kg/hr PBA were subcutaneously implanted into the backs of normal rats (groups of 6). 

After 7 days, carrageenan edema was induced in these animals and hind paw volumes, 

PAM activity and levels of SP were measured at 0, 1,2 and 3 hours post-carrageenan 

injection as described in “Methods”. These values were then compared to those obtained 

from animals that had undergone sham osmotic pump surgeries. In these experiments, 

this dosing regimen was found to completely inhibit the early phase of this response and 

to significantly reduce the inflammation associated with the late phase (Figure 27). More 

importantly, this inhibitory effect of PBA on carrageenan edema was closely associated 

with its ability to inhibit serum PAM activity (figure 28) and to reduce hind paw tissue 

levels of SP (figure 29). In addition, this dosing regimen produced a decrease in both 

serum PAM activity and hind paw tissue levels of SP prior to the induction o f 

carrageenan edema (figures 28 & 29). This observation would be expected based on our 

previous findings (figures 23 & 24), and the proposed mechanism of action o f  PBA 

(Bradbury et al., 1990; Katopodis et al., 1990).
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As described earlier, SP plays a critical role in mediating the early phase of 

carrageenan edema (Gilligan et al., 1994). By producing complete inhibition of 

inflammation at this same time (figure 27), these data strongly support that PBA is 

producing its anti-inflammatory effect by inhibiting PAM activity and subsequently 

reducing pathogenic levels of SP. Moreover, these results further substantiate the 

importance of SP during the early phase of this acute inflammatory response. By 

inhibiting PAM activity and reducing endogenous levels o f SP within the sensory nerves 

innervating the hind paw, SP would not be released in response to the carrageenan. As a 

result, there would be an inhibition o f inflammation produced directly by SP as well as 

the inflammation caused by other mediators released by SP such as histamine, serotonin 

and prostaglandins (Di Rosa et al., 1971; Eglezos et al., 1991; Garrett et al., 1992; Lam 

& Ferrell, 1990; Mantyh, 1991). Similar results were found by other investigators in 

which interfering with the effects of SP through SP-antagonists produced the greatest 

inhibition of inflammation during the early phase of carrageenan edema (Birch et al., 

1992).

Although PBA produced significant inhibition o f hind paw edema at hours 2 and 3,

48 and 66 % respectively, the magnitude of this inhibition was not as great as that 

observed for the first hour (figure 27). This is consistent with the knowledge that other 

mediators including bradykinin and prostaglandins have been shown to be more 

important in producing inflammation associated with the late phase o f carrageenan edema 

(Di Rosa et al., 1971). The data in table 6 clearly illustrate that PBA does not interfere 

with the inflammatory effects induced by bradykinin. PBA was shown to be a weak
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inhibitor of cyclooxygenase activity; however, the concentrations required to produce 

this effect were extremely high, requiring as much as 900 uM to inhibit prostaglandin 

synthesis by 50 % (figure 19). The dose o f PBA used to continuously inhibit PAM 

activity and reduce levels of SP during carrageenan edema was 75 mg/kg/hr for 7 days. 

However, based on previous observations that PBA has a very short duration of action in 

vivo and appears to be rapidly metabolized, it is unlikely that the blood levels of PBA 

approach levels high enough to produce continuous inhibition o f cyclooxygenase activity. 

Therefore, these data suggest that PBA was less effective in reducing carrageenan edema 

at hours 2 and 3 due to the importance of bradykinin and prostaglandins in this phase and 

the inability o f PBA to interfere with the activity and synthesis o f these two mediators. In 

addition, these results indicate that while SP does play a role in this later phase of 

carrageenan edema it is not the most important mediator due to the fact that the anti

inflammatory effects of PBA were not as great during this time period.

The conclusion that PBA produces its anti-inflammatory effect on carrageenan 

edema by reducing levels of SP is supported by the data in figures 28 and 29. As shown 

in figure 28, PBA produced dramatic inhibition of PAM activity which was maintained 

for the duration of the of the observation period. The continuous inactivation of PAM by 

PBA would be expected to result in the lowering of SP in the joint observed in figure 29. 

The reduction of joint SP by PBA appeared to be greatest at hour 1 in which a 100 % 

reduction was observed. This maximum inhibition of levels of SP in the joint 

corresponded with the time period in which PBA produced the maximum inhibition of 

carrageenan edema (figure 27).
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The effect o f PBA on levels of SP in the joint was less but still significant at hour 2 

with no significant difference occurring by hour 3. This latter observation may suggests 

that the synthesis o f SP during this third hour is not as important as seen in the earlier 

time periods. This is supported by the fact that less SP was found in the joint o f control 

animals at hour 3 (figure 29). Therefore, the fact that levels of SP were not reduced at 

hour 3, even though PBA significantly inactivated PAM at this same time, appears to be 

of minor importance since the formation of SP during this time period was shown to be 

reduced (figure 29). While SP is more important in mediating the early phase o f 

carrageenan edema, bradykinin and prostaglandins have been shown to be responsible for 

maintaining the later phase of carrageenan edema. However, SP has been shown to 

stimulate arachidonic acid metabolism and potentiate the effects of both prostaglandins 

and bradykinin (Mantyh, 1991; Payan, 1989; Pemow, 1983). Therefore, inhibiting the 

synthesis of SP during hour 1 may have dampened but not completely inhibited the 

effects produced by these late mediators during hours 2 and 3 of carrageenan edema.

This may explain why there was a 66 % reduction in hind paw volumes at hour 3 in PBA- 

treated animals even though the levels of SP were reduced by only 25 % in these same 

animals.

The effects of the continuous administration of PBA on levels of SP in the plasma 

are shown in figure 30. As discussed earlier (figure 26d) and confirmed in this 

experiment, induction o f carrageenan edema in control animals resulted in a rapid and 

significant decrease in plasma SP that remained lower than time 0 values for the entire 3 

hour observation period. Continuous administration of PBA resulted in a decrease in
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plasma SP levels prior to the administration of carrageenan. These levels did not change 

following the administration o f carrageenan and can be explained by the ability of PBA to 

inhibit the early phase o f  carrageenan edema by 100 % (figure 27). As alluded to earlier, 

this decrease in plasma levels o f SP was believed to be due to either an increased 

conversion o f SP-Gly to SP or a sequestration of systemic SP to the joint tissue as a result 

o f the acidic environment associated with inflammation. Since PBA reduced 

inflammation, these data suggest that the changes of pH required to permit the redirection 

o f plasma SP to the joint did not occur and may explain why plasma SP levels remained 

constant during carrageenan edema. In addition, attenuation of the inflammatory 

response would also reduce the infiltration of neutrophils and release of endoproteases. A 

reduction in metabolism of plasma SP by endoproteases may also explain why plasma 

levels in PBA-treated animals did not change relative to time 0 values.

Collectively, these results strongly support the premise that the in vivo administration 

of an inhibitor of neuropeptide amidation is effective in interfering with the endogenous 

synthesis of inflammatory neuropeptides such as SP, resulting in a significant lowering of 

levels of these peptides in inflamed joints and an anti-inflammatory effect.

Summary

In summary, the acute anti-inflammatory activity o f PBA appears to be independent 

of inhibiting PAM activity and lowering endogenous levels of SP. In addition this 

activity is also unrelated to inhibiting the effects of serotonin or bradykinin. two other 

mediators known to be important in the early phase of carrageenan edema (Di Rosa et al.,
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1971). However, the IC50 o f PBA for cyclooxygenase activity is equivalent to the in vivo 

concentrations that significantly reduced inflammation following acute administration of 

PBA. Therefore, the acute anti-inflammatory effects of PBA may be partly due to 

inhibition o f cyclooxygenase activity and subsequent reduction in prostaglandin 

synthesis.

The acute analgesic effect o f PBA occurred rapidly and with concentrations similar 

to those required to reduce inflammation. This suggests that the acute nociceptive effect 

of PBA may be related to its acute anti-inflammatory effects.

PBA, when administered using osmotic pumps for a sustained delivery, significantly 

inhibited carrageenan induced hind paw edema. In addition, the anti-inflammatory effects 

of PBA appear to correspond to its ability to inhibit PAM activity and reduce tissue levels 

of SP. The results reported herein demonstrate for the first time that inhibiting the 

synthesis o f SP is a potential mechanism of action of anti-inflammatory drugs. More 

importantly, these results support the contention that PAM is an attractive target for anti

inflammatory drugs and, as a result, drugs with this mechanism deserve further intensive 

investigation.

Additional studies involving the effects of PBA on chronic models o f inflammation 

are needed to establish a more comprehensive view as to whether targeting PAM is a 

practical therapy to reduce chronic inflammatory diseases, including rheumatoid arthritis. 

In addition, these future studies will help determine whether the pathogenesis and 

irreversible joint destruction associated with these diseases can also be altered by 

inhibiting the synthesis of neuropeptides.
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