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ABSTRACT 

In recent years cocaine abuse has reached epidemic proportions. The use of 

cocaine, like many other drugs of abuse, has been shown to have immunomodulatory 

consequences. However, the effects of cocaine on the immune system have not been 

thoroughly examined. 

The macrophage (M0) plays a central role in the regulation of inflammatory 

responses, antigen presentation, and is an important non-specific first line of defense 

against incoming pathogens. In the present studies, the immunomodulatory effects of 

cocaine on certain aspects of M0 functions were examined. Cocaine was administered to 

experimental mice and/or M0 were exposed to cocaine or one of its metabolites in vitro. 

Experiments were conducted to determine the effects of cocaine on the ability of M0 to 

produce cytokines and reactive nitrogen intermediates (RNI). A novel method of 

cytokine induction using a mannose receptor ligand was also developed. Mannosylated 

bovine serum albumin (M-BS A) was administered to a variety of cell types including 

M0, and shown to induce cytokine secretion. M0 from cocaine-injected mice displayed a 

reduced ability to secrete proinflammatory cytokines when stimulated with M-BSA. This 

effect was also demonstrated by M0 exposed to cocaine in vitro. However, due to the 

acute nature of cocaine's effects, it had no effect on the secretion of regulatory cytokines. 

Cytokine mRNA levels were unaffected by cocaine exposure, suggesting the mechanism 

of inhibition involved attenuation of cytokine secretion, but not transcription. In vivo 

cocaine administration, but not in vitro cocaine exposure, caused inhibition of RNI in 

VI 



M0. In vitro exposure to the metabolite norcocaine inhibited nitrite production, 

suggesting a possible in vivo mechanism. iNOS levels were analyzed via Western blot, 

showing that iNOS protein levels were unaffected by norcocaine. The mechanism of 

inhibition appeared to be through the attenuation of iNOS enzymatic activity. 

Collectively, these studies indicate that cocaine impairs M0 proinflammatory 

activity and has the ability to cause immune system compromise. These studies suggest 

that the immunoregulatory effects of cocaine may lead to increased instances of 

infectious disease in drug addict populations. 
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CHAPTER I 

INTRODUCTION 

Cocaine is one of the most commonly abused drugs in our society, bringing with 

it many factors which contribute to an overtly negative socioeconomic impact. Cocaine 

exerts strong behavioral effects through blocking the reabsorption of monoaminergic 

molecules in neurons. In the cocaine addict population, these effects can lead to 

alterations in body functions resulting in various medical complications. 

The use of cocaine, like many other drugs of abuse, has been shown to have 

immunomodulatory consequences. However, the effects of cocaine on the immune 

system have not been adequately examined. An increase in infectious diseases such as 

HIV correlates with an increase in drug abuse in the population (Donahoe, 1990). There 

appears to be an association between the increase in the drug abusing population and the 

development of AIDS, suggesting that drugs are a possible cofactor in the progression of 

HTV infection to ADDS (Donahoe, 1990). Whether it is the lifestyle of the drug abuser 

(i.e., poor nutrition, increased promiscuity, the use of needles, etc.) that causes the effect 

on the immune system or the direct effects of the drug itself is not known. 

The macrophage (M0) plays a central role in the regulation of both humoral and 

cellular immune responses, presentation of antigens to T cells, and is important in both 

the induction and the regulation of the inflammatory response. The present studies focus 

on the immunomodulatory effects of cocaine on certain aspects of M0 functions. These 

studies include determination of the effects of cocaine on the ability of M0 to produce 



cocaine was 

were 

cytokines and reactive nitrogen intermediates. For experimental purposes, 

administered in vivo to experimental mice. After cocaine exposure peritoneal M0 

obtained and the effects of cocaine on cell functions were determined. Other experiments 

involved determining the effects of cocaine exposure on the blood chemistry of exposed 

animals. Naive M0 were also exposed to cocaine or one of its metabolites in vitro for 

experimental purposes. 

Cocaine 

History 

Cocaine is a naturally occurring alkaloid derived from the leaves of the plant, 

Erythroxylon coca. Its use has been documented as far back as 500 A.D. where it was 

found along with some other possessions in a Peruvian grave (Musto, 1991). The 

Spanish conquistadors obtained coca leaves from the Peruvians, and the plant eventually 

reached Europe in the middle 1700's. In 1859 Albert Niemann, a German chemist, was 

the first to isolate and purify cocaine from coca leaves (Musto, 1991). Once purified, 

cocaine became readily available, and throughout the latter 19^ century cocaine was sold 

for its medicinal properties. It was an active ingredient in "toothache medicine" and was 

used against disorders such as "nervous exhaustion," syphilis, alcoholism, asthma, 

hayfever, digestive disorders, and post-nasal catarrh (Musto, 1991; Kleber, 1988). In 

1884 Karl Koller became the first to use cocaine as a local anesthetic during surgery 

(Kleber, 1988). Then in 1885 John Styth Pemberton formulated Coca-Cola® by 

combining coca with kola nut extract, aromatizing it, and adding syrup to create "the 



brain tonic and intellectual soda-fountain beverage." Around this same time cocaine was 

also being used to treat alcohol and opiate addiction (Benowitz, 1993). In addition, 

cocaine was the first effective treatment of nasal congestion due to seasonal allergies 

(Kloss, Rosen, and Raukman, 1984). 

As cocaine's use increased, society became alarmed over its addictive effects, 

toxic potential and variable effects upon human behavior. Because of this concern, 

governments began to restrict the use of cocaine in the late 1800's. Reports of excessive 

use and negative outcome were documented, leading to legislation in order to control 

cocaine (Musto, 1991). The Pure Food and Drug Act of 1906 limited the use of cocaine 

to medical purposes only, and the Harrison Narcotic Act of 1914 labeled cocaine as a 

narcotic, banning its distribution except by prescription. Eventually the Controlled 

Substances Act of 1970 made it a Federal crime to illegally possess cocaine. 

Administration and metabolism of cocaine 

Cocaine is readily absorbed through the mucous membranes. With regard to its 

illicit use, it is most commonly administered via "snorting" or by smoking the freebase 

form in "rocks" known as crack. Each route of administration has a characteristic rate of 

absorption and rate of pharmacological action (Kloss, Rosen, and Raukman, 1984). For 

example chewing of coca leaves, such as is the practice of many native South Americans, 

releases low concentrations of cocaine into the blood (Benowitz, 1993). This route 

administers about half of the plasma cocaine levels attainable by snorting. The average 

human plasma level of cocaine during recreational use i.e., "snorting," is normally in the 



range of 0.1 -1 ^ig/ml. Levels of greater than 20 îg/ml have been reported in cocaine-

related deaths (Stewart et al., 1979). Cocaine is rapidly metabolized and removed from 

mice, with peak serum levels 40 minutes after intraperitoneal injection (Stewart et al., 

1979). 

The majority of cocaine is metabolized by plasma pseudocholinesterases (PCh) or 

liver esterases into ecgonine, ecgonine methyl ester and benzoylecgonine (Figure 1) 

(Stewart etal., 1979). In humans, the distribution of cocaine metabolites in the serum 12 

hours after exposure is benzoylecgonine, 46%; and ecgonine methyl ester, 41%. These 

metabolites are relatively inactive and are excreted in the urine (Stewart et al., 1979). 

Cocaine is cleared from the plasma with a half-life of 60-90 minutes (Jeffcoat et al, 

1989; Ambre et al., 1988). Approximately 10-20% of cocaine is excreted unchanged in 

the urine (Ambre, 1985). Regardless of the route of administration, cocaine is 

undetectable in the blood 24 hours after a single dose (Ambre et al., 1985). 

Benzoylecgonine and ecgonine methyl ester have significantly longer half lives, at 7.5 

and 3.6 hours respectively (Ambre et al., 1985). They are excreted in the urine within 24 

hours (Rodgers, 1995). 

Cocaine is also metabolized through a minor pathway in liver hepatocytes via the 

cytochrome P450 system (cyt P450) (Figure 1) (Stewart et al., 1979). In this pathway 

cocaine is oxidatively demethylated to norcocaine, which is further oxidized to N-

hydroxynorcocaine and norcocaine nitroxide. These products have been demonstrated to 

be hepatotoxic in both humans and rodents (Thompson, Shuster, and Shaw, 1979; Roth et 

al., 1992). Norcocaine and benzoylecgonine have also been demonstrated to have 



neurotoxic effects (Williams, 1992). The chemical structures of cocaine and its 

metabolites are very similar, usually differing by only one substimtion (Figure 2). 

Major Pathway Minor Pathway 

ecgonine 
ecgonine methyl ester 
benzoylecgonine 

PCh cyt P450 
^ cocaine • norcocame 

Figure 1. The major and minor metabolic pathways of 
cocaine metabolization 

Cocaine and norcocaine are lipophilic molecules, and therefore can rapidly cross 

the blood-brain barrier. In contrast, benzoylecgonine and ecgonine are highly polar 

molecules, and have significantly less ability to cross this barrier. 

Benzoylecgonine 

CO2CH3 

Ecgonine Methyl Ester 

^CH3 

CO2CH3 

OCCgHj 

Cocaine 
II 

N" 
• H 

NUOCCeHs 

Norcocaine ^ 

Figure 2. The chemical structure of cocaine and its metabolites 



Pharmacologic actions 

Cocaine is known to act as a local anesthetic as well as potently enhancing neural 

transmission. Cocaine inhibits the conduction of sensory impulses by interfering with ion 

channels on the neuron membrane (Benowitz, 1993), which interferes with reception by 

the central nervous system of electric signals that are propagated along the axon of the 

nerve cell. The action of blocking the initiation and conduction of electrical impulses by 

nerve cells gives rise to cocaine's local anesthetic activity (Benowitz, 1993). 

Many neurons transmit signals across the synaptic gap through the release of 

chemicals which induce a change in ion permeability in the receiving cell. Monoamines 

such as norepinephrine, dopamine, or serotonin act as neurotransmitters in the synaptic 

gap (Benowitz, 1993). Normally these neurons recycle the released monoamine by 

reabsorbing it into the terminal from which it was released. Cocaine potentiates nerve 

transmission through blocking the transporter responsible for reabsorption of the released 

monoamine, primarily acting on the dopamine reuptake system (Benowitz, 1993). This 

causes enhancement of the signals transduced through the central nervous system. At 

low doses of cocaine the effect is increased arousal, increased motor activity, and 

vasoconstriction. However, at higher doses cocaine increases heart rate, resulting in 

hypertension, and may lead to convulsions or cardiac arrest (Zafar, Vaz, and Carlson, 

1997). The reason cocaine is a drug of abuse is because of the intense "high," followed 

by feelings of increased energy, power, and competency. 

Chronic cocaine abuse can result in various medical complications. Cocaine has 

been documented as hepatotoxic. Habitual cocaine abuse has been documented as 



causing liver damage through a hepatotoxin formed from the metabolization of 

norcocaine (Thompson, Shuster, and Shaw, 1979). Ischemic injury, increased incidence 

of miscarriage, and behavioral and physical retardation in infants bom of cocaine abusing 

mothers are conmion in occurrence (Chasnoff, 1986; VanDette and Comish, 1989). 

Blood Chemistry 

Blood chemistry profiles and complete blood counts (CBC) are often employed to 

assess the general disposition of a patient and are commonly used in the clinical 

laboratory to diagnose a variety of human physiological conditions. These procedures 

have been used less often to assess the general health of rodents. Previous studies have 

demonstrated an increase in serum glutamate-oxaloacetate transaminase (SCOT) 16 

hours after injection of 40 mg/kg cocaine in rodents (Shuster et al., 1988). This was 

presumably caused by liver damage from cocaine administration producing a massive 

release of transaminases in the circulation. More recent studies have focused on the 

mechanism of cocaine-induced hepatotoxicity (Boyer and Petersen, 1992; Roth et al., 

1992; Ao\i\ et al, 1997). 

Glucocorticoids act by penetrating the cell membrane and binding to receptors, 

forming a complex (for a review, see Baxter, 1976). The complex becomes activated and 

rapidly becomes bound in the nucleus to form a nuclear bound complex. The nuclear 

complexes bind to regulatory elements, called glucocorticoid response elements, 

associated with certain genes. The affected proteins may be enzymes, regulators of 

various cell functions, secretory products, etc., which are the primary effectors of 



glucocorticoid actions. Glucocorticoids are regulated by a feedback mechanism 

involving ACTH and CRH. Stress from one of many possible sources will override 

feedback controls and cause a surge in glucocorticoid levels (Munck, Guyre, and 

Holbrook, 1984). The primary targets of glucocorticoids are the peripheral tissues, which 

produce cytokines and hormones. 

The literamre relating anti-inflammatory and immunosuppressive actions of 

glucocorticoids to their effects on cells of the immune system is extensive (Hench et al., 

1949; Flower et al., 1986; Munck, Guyre, and Holbrook, 1984). Glucocorticoids have 

been shown to suppress cytokine production (Munck and Toth, 1994; Chrousos, 1995). 

Haugen et al. (1997) also demonstrated that glucocorticoids inhibited macrophage 

reactive oxygen production and inhibited the production of endotoxin-induced nitric 

oxide. However, there is evidence that glucocorticoids may enhance immune reactions 

under certain conditions (reviewed in Wilckens and De Rijk, 1997). Because of the 

predominantly immunosuppressive actions of glucocorticoids, it has been proposed that 

the physiological role of glucocorticoids is to prevent overactivity and to preserve the 

specificity of immune reactions (Munck, Guyre, and Holbrook, 1984). 

Macrophages 

Mononuclear phagocytes are important contributors to both humoral and cellular 

immune responses. M0 are derived from circulating monocytes which after one to three 

days in circulation (in humans, 22 hours in mice) may enter tissue (Rook, 1989), where 

they may reside for up to several months (Stites et al, 1984). In the mouse, the total 
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monocyte production is approximately 1.5 x 10̂  cells per 24-hour period, and the life 

span of the peritoneal M0 is 20-40 days (Van Furth, 1989). 

Different M0 populations reside within the various tissues, and M0 in different 

tissue locations are given different names. Some examples are the alveolar M0 found 

within the lungs, Langerhans cells of the skin, Kupffer cells found in the liver, and 

peritoneal M0 residing within the peritoneal cavity. Though arising through a different 

mechanism, microglial cells located in the central nervous system are also considered a 

M0 subtype. 

Regardless of its location, the M0 plays a central role in the induction of 

lymphocyte proliferation via receptor binding and cytokine signaling, is important for 

presentation of antigens to T cells, and is involved in phagocytosis and killing of 

infectious agents such as bacteria. M0 participate in tumor destruction and secrete a wide 

range of biologically active molecules which influence the development of the immune 

response. It has been described that M0 secrete over 100 substances, including 

prostaglandins, leukotrienes, complement proteins, various enzymes, growth factors, 

chemokines, and cytokines (Paulnock, 1994). Upon phagocytosis, M0 synthesize and 

release cytokines and chemokines which have various effects on immune cells such as B 

and T lymphocytes, neutrophils, monocytes, and other tissue M0 (Cavaillon, 1994). 

M0 have the capacity to attack tumor cells and invading pathogens through a 

variety of mechanisms: proinflammatory cytokine production, antibody dependent cell-

mediated cytotoxicity, adhesion dependent cytolytic proteinase attack, and through the 

production of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates 



(RNI). It has been determined that ROI and RNI arise by independent pathways within 

M0, but each is utilized to degrade ingested particles and invading pathogens (Ding, 

Nathan, and Stuehr, 1988). 

When studying M0 experimentally, it is important to recognize the characteristics 

associated with the level of M0 activation. M0 activation is defined by its ability to kill a 

pathogen in a non-specific manner (Paulnock, 1994). M0 are activated by a variety of 

stimuli, including bacterial products such as lipopolysaccharide, products from other 

immune cells such as cytokines, or in response to phagocytosis of various particulates 

within the tissue through receptor-ligand interactions. Once activated, the M0 is able to 

exhibit anti-microbial effects towards a particular organism or is able to destroy aberrant 

or cancer cells. 

Table 1. Cytokines Measured in These Studies 

Cytokine Type Example Cytokine 

Proinflammatory 

Regulatory 

Tumor necrosis factor alpha (TNF-a) 
Interleukin-1 (IL-1) 
Interleukin-6 (IL-6)^ 

Transforming growth factor beta (TGF-p) 
Interleukin-10 (IL-10) 
Interleukin-8 (IL-8)^ 
Granulocyte/monocyte colony stimulating factor 
(GM-CSF)^ 

has multiple biological activities 

generally functions as a neutrophil chemoattractant 

10 



Cytokine production: Proinflammatory 

Cytokines are low molecular weight biologically active proteins produced by a 

variety of cell types (Paulnock, 1994). They can have pleiotropic action in that the same 

cytokine may induce many different actions in an array of cell types. M0 secrete a wide 

variety of cytokines, each with a specific function on the induction or regulation of the 

immune response. M0-derived cytokines are involved in antiviral and antitumor activity, 

induction of chemotaxis, killing of microbes, and are known to activate lymphocytes and 

other M0 (Cavaillon, 1994). 

The characteristic proinflammatory cytokines secreted by M0 are tumor necrosis 

factor a (TNF-a), interleukin 1 (IL-1), and interleukin 6 (IL-6) (Cavaillon , 1994). TNF-

a upregulates major histocompatibility complex class I and n expression, has direct 

antiviral and antitumor activity, induces immune responses from many other cell types, 

and induces the global transcription factor nuclear factor kB (NF-kB) which enhances 

transcription of a variety of proinflammatory proteins (Claudio et al, 1996). TNF-a may 

be bound to the plasma membrane and/or secreted from M0 into the extracellular 

environment (Decker, Lohman-Matthes, and Gifford, 1987). IL-1 induces NF-kB 

activity, activates T cells, stimulates B cell proliferation, and induces fever and the acute 

phase response (Bankers-Fulbright, Kalli, and McKean, 1996). IL-6 has direct antiviral 

and antitumor activity and induces lymphocyte proliferation (Wong and Clark, 1988). 

One of the major functions of IL-6 is the stimulation of acute phase proteins, many of 

which feed back to inhibit the inflammatory response (Marcinkiewicz, Grabowska, and 
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Chain, 1995). Thus IL-6 may also play a role in the regulation of the immune response 

as well as having direct proinflammatory activity. 

Cytokine production: Regulatory 

M0 also produce an array of regulatory cytokines such as transforming growth 

factor p (TGF-p), interleukin 10 (IL-10), and granulocyte-monocyte colony stimulating 

factor (GM-CSF) (Cavaillon, 1994). These cytokines help to limit the immune response 

by altering growth of tumor cells and lymphocytes and down-regulating cytokine 

production. TGF-P induces changes in gene expression of the oncogenes JMW B, c-fos and 

c-myc, down-regulates the signal transduction pathway by translocating protein kinase C 

from the cytosol to the cell membrane, inhibits ROI and RNI production, and inhibits 

proinflammatory cytokine production (Palladino et al, 1990). TGF-p has been shown to 

block the ability of interferon gamma (IFN-y) to induce RNI release from mouse 

peritoneal M0 (Ding et al, 1990). The mechanism of RNI inhibition appeared to be 

through the reduction of inducible nitric oxide synthase (iNOS) mRNA stability, but not 

through inhibition of iNOS gene transcription (Vodovotz et al, 1993). Hausmann et al 

(1994) found that TGF-p suppressed the production of nitric oxide (NO) and TNF-a in 

LPS treated mouse peritoneal M0 and in RAW 264.7 M0. These investigators also 

showed that while TGF-p caused a decrease in the LPS-induced iNOS mRNA, there was 

no decrease in the mRNA levels for TNF-a. EL-10 possesses a wide range of activity on 

a number of cell types. It has been shown to suppress TNF-a release by M0, inhibit T^l 

cytokine production, and act as a potent growth and differentiation factor for B cells 
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(Cavaillon, 1994). GM-CSF acts on bipotential stem cells to produce mononuclear 

phagocytes and granulocytes (Gasson, 1991). Thus GM-CSF functions to stimulate the 

differentiation of stem cells and to induce the production of increased numbers of 

immune cells. Other functions of GM-CSF may include M0 activation and neutrophil 

degranulation. 

Macrophage mannose receptor 

Many microorganisms have mannosylated proteins on their surface. 

Mannosylated proteins released when these organisms are destroyed can elicit 

phagocytosis by M0 independent of antibody or complement binding (Ezekowitz et al, 

1989). The M0 mannosyl-fucosyl receptor, or the M0 mannose receptor (MMR), is an 

integral part of the M0 nonspecific immune response. The MMR is a 165 kDa membrane 

glycoprotein whose expression is highly regulated in M0 (Stahl, 1992). This receptor 

mediates the recognition of microorganisms coated with mannose, glucose, and similar 

sugars (Ezekowitz et al, 1989). The MMR appears to function by binding proteins 

released from microorganisms and warding off infection until antibodies and T cells are 

able to respond. Mannosylated proteins have been shown to be effective at inducing M0 

cytokine production (Stein and Gordon, 1991). Because mannose receptor ligands such 

as mannosylated bovine serum albumin (M-BSA) bind the MMR in a confirmation that 

has been shown to activate signal transduction pathways (Lefkowitz et al, 1992), the 

result is upregulation of the machinery which tums on cytokine production. 

13 



Reactive oxygen intermediates 

One of the metabolic pathways involved in M0 antimicrobial defense is the 

respiratory burst. The release of reactive oxidative products from this reaction gives the 

M0 the capability to destroy an array of pathogens. In the reaction, consumed oxygen 

(O2) is reduced to superoxide (O2') by a plasma membrane-bound NADPH oxidase 

(Rodgers, 1995). The superoxide anion is a precursor to toxic oxidants such as hydrogen 

peroxide (H2O2). Superoxide and H202can interact to give rise to hydroxyl radicals and 

singlet oxygen, which are cytotoxic to microbial pathogens. Superoxide anion, hydrogen 

peroxide, and hydroxyl radicals are collectively referred to as ROI, and are induced 

following ligation of Fc receptors, mannose receptors, complement receptors, or exposure 

to agents such as phorbol ester (PMA) (Rodgers, 1995). 

Reactive nitrogen intermediates 

NO is a radical that is the smallest biosynthetically derived secretory product of 

mammalian cells, and until the mid-1980's the metabolic pathway involving NO was 

relatively unknown (Dietert et al, 1995). NO is toxic to bacteria, fungi, and many types 

of cells (Hibbs, Taintor, and Vavrin, 1987). In addition, NO plays other important roles 

in the body by acting as a neurotransmitter and is an important mediator of blood vessel 

relaxation (Snyder, 1992). 

NO production is regulated by inducible versus constitutive expression of three 

different nitric oxide synthases (NOS) which arise from three different gene products 

(Nathan and Xie, 1994). In endothelium, neurons, and a variety of other cell types 
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increased cellular calcium (Câ "̂ ) alters the conformation of calmodulin, which binds to 

the constitutively expressed enzyme nitric oxide synthase (cNOS) to activate NO 

production (Xie et al, 1992). All nucleated cells produce NO following exposure to 

cytokines and microbial products. The production of NO in these cells is not dependent 

upon changes in calcium or calmodulin, and the enzyme synthesizing NO is inducible, 

and is called iNOS (Xie et al, 1992). cNOS and iNOS share only 51% amino acid 

homology, but the regions in common are important for binding of the necessary 

cof actors FAD and NADPH (Xie et al, 1992). Because of immunological interest, iNOS 

has been the most widely studied (Marcinkiewicz, Grabowska, and Chain, 1995). 

Two signals are necessary to induce maximal nitric oxide synthesis through 

iNOS: one is provided by microbial or parasitic compounds like lipopolysaccharide 

(LPS), and the other is frequently a THI derived cytokine, especially IFN-y. On the other 

hand, NO production is inhibited by TH2 derived cytokines such as IL-4 and IL-10 

(Marcinkiewicz, Grabowska, and Chain, 1995). IL-10 acts on NO indirectly by 

preventing M0 from synthesizing TNF-a, which is synergistic with IFN-y in inducing 

iNOS activity. IFN-p also has the ability to enhance M0 iNOS gene expression, and its 

activity can be eliminated using a monoclonal antibody to IFN-p (Lorsbach et al, 1993). 

Inducible nitric oxide synthase has been purified, and when separated on SDS-

PAGE shows up as a band of 130 kDa (Hevel, White, and Marietta, 1991). The promoter 

region of the mouse gene for iNOS has been sequenced and characterized (Lowenstein et 

al, 1993). Region I (-48 to -209) of the iNOS gene contains LPS-related responsive 

elements, including a binding site for NF-KB. Region n (-913 to -1029) contains motifs 
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for binding IFN-related transcription factors. Lowenstein et al (1993) showed that LPS 

alone induced only 15% of the maximal amount of iNOS mRNA that was induced with 

both LPS and IFN-y. They suggested that in sepsis with LPS circulating throughout the 

body, the M0 could only be activated to a limited extent. IFN-y released into the area of 

inflammation may prime M0 for a maximal response to LPS. Thus, maximal production 

of NO would be restricted to those cells needed to kill the invading bacteria, thereby 

minimizing damage to adjacent tissues. iNOS is normally at very low levels in M0 

unless induced (Nussler et al, 1994). 

Arginine is provided to the cell through a number of mechanisms including 

membrane transport, intracellular protein degradation, and direct arginine synthesis 

(Baydoun et al, 1994). In all NOS pathways, L-arginine is converted to L-citrulline in a 

NADPH-dependent reaction which liberates the guanidino nitrogen of L-arginine and 

forms NO (Dietert et al, 1995). 

RNI are able to nitrosate secondary amines and amides, forming N-nitroso 

compounds (NOC's) (Dietert et al, 1995). NO has been shown to participate in tumor 

cell destruction, act against bacteria and parasites, and is considered to be an important 

inflammatory mediator. In contrast, NOC's are considered carcinogens and 

immunosuppressants. NO interacts with various other compounds to form secondary 

reactions. These secondary reactions have recently been determined to have the most 

potent cytotoxic actions within M0. In these reactions NO reacts with molecular oxygen 

(O2) to generate other oxides of nitrogen, such as dinitrogentrioxide (N2O3) and 

dinitrogentetroxide (N2O4) (Dietert er a/., 1995; Stamler, Singel, andLoscalzo, 1992). 
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These nitrogen oxides react with water to form nitrite (NO2*), which is further oxidized to 

nitrate (NO3"). NO2* and NO3" are not directly toxic to tumor cells, but have been shown 

to be toxic via mitochondrial damage, inhibition of DNA synthesis, and disruption of the 

TCA cycle (Martin and Edwards, 1993). 

Since L-arginine is the precursor to NO synthesis, agents that inhibit the ability to 

utilize L-arginine would inhibit RNI production. One such arginine antagonist is N -

monomethyl-L-arginine (NMMA) (Marcinkiewicz and Chain, 1993). Arginase is an 

enzyme that converts L-arginine to urea for excretion, thus any factor that alters the 

equilibrium between arginase and NOS would be expected to effect RNI production. 

Because the RNI metabolic pathway is dependent on M0 activation, any factor that 

inhibits activation would also be expected to inhibit RNI production. 

Reactive oxygen and reactive nitrogen intermediate interactions 

NO can also react with oxidative molecules produced within the M0, forming 

other biologically active molecules (Dietert et al, 1995). Reactions between reactive 

oxygen species and reactive nitrogen species result in the generation of free radicals like 

the peroxynitrite anion (ONOO'), which is a highly cytotoxic intermediate (Carreras et 

al, 1994). ONOO' is a strong oxidant able to oxidize proteins, lipids, and nucleic acids 

(BruneUi, Crow, and Beckman, 1995). Chemically synthesized ONOO' has been shown 

to kill E. coli in a cell-free system (Brunelli, Crow, and Beckman, 1995). One recent 

study demonstrated that ONOO' also played an important role in the enhancement of M0 

killing of C. albicans (Vazquez-Torres, Jones-Carlson, and Balish, 1996). 
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The two reactive oxidative pathways of M0 (ROI and RNI) appear to arise by 

independently regulated pathways. Ding et al (1988) addressed the question of whether 

RNI production is induced by the same cytokines that activate M0 for ROI release, and 

whether these two oxidative pathways intersect. They found that H2O2 (an indicator of 

ROI production) was elevated in murine peritoneal M0 following 48-hour exposure to 

IFN-y, TNF-a, TNF-p, or GM-CSF. Of these only IFN-y induced significant NO2' 

secretion. Incubation of M0 with IFN-y for 48 hours in the presence of LPS inhibited 

H2O2 production but augmented NO2 release, and incubation in the presence of NMMA 

inhibited NO2' production but had no effect on H2O2. TNF-a and TNF-p were also 

reported to increase NO2' production in the presence of IFN-y six-fold over M0 incubated 

with IFN-y alone. 

Proinflammatory effects of cytokines, reactive oxidative 
species, and nitric oxide-related reactions 

It was recently shown that M0 produced significant amounts of TNF-a, IL-la, 

and IL-6 following stimulation with LPS and IFN-y (Marcinkiewicz. Grabowska, and 

Chain, 1995). An increase in the levels of TNF-a and IL-la secretion was observed at 

NO concentrations above 100-150 |iM. This was just above the level of NO 

endogenously released by M0 stimulated with LPS and IFN-y. Inhibition of NO with 

NMMA did not affect TNF-a release, suggesting that NO could enhance, but was not 

necessary for TNF-a production. It was also noted that NO inhibited the production of 
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IL-6. Similar results were shown in the mouse M0 cell line J774, in which LPS treatment 

up-regulated the expression of mRNA for TNF-a, IFN-p, and iNOS (Fujihara et al, 

1994). 

NO has been shown to participate in antiviral and antitumor activity of M0. The 

antiviral effects of IFN-y could be effectively inhibited by the addition of an arginine 

analog that is a competitive inhibitor for iNOS (Karupiah et al, 1993). Freshly isolated 

human blood monocytes are spontaneously cytotoxic towards several tissue culture tumor 

cell lines, including K562, and this cytotoxic activity is decreased in monocytes cultured 

overnight (Martin and Edwards, 1993). These changes in cytotoxicity are assumed to be 

analogous to those that occur in vivo when blood monocytes are leaving the peripheral 

blood. Cultured monocytes are much like resident tissue M0; therefore freshly isolated 

blood monocytes' tumoricidal competence may resemble monocytes that have just left 

the blood and entered the tumor site. Cytotoxicity decreases and then returns after the 

cells have matured to M0. In one study, chemiluminescence due to PMA declined during 

the first 2 days in vitro and was at a minimum by day 3, and this decline was associated 

with a decrease in cytotoxicity (Martin and Edwards, 1993). The return of tumor 

cytotoxicity did not show a corresponding rise in chemiluminescence, suggesting that 

ROI may be important in monocyte-mediated cytotoxicity but not of great importance in 

M0 tumoricidal competence. The retum of tumoricidal competence in cultured 

monocytes corresponded to a rise in NO2 production. Inhibition of RNI by NMMA 

reduced the cytotoxic capability of cultured monocytes, suggesting that the initial 

cytotoxicity of blood monocytes may not depend on RNI, but it may be important in 
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tissue M0 tumoricidal competence (Martin and Edwards, 1993). Cui et al (1994) 

showed a correlation between the amount of NO2' and DNA fragmentation in P815 

mastocytoma cells. There was a much lower percentage of ^^Cr released than DNA 

fragmentation at given time intervals, showing that DNA fragmentation preceded 

membrane damage. They found that they could inhibit the fragmentation of DNA and 

the release of ^^Cr by adding NMMA to the cultures. Based upon previous data 

suggesting that L929 fibroblast cells are resistant to the cytotoxic effects of NO but 

sensitive to TNF-a, they repeated the experiment on L929 cells using TNF-a as the 

cytotoxic agent. In this experiment anti TNF-a monoclonal antibody decreased the 

amount of DNA fragmentation and ^̂ Cr released. DNA fragmentation was also shown in 

P815 cells exposed to NO gas (1% in 99% N2) using 100% N2 gas as a control. They 

suggested that NO and TNF-a produced by M0 contributed to the apoptotic death of 

tumor cells. Because two different effector molecules essentially showed the same 

activity on different cell lines, the M0 may induce apoptosis through more than one 

mediator. It was then demonstrated that when NO is produced, DNA fragmentation is 

increased by about 30%, suggesting that NO is not the main apoptotic inducer but may 

participate in the pathways that trigger apoptosis along with those that are genetically 

programmed (Terenzi etal, 1995). 

It has been hypothesized that blood monocytes utilize ROI to kill tumor cells 

while M0 use RNI. Martin et al (1994) showed that during the early days in vitro, 

human monocytes cultured with IFN-y had an enhanced capacity to produce O2' and 

chemiluminescence following stimulation with FMLP. This coincided with the ability of 
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the monocytes to kill tumor cells in vitro, suggesting that IFN-y enhanced ROI 

production and was necessary for tumoricidal activity. Their data suggested that though 

IFN-y activated RNI in murine M0, in human M0 RNI was not enhanced by IFN-y alone. 

Previous studies on the effects of cocaine on the immune system 

The literature on the effects of cocaine on immune functions is somewhat 

contradictory, but there have been a variety of immune parameters studied. Contributing 

to the difficulties in interpreting these results is the difference in exposure techniques, 

dosing, incubation or exposure times, animal models, and immune parameters. The 

overall effects of cocaine on the immune system have not been well defined, but cocaine 

is generally regarded as an immunosuppressive drug. 

Many studies have focused on the effects of cocaine on monocyte/M0 immune 

functions, and a few have examined its effect on other cell types. Previous studies by 

other investigators have shown inhibition of the proinflammatory cytokines TNF-a, IL-

la , and IL-6 by cocaine in LPS-stimulated peritoneal M0 (Wang, Huang, and Watson, 

1994; Shen, Kennedy, and Ou, 1994). Shen, Kennedy, and Ou (1994) also showed that 

cocaine inhibited TNF-a and IL-1 release from LPS stimulated peritoneal M0. In 

addition, they observed a reduction in serum TNF-a levels in mice injected i.p. with 

cocaine. Another study demonstrated reduction of TNF production and decreased anti

tumor capacity in cocaine-injected mice (Chen et al, 1993). Cocaine has been reported 

to inhibit neutrophil functions including superoxide production and cell surface receptor 

expression. One study demonstrated that cocaine induced human monocyte cultures to 

21 



produce the regulatory cytokine TGF-p (Chao etal, 1991). Other researchers have 

shown that cocaine stimulated the synthesis of 3'-5' cyclic adenosine monophosphate 

(cAMP) in peritoneal M0, perhaps affecting gene expression through signal transduction 

pathways (Shen, Kennedy, and Ou, 1994). The present researchers laboratory has 

reported that peritoneal M0 from mice injected with cocaine demonstrated a rapid 

increase in ROI after three hours of exposure (Vaz et al, 1994). The metabolite 

norcocaine enhanced ROI production to nearly twice the levels induced by cocaine, and 

benzoylecgonine was slightly less effective than cocaine. In contrast to these results, 

RNI production was shown to be inhibited by cocaine and norcocaine, with 

benzoylecgonine showing slightly less inhibition. It was also reported that in vitro 

exposure of cocaine to peritoneal M0 had no effect on ROI production. Another study by 

these investigators found that cocaine decreased M0 cytotoxicity to P815 mastocytoma 

cells (Lefkowitz, Vaz, and Lefkowitz, 1993). Peterson et al (1991) have also found that 

the addition of cocaine (10'̂ ^-10'̂  M) to human blood monocyte cultures activated with 

phytohemagglutin-enhanced HIV-1 p24 antigen expression from the supematants of cells 

cultured with HIV-1. The addition of anti-TGF-p reversed the enhancement of HFV-l 

replication. 

There have been numerous contradictions in results from in vitro studies when 

applied to in vivo systems. In vitro cocaine administration was inhibitory to cytokine 

production in immunocompetent cells (Wang, Huang, and Watson, 1994). These 

investigators demonstrated that TH2 cytokine production (IL-4, IL-5, IL-10) was more 

suppressed than THI cytokine production (IL-2 and IFN-y), suggesting that this could 
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lead to an imbalance in TH subsets, and therefore affect critical factors that regulate the 

inflammatory response. In vivo studies showed different results, and demonstrated that 

cocaine caused inhibition of TNF-a in LPS-stimulated peritoneal M0, but enhancement 

in LPS-stimulated splenocytes (Wang, Huang, and Watson, 1994). However this may 

have been a result of increased activity of NK cells and B cells in the spleen induced by 

cocaine. 

This study was initiated in order to expand the current understanding of the 

overall effects of cocaine on the immune functions of M0. Cocaine was administered to 

C57B1/6 mice and cocaine or its metabolites were incubated with various cells in culture, 

and its effects were studied on M0 cytokine production and production of RNI. 

Parameters of immune competence were established in mice administered cocaine 

in vivo. This involved the assessment of blood chemistry profiles and M0 morphology in 

exposed animals. Corticosteroids are known to cause reduction in inflammatory 

responses. Corticosteroid production in mice exposed to cocaine was studied by 

measuring plasma levels of corticosterone. 

Two parameters of the M0 inflammatory arsenal were selected for further study. 

A model for cytokine induction based upon MMR-ligand association was developed for 

study. The effects of cocaine on MMR ligand-associated cytokine secretion were 

investigated. Establishing the mechanism through which cocaine exerts its effects on M0 

cytokine production was also performed. Because of the importance of the production of 

RNI in the inflammatory response to microbes and aberrant cells, the effects of cocaine 

23 



exposure on RNI production were investigated in order to understand the mechanism 

through which cocaine exerts its inhibitory actions. 

Figure 3 represents a scheme summarizing the studies described in this 

dissertation. In summary, the purpose of this investigation was to determine the effects 

of cocaine on the ability of M0 to produce cytokines and reactive nitrogen intermediates. 

Cocaine 

MACROPHAGE 

Cytokine Production 
Proinflammatory 
Regulatory 

RNI Production 
NO 
iNOS 

Figure 3. Scheme describing studies conducted in dissertation 
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CHAPTER n 

MATERL\LS AND METHODS 

Experimental animals 

Male 8-12-week-old C57BL/6 mice were purchased from Jackson Laboratories 

(Bar Harbor, ME). Upon arrival, mice were randomized into cages, followed by a one 

week quarantine period. All mice were housed in the vivarium facility in the Texas Tech 

University Health Sciences Center (TTUHSC). Animal rooms were maintained at 21 to 

25°C with a 12-hour light/dark cycle. The care and use of the animals conformed to the 

policies and regulations of the TTUHSC Institutional Animal Care and Use Committee as 

approved under protocol No. 90016-03. 

Chemicals and cell culture media 

Macrophages (M0) were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) (Gibco-BRL Laboratories, Long Island, NY) supplemented with 2% fetal 

bovine serum (FBS) (Intergen, Purchase, NY), 25 mM N-2-hydroxyethyl-piperazine N'-

2-ethanesulfonic acid (HEPES) (Research Organics, Cleveland, OH) and 50 mg/L 

gentamycin sulfate (U.S. Biochemicals, Cleveland, OH). RAW 264.7 M0 (ATCC TIB-

71) were obtained from American Type Culture Collection (ATCC), Rockville, MD. 

RAW 264.7 cells were maintained in DMEM containing 2% FBS, 25 mM HEPES, and 

50 mg/L gentamycin sulfate. For studying production of reactive nitrogen intermediates, 

M0 were cultured in Auto-Pow EMEM (Flow Lab, Inc., McLean, VA) supplemented 
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with 10% FBS, 25 mM HEPES and 50 mg/L gentamycin sulfate. Neutrophils (PMN) 

were cultured in RPMI1640 (Gibco-BRL) supplemented with 2% FBS, 25 mM HEPES, 

and 50 mg/L gentamycin sulfate. Human vascular endothelial cells (HUVEC) were 

obtained from Cell Applications, Inc., San Diego, CA. HUVEC were cultured in F12-K 

(Gibco-BRL) supplemented with 10% FBS, 35 |ig/ml endothelial cell growth factor 

(ECGF) (Sigma, St. Louis, MO), and 100 |ig/ml heparin. Phosphate Buffered Saline 

(PBS) at pH 7.2 was also used. Cocaine hydrochloride was obtained through the 

National Institute on Drug Abuse (Research Triangle Park, NC) and prepared in PBS, at 

pH 7.2, and filter sterilized prior to use. M-BSA was purchased from E-Y Labs, San 

Mateo, CA. All reagents were tested for endotoxin using the Limulus amoebocyte lysate 

assay (Cape Cod Associates, Woods Hole, MA). 

Collection of peritoneal M0 from C57BL/6 mice 

Methods used to collect peritoneal M0 have been reported previously (Lincoln et 

al, 1995) and are described briefly. A peritoneal lavage was performed on euthanized 

mice as follows: With the ventral side up, the skin was swabbed with methanol, cut 

along the midline and removed. Each animal was injected intraperitoneally with 10 ml of 

cold PBS at pH 7.2. The abdomen was gently massaged for 1 min., and the fluid was 

slowly withdrawn. Cells were centrifuged at 150 x g for 10 min. at 4°C, counted using a 

hemocytometer, and resuspended at 1.2 x 10^ cells per ml in DMEM containing 2% FBS. 

If contamination by erythrocytes occurred, erythrocytes were lysed with 3% hypotonic 

saline. Cells were kept on ice throughout the procedure. One hundred ^1 of suspension 
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were added to each well of a 96 well tissue culture plate (Costar). After 2-hour 

incubation at 37°C under 5% CO2 to facilitate adherence, cells were gently washed with 

warm DMEM to remove non-adherent cells. Experimental groups consisted of blocks of 

8 wells per treatment organized in columns across the tissue culture plate. The 

supematants from 8 wells were pooled after treatment and analyzed as indicated. 

Collection of thioglycollate-induced M0 from C57BL/6 mice 

Thioglycollate-induced M0 were used to represent an activated M0 population. 

Mice were injected i.p. with 1 ml thioglycollate broth (Baltimore Biological Laboratories, 

Baltimore, MD) four days prior to M0 collection. Thioglycollate-induced M0 were 

collected by the same procedure as resident peritoneal M0 described above. 

Thioglycollate-induced M0 were concentrated to 1 x 10̂  cells per ml. One hundred |il of 

suspension were added to each well of a 96 well tissue culture plate (Costar) and allowed 

to attach for 2 hours by incubation at 37°C under 5% CO2. Cells were then washed with 

warm PBS and treatments were added as indicated. Samples were grouped into blocks of 

8 wells per treatment organized in columns across the tissue culture plate. The 

supematants from 8 wells were pooled after treatment and analyzed as indicated. 

Culture of RAW 264.7 M0 

RAW 264.7 M0 (ATCC TIB-71) were maintained in tissue culture at 37°C under 

5% CO2. RAW 264.7 M0 were removed from the tissue culture flask by scraping, 

centrifuged at 150 x g for 10 min. at 4^C, counted using a hemocytometer, and 
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resuspended at 1.2 x 10̂  cells per ml in DMEM containing 10% FBS. One hundred |il of 

suspension were added to each well of a 96 well tissue culture plate (Costar) and allowed 

to attach ovemight at 37°C under 5% CO2. Cells were then washed with warm PBS and 

treatments were added as indicated. Samples were grouped into blocks of 8 wells per 

treatment organized in columns across the tissue culture plate. The supematants from 8 

wells were pooled after treatment and analyzed as indicated. 

Collection of human polymorphonuclear leukocytes 

Blood was drawn from healthy male donors age 25-28, and PMN were isolated 

using One-Step Polymorph gradient (Accurate Chemical, Westbury, NY) per 

manufacturers instmctions. PMN were suspended at 2.5 x 10̂  cells/ml in RPMI 

containing 2% FBS. One hundred \x\ of suspension were added to each well of a 96 well 

tissue culture plate (Costar) and incubated for 2 hours at 37°C under 5% CO2 to facilitate 

adherence. Cells were then gently washed with warm PBS and treatments were added as 

indicated. Treatment groups consisted of blocks of 8 wells per treatment organized in 

columns across the tissue culture plate. The supematants from 8 wells were pooled after 

treatment and analyzed as indicated. 

Collection of human vascular endothelial cells 

HUVEC (Cell Applications, Inc.) were maintained in tissue culture at 3TC under 

5% CO2. HUVEC were removed from the tissue culture flask and concentrated to 1.5 x 

10 cells per ml in F12-K supplemented as described above under cells and culture 
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media. One hundred \i\ of suspension were added to each well of a 96 well tissue culture 

plate (Costar) and incubated ovemight at 37°C under 5% CO2 to facilitate adherence. 

Cells were then washed with warm PBS and treatments were added as indicated. 

Samples were grouped into blocks of 8 wells per treatment organized in columns across 

the tissue culture plate. The supematants from 8 wells were pooled after treatment and 

analyzed as indicated. 

In vivo cocaine administration 

Mice were injected i.p. with 1 ml PBS containing either 10 or 25 mg/kg cocaine. 

Animals were allowed to metabolize the cocaine for 3 or 24 hours prior to analysis. 

Controls received PBS only. 

Cytospin analysis of M0 

Peritoneal M0 from control and in vivo cocaine-exposed animals were collected 

as described. Fifty |il of each cell suspension were cytocentrifuged at 400 x g, 25°C, for 

5 min in a cytospin centrifuge in the TTUHSC clinical laboratory. M0 were then stained 

with Wright's stain and viewed under a light microscope. 

Measurement of blood chemistry profiles and complete blood counts 

Semm samples were obtained from control and cocaine-exposed mice by cardiac 

puncture. Blood was allowed to coagulate at room temperature for 45 minutes, and then 

centrifuged at 150 X g for 10 minutes at room temperature. Semm was collected from 
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the tubes and aliquoted. Whole blood specimens were obtained from control and 

cocaine-exposed mice by cardiac puncture using syringes preloaded with EDTA. Semm 

samples were analyzed for a chemistry profile and whole blood specimens were analyzed 

for complete blood count in the TTUHSC clinical laboratory. 

Measurement of semm corticosterone 

The concentration of semm corticosterone was determined using a 

radioimmunoassay kit (ICN Immunobiologicals, Costa Mesa, CA). All semm samples 

were obtained from individual mice at the given time period after cocaine administration. 

Within a two minute period mice were euthanized and bled by cardiac puncture. All 

experiments were done in a staggered pattem of dosing so all collection occurred 

between 9 A.M. and 11 A.M. Semm samples were stored at -85°C until assayed. 

Titration of M-BSA and M-BSA stimulation of cells in culture 

One hundred |LI1 of DMEM containing 2% FBS and 0, 33, 66, or 132 ng/ml M-

BSA were added to M0, PMN, and HUVEC monolayers grouped as described. After 6 

o 

hours at 37°C under 5% CO2, supematants were collected and frozen in aliquots at -85 C. 

In subsequent experiments, cells were stimulated with only one dose of M-BSA. These 

cell monolayers were incubated with 100 |aL of cell specific culture medium containing 

66 ng/ml of M-BSA. At various time intervals from 3-96 hours, supematants were 
0 

collected and frozen in aliquots at -85 C. 
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In vitro cocaine exposure and M-BSA stimulation of cells in culture 

For experiments involving in vitro cocaine exposure, cells were collected as 

described and plated into monolayers on 96 well tissue culture plates (Costar) in DMEM 

containing 2% FBS. PMN were cultured in RPMI containing 10% FBS and HUVEC 

were cultured in F12-K supplemented as described and containing 10% FBS. One 

hundred |il of culture medium, various concentrations of M-BSA (0, 16.5, 33, 66 |ig/ml) 

or a single dose of 66 \xlm\. M-BSA, and various concentrations of cocaine (0, 10, 100 

^g/ml) were added to cell monolayers. For M0 exposed to cocaine in vivo, only M-BSA 

and no additional cocaine was added to cell monolayers. Supematants were collected at 

0 

various time intervals and frozen in aliquots at -85 C. 

Pre-incubation of cocaine on cells in culture 

One hundred |xl of DMEM containing 2% FBS and various dilutions of cocaine 

from 1-100 p-g/ml were placed on M0 monolayers for 24 hours at 37°C under 5% CO2. 

After incubation, M0 were washed with warm DMEM to remove cocaine, and 100 \y\ of 

DMEM containing 2% FBS and 66 |ig/ml MBSA were added to each well. Cells were 

incubated for various time intervals from 3-96 hours, after which supematants were 

collected and pooled with like samples. Samples were frozen in aliquots at -85°C. 

Measurement of cytokine secretion 

Supematants were collected from various cell monolayers as described and 

analyzed for cytokine levels via enzyme linked immunosorbent assay (ELISA). ELISA 
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kits purchased from the following manufacturers were used according to the 

manufacturers specifications: Mouse TNF-a, Genzyme DuoSet™ (Cambridge, MA); IL-

6, Endogen Minikit; IL-la, GM-CSF, IL-10, Endogen; TGF-P, Promega (Madison, WI); 

Human TNF-a, Genzyme DuoSet™; IL-lp: BioSource (Camarillo, CA); IL-6, IL-8, 

Genzyme DuoSet™; TGF-p, Promega. 

Westem blot analysis of TNF-a and IL-6 production 

After supematants were collected from M0 monolayers, the cells were washed 

with warm PBS and lysed with TRIZOL (Gibco BRL). Protein was extracted according 

to the manufacturers instmctions, and quantified using BCA Protein Assay Reagent 

(Pierce, Rockford, IL). Ten to 60 |ig of protein were loaded into each well of a pre-cast 

7.5% acrylamide gel (Owl Scientific). After SDS-PAGE, separated proteins were 

transferred to a PVDF membrane (Gallard-Schlesinger Industries, Inc., Carle Place, NY) 

using protein transfer buffer (25TnM Tris, 190 mM glycine, and 20% methanol) in an 

electrophoresis tank for 1 hour at 300 mA. The membrane was blocked for 1 hour at 

room temperature in casein blocking buffer (lOmM Tris, 100 mM NaCl, 1% casein). The 

membrane was then blotted with 10 |J.g/ml monoclonal rat anti-mouse TNF-a or 10 

|jg/ml monoclonal rat anti-mouse IL-6 (Pharmingen, San Diego, CA) in casein blocking 

buffer for 1 hour at room temperature. Primary antibody was removed by agitation in 

wash buffer (10 mM Tris, pH 7.5, 100 mM NaCl) for 30 minutes. Detection was 

performed with a 1:2500 dilution of HRP-conjugated goat anti-rat IgG (Pharmingen) in 

blocking buffer for 1 hour at room temperature. The membrane was washed for an 
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additional 30 minutes. Detection of chemiluminescence was performed using 

chemiluminescence-specific X-ray film (Hyperfilm-CL, Amersham, Arlington Heights, 

IL) and visualized by chemiluminescence (Pierce SuperSignal™). 

RNAse protection assay to measure cytokine mRNA 

The RiboQuant^^ Multi-Probe Non-Radioactive RNase Protection Assay (RPA) 

(Pharmingen) was used to analyze cytokine mRNA levels from treated cells. Briefly, 

custom made anti-sense RNA probe templates including the T7 promoter and sequences 

specific for the macrophage-derived cytokines BL-l, 6, TNF-a, IFN-a, IL-10, and GM-

CSF were obtained from Pharmingen. Each probe set also included two housekeeping 

genes, L32 and GAPDH as intemal standards. The probe sets were synthesized in an in 

vitro transcription reaction using T7 polymerase and biotin-16-UTP (Boerhinger 

Mannheim, Indianapolis, IN). Within each transcription reaction, biotin-labeled UTP 

was incorporated into each probe for detection. The probes varied in length so that they 

produced a ladder in later steps when electrophoresed and visualized on an acrylamide 

gel. 

M0 in culture were grouped into rows of 24 wells and treated as described above. 

Total cellular RNA was extracted using Trizol (Gibco-BRL) according to manufacturers 

instmctions. RNA purity was verified by UV spectroscopy and the amount of recovered 

RNA was determined from the A260 value. Two |ig of each RNA sample was 

hybridized to probe-set RNA per kit directions and treated with RNase to remove any 

single stranded and unbound probe-set RNA. The resultant dsRNA for each sample was 
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re-precipitated and electrophoresed on a urea-poly acrylamide gel, transferred to a 

positively charged nylon membrane (Hybond (+), Amersham), and UV crosslinked for 1 

minute. Yeast tRNA and probe set RNA were also mn on the gel as positive and 

negative controls. The membrane was probed with streptavidin-alkaline phosphatase 

(Tropix, Bedford, MA) and detected with the chemiluminescent alkaline phosphatase 

substrate CSPD (Boehringer Mannheim). Detection of chemiluminescence was 

performed using chemiluminescence-specific X-ray film (Hyperfilm-CL, Amersham) and 

visualized by chemiluminescence (Pierce SuperSignal). 

Measurement of nitrite production 

Methods for quantitating the amount of nitrites in supematants have been 

described previously (Ding, Nathan, and Stuehr, 1988). Briefly, murine resident M0 and 

thioglycollate-induced peritoneal M0 were collected by peritoneal lavage and 

resuspended in Auto-Pow EMEM containing 10% FBS. Cells were cultured at 2 x 10̂  

cells/well in a 96 well tissue culture plate (Costar) grouped as described. RAW 264.7 M0 

were also cultured on 96 well plates. Cells were exposed to 10 ng/ml LPS (Sigma) and 

2.5 U/ml IFN-y (Endogen) in Auto-Pow MEM for 18-20 hours at 37°C under 5% C02to 

induce the production of NO. Where appropriate, tissue culture medium was 

supplemented with various concentrations of cocaine (10, 100, 300 M-g/ml) or various 

concentrations of norcocaine (10, 100, 300 M-g/ml). For M0 exposed to cocaine in vivo, 

only LPS and IFN-y and no additional cocaine were added. After incubation, 50 \i\ of 

supematant was added to 50 |il of freshly prepared Griess reagent (1% sulfanilamide. 
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0.1% napthyl ethylene diamine dihydrochloride, 2.5% phosphoric acid) in a 96 well 

tissue culmre plate. The color change was read at 550 nm using a Bio-Tek El-312 

microplate reader, and values were compared to those from a standard curve of serially 

diluted sodium nitrite. 

Westem blot analysis of iNOS production 

After supematants were collected from M0 monolayers, the cells were washed 

with warm PBS and lysed with TRIZOL (Gibco-BRL). Protein was extracted according 

to the manufacturer's instmctions, and quantified using BCA Protein Assay Reagent 

(Pierce). Ten fxg of protein was loaded into each well of a pre-cast 7.5% acrylamide gel 

(Owl Scientific). After SDS-PAGE, separated proteins were transferred to a PVDF 

membrane (Gallard-Schlesinger Industries, Inc.) using protein transfer buffer (25mM 

Tris, 190 mM glycine, and 20% methanol) in an electrophoresis tank for 1 hour at 300 

mA. The membrane was blocked for 1 hour at room temperature in casein blocking 

buffer (lOmM Tris, 100 mM NaCl, 1% casein). The membrane was then blotted with 10 

|ig/ml monoclonal mouse anti-mouse iNOS (Transduction Laboratories, Lexington, KY) 

in casein blocking buffer for 1 hour at room temperature. Primary antibody was removed 

by agitation in wash buffer (10 mM Tris, pH 7.5, 100 mM NaCl) for 30 minutes. 

Detection was performed with a 1:2500 dilution of HRP-conjugated rabbit anti-mouse 

IgG (Transduction Laboratories) in blocking buffer for 1 hour at room temperature. The 

membrane was washed for an additional 30 minutes. Detection of chemiluminescence 
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was performed using chemiluminescence-specific X-ray film (Hyperfilm-CL, 

Amersham) and visualized by chemiluminescence (Pierce SuperSignal). 

Statistical analysis of experimental results 

All experiments have been repeated several times. Typically, three experiments 

were analyzed. Each figure displayed represents one experiment of three performed. For 

each representative figure, the arithmetic average (mean) and the standard deviation were 

calculated and shown as descriptive statistics for each set of replicative data. To assess 

significant differences between groups, an analysis of variance (ANOVA) was 

performed. Post hoc analysis by the Tukey-Kramer Multiple Comparison procedure was 

used to examine all pairwise group comparisons with overall a levels held at 0.05 and 

0.01. Significant differences were denoted as P < 0.05 (*) or P < 0.01 (**). 
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CHAPTER m 

RESULTS 

The in vivo effects of cocaine exposure on blood chemistry 

Murine blood chemistry profiles 

As an indicator of overall health of mice exposed to cocaine, semm blood 

chemistry levels were monitored. C57B1/6 mice were injected i.p. with 25 mg/kg cocaine 

or PBS as controls and allowed to metabolize the cocaine for 3 or 24 hours. Only slight 

differences were seen between control and cocaine-exposed animals in either the 3 (Table 

2) or 24 (Table 3) hour time periods. 

Another useful measure of general health is the complete blood count (CBC). 

C57B1/6 mice were injected i.p. with 25 mg/kg cocaine or PBS as controls and allowed to 

metabolize the cocaine for 3 hours. Whole blood samples were then obtained and 

analyzed for CBC in the TTUHSC clinical laboratory (Table 4). These data suggested 

that there were no significant differences between control and cocaine-exposed animals. 

In addition, peritoneal M0 were obtained from mice injected i.p. with 25 mg/kg 

cocaine for 3 hours and fixed to slides for morphologic observation in the TTUHSC 

clinical laboratory. M0 were analyzed after using a cytospin centrifuge to fix cells to 

slides and stained with Wright stain. Three hours after 25 mg/kg i.p. cocaine 

administration there were no observable differences in M0 morphology between cocaine-

exposed M0 and those exposed to PBS alone. 
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Table 2. Blood Chemistry Profiles of Mice Exposed to 
Cocaine^ for Three Hours 

Analyte 

Sodium 
Chloride 
CO2 
BUN 
Creatinine 
Glucose 
Phosphoms 
Uric acid 
Total Protein 
Albumin 
Bilimbin 
ALT 
AST 
LD 
GGTP 

Normal^ 

135-145 
101-111 
21-31 
5-25 
0.5-1.5 
65-110 
4.8-8.2 
2.5-8.5 
6.0-8.0 
3.5-5.0 
1-6 
21-72 
14-50 

mEq/1 
mEq/1 
mEq/1 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
gm/dl 
gm/dl 
mg/dl 
IU/1 
IU/1 

295-535 IU/1 
8-78 IU/1 

Control 

142.3 ± 0.6^ 
111.0±1.0 
19.0 ±2.6 
27.0 ± 5.3 
0.2 ± 0.0 
161.3 ±4.5 
7.1 ±0.7 
0.6 ±0.1 
4.1 ±0.2 
2.5 ± 0.3 
0.2 ± 0.0 
43.0 ±3.5 
149.7 ± 33.8 
1320.7 ±141.7 
8.0 ± 0.0 

Cocaine (25 mg/kg i.p.) 

142.5 ± 0.7 
109.4 ±0.5 
20.0 ±1.4 
28.8 ±3.0 
0.2 ± 0.0 
155.4 ±7.7 
6.7 ± 0.2 
0.5 ±0.1 
4.6 ±0.3 
3.0 ±0.2 
0.6 ±0.2** 
34.0 ±1.4** 
196.5 ±9.2* 
1585.0 ±49.5** 
8.0 ± 0.0 

" Three mice were injected with 25 mg/kg cocaine i.p. and bled 3 hours later. 
Blood chemistry profiles were measured in the TTUHSC clinical laboratory. 

^ Based on normal levels in human semm 

^ Standard deviation 

* P<0.05 

** P<0.01 

38 



Table 3. Blood Chemistry Profiles of Mice Exposed to 
Cocaine^ for Twenty-Four Hours 

An2ilyte 

Sodium 
Chloride 
CO2 
BUN 
Creatinine 
Glucose 
Phosphoms 
Uric acid 
Total Protein 
Albumin 
Bilimbin 
ALT 
AST 
LD 
GGTP 

Normal^ 

135-145 
101-111 
21-31 
5-25 
0.5-1.5 
65-110 
4.8-8.2 
2.5-8.5 
6.0-8.0 
3.5-5.0 
1-6 
21-72 
14-50 

i mEq/1 
mEq/1 
mEq/1 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
mg/dl 
gm/dl 
gm/dl 
mg/dl 
IU/1 
IU/1 

295-535 IU/1 
8-78 IU/1 

Control 

139.3 ±2.3 ' 
107.3 ±1.5 
18.5 ±0.7 
28.7 ±4.0 
0.2 ± 0.0 
168.7 ±8.4 
6.9 ± 0.3 
0.6 ±0.1 
4.3 ±0.1 
2.7 ±0.2 
0.3 ± 0.2 
44.0 ±11.5 
88.3 ±23.5 
646.0 ± 59.4 
8.0 ± 0.0 

Cocaine (25 mg/kg i.p.) 

135.5 ±3.5 
107.7 ± 3.2 
19.0 ±1.4 
20.7 ± 2.3* 
0.2 ±0.1 
151.7±21.0 
6.9 ±0.1 
o.8±o.r 
3.9 ±0.7 
2.6 ±0.1 
0.9 ± 0.0** 
52.5 ±7.8 
nm'̂  
nm 
8.0 ±0.0 

^ Three mice were injected with 25 mg/kg cocaine i.p. and bled 24 hours later. 
Blood chemistry profiles were measured in the TTUHSC clinical laboratory. 

* Based on normal levels in human semm 

'^ Standard deviation 

^ Not measured due to inadequate amount of semm 

* P<0.05 

P<0.01 
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Table 4. Complete Blood Counts of Mice Exposed to 
Cocaine^ for Three Hours 

Analyte 

WBC 
RBC 
Hgb 
Hct 
PLT 
MCV 
MCH 
MCHC 
RDW 
Neut 
Lymph 
Mono 

Normal* 

5.0-38.0 
3.00-6.30 
10.0-19.5 
31.0-66.0 
140-400 
85-126 
28-40 
28-38 
11.0-16.0 
15-68 
26-71 
0-10 

KJ\i\ 
M/|il 
g/dl 
% 

K/\i\ 
fl 

pg 
g/dl 
% 

% 

% 

% 

Control 

3.7 ±0.8 ' 
8.2 ±0.5 
13.0 ±0.1 
40.8 ± 2.4 
371.5 ±31.8 
49.8 ±0.1 
15.9 ±0.8 
31.8±1.7 
17.9 ±1.2 
9.0 ±5.7 
90.0 ± 4.2 
1.0 ±1.4 

Cocaine (25 mg/kg i.p.) 

3.3 ±1.3 
8.9 ±0.9 
12.7 ±2.1 
44.0 ±3.4 
300.5 ±77.1 
49.7 ±1.3 
14.2 ± 0.8 
28.7 ±2.5 
16.3 ±4.5 
5.0 ±4.2 
92.0 ±7.1 
3.0 ±2.8 

Three mice were injected with 25 mg/kg cocaine i.p. and bled 24 hours later. 
Blood chemistry profiles were measured in the TTUHSC clinical laboratory. 

Based on normal levels in human semm 

Standard deviation 
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Production of corticosteroids 

Some of the effects of cocaine on the immune system may be linked to 

modulation of the neuroendocrine pathways. This system involves the hypothalamus, 

pituitary, and adrenal glands. Corticosterone is one of the major endocrine hormones 

produced by this system, and therefore was chosen as an indicator of neuroendocrine 

activity. Mice were injected i.p. with 25 mg/kg cocaine and allowed to metabolize the 

cocaine for 3 or 24 hours. In preliminary experiments, no difference was seen between 

corticosterone levels 3 hours after injection as compared to those taken 24 hours 2ifter 

injection, suggesting that the animals were being stressed in the vivarium. After placing 

the animals in a noise-free wing of the vivarium, 24 hour post-handling corticosterone 

levels retumed to normal. Once normal pattems of corticosterone production were 

achieved, mice were once again exposed to 25 mg/kg i.p. for 3 or 24 hours. Sera were 

collected and saved. Exposure to 25 mg/kg cocaine had no effect on semm 

corticosterone levels (Table 5). 

Induction of cytokines by M-BSA 

M0 exposed to M-BSA secreted increased levels of both proinflammatory and 

regulatory cytokines. Based upon previous titrations of the mannosylated protein MPO 

on murine resident peritoneal M0 in our laboratory, an approximate level of M-BSA 

necessary to induce TNF-a secretion was determined. Treatments were grouped into 

columns consisting of 8 wells. Like samples were pooled and analyzed as described. M0 

exposed to normal BSA did not secrete TNF-a in vitro. It was determined that M0 
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Table 5. Corticosterone Levels^ of Mice Exposed to Cocaine 
for Three or Twenty-Four Hours 

Hours of Exposure Control Cocaine (25 mg/kg i.p.) 

Naive 91.1 ±34.7 

3 168.8 ±93.9' 195.0 ±172.8 

24 112.1 ±51.3 99.3 ±45.7 

^ ng/ml semm 

* Three mice were injected with 25 mg/kg cocaine i.p. and bled 3 or 24 hours later. 
Corticosterone was measured using a commercial RIA kit (ICN Biomedicals). 

' Standard deviation 
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monolayers treated with serial dilutions of M-BSA in the range of 33 to 132 ^ig/ml for 6 

hours produced dose-dependent TNF-a amounts equivalent to treatment with 0.01 to 0.1 

ng/ml LPS as measured by ELISA (Figure 4). Mouse peritoneal M0 exposed to various 

concentrations of M-BSA for a shorter 3-hour period also secreted TNF-a in a dose 

dependent manner (Figure 5). Based upon these results, an intermediate concentration of 

66 }Xg/ml M-BSA was chosen for future experiments. 

Time-based kinetics of proinflammatory cytokine secretion were also performed. 

M0 secretion of TNF-a peaked at 3 hours post exposure to 66 |Xg/ml of M-BSA and 

retumed to near baseline levels in 24 hours (Figure 6). M-BSA also induced significant 

amounts of the M0 proinflammatory cytokines IL-la (Figure 7) and IL-6 (Figure 8) as 

compared to controls. The induction of IL-la and IL-6 was time dependent, secreting 

increasing amounts of cytokines up to 24 hours post exposure. Baseline secretion of IL-

l a was negligible, however baseline IL-6 levels peaked in 3 hours and remained constant 

throughout the 24-hour period of the experiment. M-BSA induced additional IL-6 

secretion over the baseline levels. 
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Figure 4. Comparison of M-BSA and LPS induction of TNF-a secretion from resident 
M0. Murine resident peritoneal M0 were seeded at 1.2 x 10̂  per well in a 96 
well tissue culture plate. M0 were exposed to various concentrations of (A) 
M-BSA or (B) LPS for 6 hours and supematants were analyzed via ELISA 
for TNF-a. **P<0.01. 
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Figure 5. M-BSA caused a dose-dependent increase in resident M0 TNF-a secretion. 
Murine resident peritoneal M0 were seeded at 1.2 x 10^ per well in a 96 well 
tissue culture plate. M0 were exposed to various concentrations of M-BSA 
for 3 hours and supematants were analyzed via ELISA for TNF-a. 
**P<0.01. 
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Figure 6. M-BSA induced stimulation of resident M0 TNF-a secretion peaked in 3 
hours, and retumed to baseline within 24 hours. Murine resident peritoneal 
M0 were seeded at 1.2 x 10̂  per well in a Costar 96 well tissue culture plate. 
M0 were exposed to 66 jig/ml M-BSA for various time periods and 
supematants were analyzed via ELISA for TNF-a. ** P<0.01 between time 
periods. 
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Figure 7. M-BSA induced stimulation of resident M0 IL-la secretion. Murine 
resident peritoneal M0 were seeded at 1.2 x 10̂  per well in a 96 well tissue 
culture plate. M0 were exposed to 66 |Lig/ml M-BSA for various time 
periods and supematants were analyzed via ELISA for IL-la. 
**P<0.01. 
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Figure 8. M-BSA induced stimulation of resident M0 IL-6 secretion. Murine resident 
peritoneal M0 were seeded at 1.2 x 10̂  per well in a 96 well tissue culture 
plate. M0 were exposed to 66 |ig/ml M-BSA for various time periods and 
supematants were analyzed via ELISA for IL-6. ** P<0.01. 
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M-BSA also induced regulatory cytokine secretion from M0. M0 exposed to M-

BS A demonstrated increased secretion of the regulatory cytokines TGF-p (Figure 9), IL-

10 (Figure 10), and low levels of GM-CSF (Figure 11) in a time-dependent manner. M0 

baseline TGF-p secretion increased through each time period up to 96 hours. M-BSA 

increased TGF-p secretion above baseline for up to 72 hours. M0 IL-10 secretion was 

also highly increased by treatment with M-BSA, with maximal levels produced within 24 

hours. 

To determine if the same pattem of cytokine stimulation by M-BSA could be 

found in phagocytes other than M0, human PMN were obtained and cultured as 

described. In order to directly compare the level of cytokines produced by PMN to those 

produced by M0, PMN monolayers were grouped into columns of 8 wells and exposed to 

various concentrations of M-BSA. Following exposure to M-BSA, PMN demonstrated 

dose-dependent increase in the secretion of the chemokine IL-8 (Figure 12). Time-based 

kinetics of IL-8 secretion was also performed. PMN secretion of IL-8 increased 

gradually over a 12-hour period, and peaked in 24 hours (Figure 13). PMN also 

produced low levels of TNF-a (Figure 14) and IL-lp (Figure 15) in response to M-BSA 

stimulation. 

M-BSA induced HUVEC secretion of the characteristic chemotactant IL-8 

(Figure 16). Unlike PMN, HUVEC constitutively secreted baseline levels of IL-8, which 

increased gradually throughout the 48-hour period of the experiment. M-BSA increased 

IL-8 secretion above baseline for up to 48 hours. 
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Figure 9. M-BSA induced stimulation of resident M0 TGF-p secretion. Murine 
resident peritoneal M0 were seeded at 1.2 x 10̂  per well in a 96 well tissue 
culture plate. M0 were exposed to 66 H-g/ml M-BSA for various time 
periods and supematants were analyzed via ELISA for TGF-p. ** P<0.01. 
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Figure 10. M-BSA induced stimulation of resident M0 IL-10 secretion. Murine 
resident peritoneal M0 were seeded at 1.2 x 10̂  per well in a Costar 96 well 
tissue culture plate. M0 were exposed to 66 jig/ml M-BSA for various time 
periods and supematants were analyzed via ELISA for IL-10. ** P<0.01. 
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Figure 11. M-BSA induced stimulation of resident M0 GM-CSF secretion. Murine 
resident peritoneal M0 were seeded at 1.2 x 10^ per well in a Costar 96 well 
tissue culture plate. M0 were exposed to 66 |ig/ml M-BSA for various time 
periods and supematants were analyzed via ELISA for GM-CSF. 
**P<0.01. 
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Figure 12. M-BSA caused a dose-dependent increase in PMN IL-8 secretion. Human 
PMN were collected and seeded at 2.5 x 10̂  per well in a 96 well tissue 
culture plate. PMN were exposed to various concentrations of M-BSA for 3 
hours and supematants were analyzed via ELISA for IL-8. ** P<0.01. 
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Figure 13. Time-based kinetics of M-BSA stimulated PMN IL-8 secretion. Human 
PMN were collected and seeded at 2.5 x 10̂  per well in a 96 well tissue 
culture plate. PMN were exposed to 66 |ig/ml M-BSA for various time 
periods and supematants were analyzed via ELISA for IL-8. ** P<0.01. 
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Figure 14. M-BSA induced stimulation of PMN TNF-a secretion. Human PMN were 
collected and seeded at 2.5 x 10̂  per well in a 96 well tissue culture plate. 
PMN were exposed to 66 [ig/ml M-BSA for various time periods and 
supematants were analyzed via ELISA for TNF-a. ** P<0.01. 
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Figure 15. M-BSA induced stimulation of PMN IL-ip secretion. Human PMN were 
collected and seeded at 2.5 x 10̂  per well in a 96 well tissue culture plate. 
PMN were exposed to 66 |Xg/ml M-BSA for various time periods and 
supematants were analyzed via ELISA for IL-lp. ** P<0.01. 
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Figure 16. M-BSA induced stimulation of HUVEC IL-8 secretion. HUVEC 
maintained in tissue culture were seeded at 1.5 x 10"* per well in a 96 well 
tissue culture plate. HUVEC were exposed to 66 |Xg/ml M-BSA for various 
time periods and supematants were analyzed via ELISA for IL-8. 
**P<0.01. 
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In response to M-BSA stimulation, HUVEC also secreted IL-6 (Figure 17) as well as the 

regulatory cytokine TGF-p (Figure 18). 

The effects of cocaine on cytokine production 

Sixty-six ^ig/ml of M-BSA was used as an inducer of cytokine production in order 

to study the effects of cocaine on M0 TNF-a secretion. Resident peritoneal M0 were 

treated in blocks of 8 well columns. For this study M0 were stimulated with M-BSA in 

vitro, and simultaneously exposed to 1, 10, and 100 |ig/ml cocaine. Cocaine caused a 

dose-dependent decrease in M0 TNF-a secretion at 10 and 100 ng/ml with 50% 

inhibition at 100 ng/ml (Figure 19). This pattem of inhibition lasted through 6 hours, and 

the effects were lost at 12 and 24 hours. Thioglycollate-induced peritoneal M0 were also 

exposed to 66 |Jg/ml M-BSA supplemented with 0, 10, and 100 ng/ml cocaine for a 3 

hour induction period. Cocaine caused a dose-dependent decrease in TNF-a secretion 

with greater than 70% inhibition at 100 |ig/ml (Figure 20). Cocaine also caused dose-

dependent inhibition of TNF-a secretion in RAW 264.7 M0 (Figure 21). Although the 

level of inhibition was slightly less than in freshly isolated murine M0, in vitro cocaine 

exposure caused a 40% reduction in TNF-a levels at 100 ng/ml. 

The in vitro effects of cocaine on the production of two additional 

proinflammatory cytokines, IL-6 and IL-la, were also measured as indicators of M0 

activity. Unlike TNF-a, IL-6 levels increase in vitro soon after M0 adhere to the surface 

of tissue culture plates. Cocaine exposure caused inhibition of the baseline 

(unstimulated, without M-BSA induction) production of IL-6 in a dose dependent manner 
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Figure 17. M-BSA induced stimulation of HUVEC IL-6 secretion. HUVEC 
maintained in tissue culture were seeded at 1.5 x 10"̂  per well in a 96 well 
tissue culture plate. HUVEC were exposed to 66 ng/ml M-BSA for various 
time periods and supematants were analyzed via ELISA for IL-6. 
**P<0.01. 
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Figure 18. M-BS A induced stimulation of HUVEC TGF-P secretion. HUVEC 
maintained in tissue culture were seeded at 1.5 x 10"̂  per well in a 96 well 
tissue culture plate. HUVEC were exposed to 66 ng/ml M-BSA for various 
time periods and supematants were analyzed via ELISA for TGF-p. 
**P<0.01. 
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Figure 19. In vitro cocaine exposure caused a dose-dependent decrease in M-BSA-
induced TNF-a secretion from resident M0. Murine resident peritoneal M0 
were seeded at 1.2 x 10̂  per well in a 96 well tissue culture plate. M0 were 
exposed to cocaine in media containing 66 ng/ml of M-BSA for various 
time periods. Supematants were analyzed via ELISA for TNF-a. Baseline 
levels of TNF-a were not detected. 
*P<0.05, **P<0.01. 
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Figure 20. In vitro cocaine exposure caused a dose-dependent decrease in M-BSA-
induced TNF-a secretion from thioglycollate-induced M0. Murine 
thioglycollate-induced peritoneal M0 were seeded at 1 xlO^ per well in a 96 
well tissue culture plate. M0 were exposed to cocaine in media containing 
66 ng/ml of M-BSA for 3 hours. Supematants were analyzed via ELISA for 
TNF-a. Baseline levels of TNF-a were not detected. ** P<0.01. 
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Figure 21. In vitro cocaine exposure caused a dose-dependent decrease in M-BSA-
induced TNF-a secretion from RAW 264.7 M0. RAW 264.7 M0 were 
seeded at 1 x 10^ per well in a 96 well tissue culture plate. M0 were exposed 
to cocaine in media containing 66 ng/ml of M-BSA for 3 hours. 
Supematants were analyzed via ELISA for TNF-a. Baseline levels of 
TNF-a were not detected. * P<0.05, ** P<0.01. 

63 



at 3, 6, and 12 hours in resident peritoneal M0 (Figure 22A). Inhibition of IL-6 secretion 

was lost within 24 hours. As shown previously, M-BSA induced IL-6 production above 

that produced constitutively in culture. The addition of 1, 10, and 100 ng/ml cocaine 

caused a dose-dependent decrease in IL-6 levels at 3, 6 and 12 hours (Figure 22B). Dose-

dependent inhibition of IL-6 secretion was lost within 24 hours. At this time period only 

100 ng/ml cocaine remained effective. Thioglycollate-induced peritoneal M0 produced 

no measurable amount of IL-6 constitutively nor when treated with M-BSA. Resident 

peritoneal M0 secretion of the proinflammatory cytokine IL-la was also measured in 

response to cocaine exposure. Induction of IL-la was inhibited by 50%, however 

inhibition was not dose-dependent (Figure 23). This effect was seen at 3, 6, and 12 hours 

post-exposure, and the effect of cocaine on IL-la was lost within 24 hours. 

Another experimental design was utilized in order to determine the lasting effects 

of cocaine exposure on M0 in vitro. Previous data suggested that the effects of cocaine 

were lost within 24 hours of exposure. This model was employed to determine if cocaine 

exposure had a lasting effect when administered prior to induction of cytokine synthesis. 

M0 in culture were exposed to cocaine for 24 hours at which point the medium was 

washed off to remove cocaine. M0 were then stimulated with M-BSA for various time 

intervals. Twenty four hour in vitro cocaine exposure had no effect on the induction of 

TNF-a or IL-6 secretion (Figure 24). The levels and pattem of TNF-a secretion in the 

control samples were noticeably different from those of cells that had not been incubated 

ovemight (see figure 6). Levels of IL-6 were equivalent to those in M0 that had not been 
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Figure 22. In vitro cocaine exposure caused a dose-dependent decrease in IL-6 
secretion from resident M0. Murine resident peritoneal M0 were seeded at 
1.2 xlO^ per well in a 96 well tissue culture plate. M0 were exposed to 
either (A) cocaine in media alone or (B) cocaine in media containing 
66 ng/ml of M-BSA for various time periods. Supematants were analyzed 
via ELISA for IL-6. * P<0.05, ** P<0.01. 
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Figure 23. In vitro cocaine exposure inhibited the M-BSA-induced secretion of IL-la 
from resident peritoneal M0. M0 were seeded at 1.2 x 10̂  per well in a 96 
well tissue culture plate. M0 were exposed to cocaine in media containing 
66 ng/ml of M-BSA for various time periods. Supematants were analyzed 
via ELISA for IL-la. Baseline levels of IL-la were not detected. 
*P<0.05, **P<0.01. 
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Figure 24. Pre-incubation with cocaine for twenty-four hours had no effect on M-BSA-
induced TNF-a or IL-6 secretion from resident M0. Murine resident 
peritoneal M0 were seeded at 1.2 x 10̂  per well in a 96 well tissue culture 
plate. M0 were exposed to various concentrations of cocaine in media for 
24 hours. After incubation, media was replaced with fresh media containing 
66 ng/ml of M-BSA. At various time periods supematants were analyzed 
via ELISA for either (A) TNF-a or (B) IL-6. Baseline levels of TNF-a 
were not detected. Each graph represents one of three experiments. 
*P<0.05, **P<0.01. 
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cultured ovemight at 3 hours (see figure 8), but were appreciably higher at later time 

periods, producing maximal amounts in 12 hours. 

The effects of in vivo administered cocaine on ex vivo M-BSA induction of 

cytokine synthesis from M0 were also studied. C57B1/6 mice were injected i.p. with 

25mg/kg cocaine. After 3 hours, peritoneal M0 were collected and plated into 

monolayers in 96 well plates, allowed to attach, and then stimulated with 66 ng/ml M-

BSA for 3, 6, 12, or 24 hours. In vivo cocaine administration caused a reduction in ex 

vivo M-BSA induction of the secretion of both IL-6 and IL-la (Figure 25). 

As a measure of the overall inhibitory effects of cocaine on cytokine secretion, 

PMN and HUVEC were utilized. Freshly isolated human PMN were plated into 

monolayers and exposed to 66 ng/ml M-BSA and 100 ng/ml cocaine for 3 or 24 hours. 

Cocaine caused a 50% and 30% reduction in IL-lp secretion at 3 and 24 hours 

respectively (Figure 26A). Exposure to 100 ng/ml cocaine also caused a 30% and 35% 

reduction in PMN IL-8 secretion at 3 and 24 hours respectively (Figure 26B). HUVEC 

from culture were plated into monolayers and exposed to 66 ng/ml M-BSA and 10 or 100 

ng/ml cocaine for various time periods up to 24 hours. Interestingly, cocaine had no 

effect on HUVEC secretion of IL-8 (Figure 27). 

M0 also produce an array of regulatory cytokines. These regulatory cytokines 

typically arise at later time periods than proinflammatory cytokines. TGF-p levels 

increase in vitro after M0 have adhered to the surface of the tissue culture plate and have 

incubated ovemight. In vitro cocaine exposure had no effect on baseline (unstimulated, 

without M-BSA induction) secretion of TGF-p at 24, 48, 72, or 96 hours in resident 
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Figure 25. In vivo cocaine exposure caused a reduction in ex vivo-M-BSA-induced 
IL-6 and IL-la secretion from resident M0. C57B1/6 mice were injected i.p. 
with 25 mg/kg cocaine. After 3 hours, peritoneal M0 were collected and 
seeded at 1.2 x 10̂  per well in a 96 well tissue culture plate. M0 were 
exposed to 66 ng/ml of M-BSA for various time periods, and supematants 
were analyzed via ELISA for (A) IL-6 or (B) IL-la. Baseline levels of 
IL-1 a were not detected. * * P<0.01. 
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Figure 26. In vitro cocaine exposure caused a reduction in M-BSA-induced IL-8 and 
IL-1 p secretion from human PMN. Human PMN were collected and seeded 
at 2 X 10^ per well in a 96 well tissue culture plate. PMN were exposed to 
media alone, 66 ng/ml M-BSA, or 100 ng/ml cocaine in 66 ng/ml of 
M-BSA for 3 or 24 hours. Supematants were analyzed via ELISA for (A) 
IL-8 or (B) IL-lp. **P<0.01. 
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Figure 27. In vitro cocaine exposure had no effect on M-BSA-induced secretion of 
IL-8 from HUVEC. HUVEC from culture were collected and seeded at 
1.5 X 10"̂  per well in a 96 well tissue culture plate. HUVEC were exposed to 
66 ng/ml M-BSA, or 10 or 100 ng/ml cocaine in 66 ng/ml of M-BSA for 
various time periods. Supematants were analyzed via ELISA for IL-8. 
**P<0.01. 
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peritoneal M0 (Figure 28A). As shown previously, M-BSA induced low levels of TGF-p 

production above that produced constitutively in culture. The addition of 1, 10, and 100 

ng/ml cocaine had no effect on M-BSA induction of TGF-p secretion (Figure 28B). In 

addition, cocaine exposure had no effect on M-BSA-induced M0 secretion of IL-10 

(Figure 29) or GM-CSF (Figure 30). Cocaine also had no effect on the secretion of TGF-

P from HUVEC (Figure 31). 

In order to study the effects of cocaine on proinflammatory cytokine protein 

production, Westem blot analysis was utilized. This method differs from ELISA in that 

levels of cytokine protein are measured from whole cell lysates rather than from 

supematants. Both TNF-a and IL-6 were analyzed via Westem blot. Previous data had 

shown that cocaine caused a dose-dependent decrease in both TNF-a and IL-6 levels 

found in supematants when measured via ELISA. By measuring the amount of cytokine 

present within M0, it would have been possible to determine if cocaine interfered with 

cytokine secretion rather than cytokine production. Treatments were grouped in rows of 

24 wells per treatment, and whole cell lysates were pooled with like samples. Up to 60 

ng per well of M-BSA-stimulated M0 lysates were added to the wells of a 12.5% 

acrylamide gel. Although protein bands stained heavily with Coomassie Brilliant Blue, 

no TNF-a or IL-6 was detected by immunoblotting with monoclonal antibody. 

In order to determine a mechanism for the inhibition of cytokine secretion an 

RPA was utilized to measure the effects of cocaine exposure on the production of 

cytokine mRNA transcripts. C57B1/6 mice were injected i.p. with 25 mg/kg cocaine. 

After 3 hours, peritoneal M0 were collected and plated into monolayers in 96 well 

72 



A) 

• Control 

M 1 \ig/Trl cocaine 

D 10 ng/ml cocaine 

D 100 ng/ml cocaine 

24 48 72 

Time (hours) 

96 

B) 

• Control 

El 1 ng/inl cocaine 

n 10 ng/ml cocaine 

D 100 ng/ml cocaine 

24 48 72 

Time (hours) 

96 

Figure 28. In vitro cocaine exposure had no effect on either baseline or M-BSA 
induced TGF-p secretion from resident M0. Murine resident peritoneal M0 
were seeded at 1 xlO^ per well in a 96 well tissue culture plate. M0 were 
exposed to either (A) cocaine in media alone or (B) cocaine in media 
containing 66 ng/ml of M-BSA for various time periods. Supematants were 
analyzed via ELISA for TGF-p. Graph represents one of three experiments. 
* P<0.05, ** P<0.01. Collectively, these experiments showed that cocaine 
had no effect. 
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Figure 29. In vitro cocaine exposure had no effect on M-BSA-induced IL-10 secretion 
from resident M0. Murine resident peritoneal M0 were seeded at 1.2 x 10^ 
per well in a 96 well tissue culture plate. M0 were exposed to cocaine in 
media containing 66 ng/ml of M-BSA for various time periods. 
Supematants were analyzed via ELISA for IL-10. Baseline levels of IL-10 
were not measured. Graph represents one of three experiments. 
Collectively, these experiments showed that cocaine had no effect. 
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Figure 30. In vitro cocaine exposure had no effect on M-BSA-induced GM-CSF 
secretion from resident M0. Murine resident peritoneal M0 were seeded at 
1.2 xlO^ per well in a 96 well tissue culture plate. M0 were exposed to 
cocaine in media containing 66 ng/ml of M-BSA for various time periods. 
Supematants were analyzed via ELISA for GM-CSF. Graph represents one 
of three experiments. Baseline levels of GM-CSF were not measured. 
* P<0.05. Collectively, these experiments showed that cocaine had no 
effect. 
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Figure 3\. In vitro cocaine exposure had no effect on M-BSA-induced secretion of 
TGF-p from HUVEC. HUVEC from culture were collected and seeded at 
1.5 X 10"* per well in a 96 well tissue culture plate. HUVEC were exposed to 
0, 10 or 100 ng/ml cocaine in 66 ng/ml of M-BSA for various time periods. 
Supematants were analyzed via ELISA for TGF-p. Baseline levels of 
TGF-p were not detected. Graph represents one of three experiments. 
Collectively, these experiments showed that cocaine had no effect. 
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plates. Treatments were grouped into rows of 24 wells per sample. M0 were allowed to 

attach and then stimulated with 66 ng/ml M-BSA for 3 hours. M0 were also exposed to 

66 ng/ml M-BSA and 0, 10, or 100 ng/ml cocaine in vitro. Cell monolayers were lysed 

and total cellular RNA was extracted using Trizol (Gibco-BRL). RNA purity was 

verified by UV spectroscopy and the amount of recovered RNA was determined from the 

A260 value. Two ng of RNA from each sample was analyzed using the RPA as 

described using a probe set specific for murine IL-la, TNF-a, IL-6, and two 

constitufively produced proteins L32 and GAPDH. The results of the RPA suggested that 

neither in vivo cocaine administration nor in vitro cocaine exposure had an effect on M0 

production of cytokine mRNA transcripts (Figure 32). 

Subsequent experiments were performed in order to clarify these results. M0 

were grouped as previously described and treated with 0, 33, or 66 ng/ml M-BSA 

supplemented with 0, 10, or 100 ng/ml cocaine. These cells were incubated for 3 hours, 

after which total cellular RNA was extracted and analyzed as before. Baseline, 33 ng/ml, 

and 66 ng/ml M-BSA stimulation caused a detectable increase in IL-la, TNF-a, and EL-

6 mRNA levels (Figure 33). However, exposure to 10 or 100 ng/ml cocaine caused no 

detectable decrease in these mRNA levels. Because of limitations in chemiluminescent 

detection, densitometric analysis was not performed. 
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Figure 32. RNAse protection assay for murine M0 proinflammatory cytokine mRNA 
transcript production. C57B1/6 mice were injected i.p. with 25 mg/kg 
cocaine. After 3 hours peritoneal M0 were collected and plated into 
monolayers in 96 well plates. M0 were allowed to attach and then 
stimulated with 66 ng/ml M-BSA for 3 hours. M0 were also exposed to 66 
ng/ml M-BSA and 0, 10, or 100 ng/ml cocaine in vitro. Cell monolayers 
were lysed and total cellular RNA was extracted using Trizol (Gibco-BRL). 
RNA purity was determined by UV spectroscopy and the amount of 
recovered RNA was determined from the A260 value. Lanes 1, 2, and 3 
represent 1:100, 1:200, and 1:400 dilutions of unprotected probe. Lanes 4 
and 5 represent mice injected with PBS and 25 mg/kg cocaine respectively. 
Lanes 6, 7, and 8 represent M0 exposed to M-BSA and 0, 10, or 100 ng/ml 
cocaine in vitro. 
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Figure 33. In vitro cocaine exposure had no effect on M0 proinflammatory cytokine 
mRNA transcript production. Peritoneal M0 were collected and plated into 
monolayers in 96 well plates. M0 were exposed to 0, 33, or 66 ng/ml M-
BSA and 0, 10, or 100 ng/ml cocaine in vitro. Cell monolayers were lysed 
and total cellular RNA was extracted using Trizol (Gibco-BRL). RNA 
purity was determined by UV spectroscopy and the amount of recovered 
RNA was determined from the A260 value. Lane 1 represents a 1:400 
dilution of unprotected probe. Lanes 2, 3 and 5 represent unstimulated M0 
treated with 0, 10, and 100 ng/ml cocaine respectively. Lanes 4, 9, and 10 
represent M0 exposed to 66 ng/ml M-BSA and 0, 10, and 100 ng/ml 
cocaine. Lanes 6, 7, and 8 represent M0 exposed to 33 ng/ml M-BSA and 
0, 10, and 100 ng/ml cocaine. 
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The effects of cocaine and norcocaine on M0 RNI production 

Injection of mice with 25 mg/kg cocaine for 3 hours caused a dose-dependent 

decrease in ex v^vo-stimulated resident peritoneal M0 nitrite production (Figure 34A). 

Twenty-four hours after a 25 mg/kg cocaine injection, levels of nitrite retumed to normal 

(Figure 34B). In an effort to limit random variables seen in the in vivo model, an in vitro 

model was developed in order to determine the mechanism of RNI inhibition. When 

resident peritoneal M0 were exposed in vitro to up to 300 ng/ml cocaine there was no 

apparent inhibition in the levels of induced nitrite (Figure 35A). However, exposure to 

the demethylated form of cocaine, the metabolite norcocaine, in vitro caused a dose-

dependent decrease in nitrite production at 33, 100, and 300 ng/ml (Figure 35B). The 

same pattem of dose-dependent inhibition of nitrite levels was seen in RAW 264.7 M0 

(Figure 36A). RAW 264.7 cells were utilized for subsequent experiments as a 

representative cell for in v/fro-treated M0 populations. 

Relative levels of iNOS protein from in vivo cocaine and in vitro norcocaine-

exposed M0 were determined using Westem blot analysis. In the in vitro model, RAW 

264.7 M0 were exposed to 0, 33, 100, or 300 ng/ml norcocaine in media supplemented 

with LPS and IFN-y for 18-20 hours. In the in vivo model, animals were injected i.p. 

with 0, 10, or 25 mg/kg cocaine and allowed to metabolize the cocaine for 3 hours, after 

which peritoneal M0 were collected and exposed to LPS and IFN-y for 18-20 hours to 

induce NO production. In each model total protein was extracted from M0 monolayers 

once dose-dependent inhibition of nitrite production was confirmed using the Griess 

reaction (Figures 36A and 37A). Protein concentrations were analyzed using the BCA 
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Figure 34. In vivo cocaine administration decreased NO production in resident 
peritoneal M0. C57B1/6 mice were injected i.p. with 25 mg/kg cocaine. (A) 
3 hours post-injection or (B) 24 hours post-injection, M0 were obtained by 
peritoneal lavage and 2x10^ were plated into each well of a 96 well tissue 
culture plate. Cells were stimulated with LPS and IFN-y to induce NO 
production. **P<0.01. 
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Figure 35. Exposure of resident peritoneal M0 to norcocaine in vitro caused a dose-
dependent decrease in NO production. M0 from C57B1/6 mice were 
obtained by peritoneal lavage and 2x10^ per well were plated into a 96 well 
tissue culture plate. M0 were exposed to (A) cocaine or (B) norcocaine in 
media supplemented with LPS and IFN-y to induce NO production. 
**P<0.01. 
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Figure 36. Exposure of RAW 264.7 M0 to norcocaine in vitro caused a dose-dependent 
decrease in NO production, but no difference in iNOS protein levels. RAW 
264.7 M0 were plated at 2 x 10̂  per well into a 96 well tissue culture plate. 
M0 were exposed to norcocaine in media supplemented with LPS and IFN-y 
to induce NO production. (A) After measurement of nitrite levels, cells 
were lysed and proteins were extracted and quantified. (B) Ten ng of 
protein were analyzed via Westem blot for iNOS. ** P<0.01. 
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Figure 37. Exposure of resident peritoneal M0 to cocaine in vivo caused a dose-
dependent decrease in NO production. C57B1/6 mice were injected i.p. with 
cocaine. Three hours post injection, M0 were obtained by peritoneal lavage 
and 2x10^ were plated into each well of a 96 well tissue culture plate. 
Cells were stimulated with LPS and IFN-y to induce NO production. (A) 
After measurement of nitrite levels, cells were lysed and proteins were 
extracted and quantified. (B) 15 ng of protein were analyzed via Westem 
blot for iNOS. **P<0.01. 
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protein determination, equilibrated, and mn on SDS-PAGE. Westem blot analysis 

revealed that there was no difference in iNOS protein levels from cell lysates when RAW 

267.4 M0 were exposed to norcocaine in vitro (Figure 36B). Westem blot analysis also 

revealed that there was no difference in iNOS protein levels from cell lysates when 

animals were injected with 10 or 25 mg/kg cocaine (Figure 37B). 

Experiments were then performed in order to verify that levels of nitrite measured 

from cell culture supematants would correlate with the protein levels of iNOS from those 

same cells. Thioglycollate-induced peritoneal M0 were incubated with 10 ng/ml LPS and 

0.0625, 0.125, 0.25, 0.5, and 1.0 U/ml IFN-y for 18-20 hours. Nitrite levels in M0 

supematants were determined using Griess reagent (Figure 38A), and demonstrated that 

by increasing the level of IFN-y, subsequent nitrite levels would increase as well. The 

increase in nitrite levels correlated with an increase in iNOS protein levels when 

measured by Westem blot (Figure 38B). This experiment confirmed that if the 

mechanism of nitrite inhibition were through a decrease in iNOS protein expression, the 

result would have been obvious when protein extracts were analyzed via Westem blot. 

In order to further characterize the effects of norcocaine on the activity of iNOS, 

various experimental parameters were analyzed. First RAW 264.7 M0 were exposed to 

0, 11, 33, ICX), or 300 ng/ml norcocaine in media supplemented with LPS and IFN-y to 

induce NO production as before (Figure 39A). Once inhibition of nitrite levels was 

confirmed using Griess reagent, cells were washed with warm PBS to remove any 

residual norcocaine from the cells. These cells were then allowed to incubate in media 

alone ovemight, and then nitrite levels were measured to determine the lasting 
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Figure 38. Titration of recombinant IFN-y showed that an increase in nitrite levels 
correlated with an increase in iNOS levels. Thioglycollate-induced 
peritoneal M0 were obtained by peritoneal lavage and plated at 2 x 10̂  per 
well into a 96 well tissue culture plate. M0 were exposed to media 
supplemented with 10 ng/ml LPS and various concentrations of IFN-y to 
induce NO production. (A) After measurement of nitrite levels, cells were 
lysed and proteins were extracted and quantified. (B) Ten ng of protein 
were analyzed via Westem blot for iNOS. ** P<0.01. 
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Figure 39. Dose-dependent decrease in NO production from RAW 264.7 M0 24 hours 
after removal of norcocaine. RAW 264.7 M0 were plated at 2 x 10^ per well 
into a 96 well tissue culture plate. M0 were exposed to norcocaine in media 
supplemented with LPS and IFN-y to induce NO production. (A) After 
measurement of nitrite levels, cells were washed with PBS and allowed to 
incubate ovemight with media alone, and (B) nitrite levels were measured. 
**P<0.01. 
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effects of norcocaine on NO production. Norcocaine was shown to have a lasting effect 

on the dose-dependent inhibition of nitrite levels after being washed from M0 (Figure 

39B). This pattem of NO inhibition was similar to the one previously seen in cells 

exposed directly to norcocaine, though the ratio of inhibition was significantly lower. 

For instance, where originally 300 ng/ml norcocaine caused a 8-fold decrease in nitrite 

production, after washing there was only a 4-fold decrease. 

In another experimental model, RAW 264.7 M0 were treated with LPS and IFN-y 

in the absence of norcocaine ovemight to induce iNOS expression. Nitrite levels were 

determined to be identical for all samples using Griess reagent. At this point the cells 

were washed with warm PBS to remove LPS and IFN-y and incubated with various 

concentrations of norcocaine up to 300 ng/ml for another ovemight period. The exposure 

to 0, 11, 33, 100, or 300 ng/ml norcocaine caused a dose-dependent decrease in nitrite 

levels even in the absence of LPS and IFN-y (Figure 40). Collectively these data 

suggested that norcocaine inhibited NO production through a mechanism independent of 

the pathway of LPS and IFN-y induction of iNOS. 
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Figure 40. After pre-stimulation with LPS and IFN-y, exposure of RAW 264.7 M0 to 
norcocaine in vitro caused a dose-dependent decrease in NO production. 
RAW 264.7 M0 were plated at 2 x 10̂  per well into a 96 well tissue culture 
plate. M0 were treated with media supplemented with LPS and IFN-y to 
induce NO production. After 24 hours of NO stimulation, M0 were exposed 
to norcocaine for an additional 24 hours and nitrite levels were measured. 
**P<0.01. 

89 



CHAPTER IV 

DISCUSSION 

The in vivo effects of cocaine exposure on blood chemistry 

Semm blood chemistry profiles of mice exposed to cocaine were monitored as an 

indicator of cocaine's effects on blood chemistry. Insignificant differences were seen in 

the majority of parameters analyzed between control and cocaine-exposed animals in 

either the 3 or 24-hour time periods. Though the use of a higher number of experimental 

animals may have revealed significant differences between treatment groups in some of 

the parameters studied, the study was terminated due to the lack of significant results and 

expense of experimentation. 

Whole blood samples were obtained from animals exposed to 25 mg/kg cocaine 

and analyzed for CBC. Resultant data suggested that there were no significant 

differences between control and cocaine-exposed animals. This was in contrast to 

previous studies by other researchers which suggested that white blood cell and 

lymphocyte counts increased after intravenous cocaine injection (Fiala et al, 1996). This 

may have been due to differences in experimental models and/or the use of human 

subjects in the previous study. 

In addition, peritoneal M0 were obtained from mice exposed to cocaine for 3 

hours and fixed to slides for morphologic observation. Cocaine administration had no 

effect on M0 morphology. However, M0 exposed to cocaine in vivo consistently stained 
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more basic with Wright stain, suggesting a more activated state. This may have been a 

result of the up-regulation of reactive oxidative species within the M0. 

Cocaine has been shown to have many immunosuppressive properties. Watson et 

al. (1983) were the first to demonstrate that mice exposed to cocaine had reduced 

immune responses to antigens such as sheep red blood cells and dinitrochlorobenzene. It 

has also been shown to suppress the mitogen-induced proliferation response of mouse 

splenocytes and human peripheral blood mononuclear cells (Klein, 1988). and to impair 

CD4 cell activation (Chiapelli et al, 1994). 

Semm corticosterone levels are commonly measured as an indicator of the effects 

of stress in vivo. Since it is well established that stress affects steroid levels, which in 

tum alters immune functions, the effects of cocaine exposure on in vivo corticosterone 

levels were assessed as a measure of glucocorticoid-dependent immunocompetence. 

Previous data from other researchers have shown that mouse corticosteroid levels 

increased due to animal handling (i.e., injection) and decreased over time to normal levels 

in 24 hours (Miller, E. 1995. Personal conmiunication. Formerly of The Don and Sybil 

Harrington Cancer Center. Amarillo, TX). In the present study, preliminary experiments 

found no difference between corticosterone levels 3 hours after injection as compared to 

those taken 24 hours after injection, suggesting that the experimental animals were being 

stressed in the vivarium. After placing the animals in a noise-free wing of the vivarium, 

24 hour post-handling corticosterone levels were restored to normal, confirming that mice 

in the preliminary study had been subjected to vivarium-induced stress. Under the 

parameters analyzed in this study, control and cocaine-exposed animals demonstrated no 
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difference in corticosterone production at either time frame, suggesting that cocaine was 

not a stress inducer in vivo. 

Some time after completion of this study, Stanulis et al (1997) showed that 

cocaine induced an increase in semm corticosterone levels, peaking 20 minutes after 

injection and subsiding within 1 hour. It has yet to be determined if short term induction 

of corticosteroids has a lasting effect on M0 immune activity even after corticosteroid 

levels have retumed to normal. 

Induction of cytokines by M-BSA 

Many factors may play a role in the clearance of antigens from the site of an 

immune reaction. Phagocytic immune cells such as M0 and PMN serve as a non-specific 

first line of defense against incoming pathogens. These cells eliminate microbes through 

the use of lytic enzymes and toxic radicals, and in response to interactions with microbes 

produce cytokines which have a variety of effects (Mantovani, Bussolini, and Dejana, 

1992). The cells of the vascular endothelium also participate in the inflammatory 

response by signaling immune cell influx and by producing various cytokines (Cavaillon, 

1994). 

The role of scavenger receptors in cell activation by microbial products and 

various microbes is not well understood. One of the principal roles of scavenger 

receptors may be induction of the immune response, resulting in the clearance of 

microbes and their products from the body (Stahl and Ezekowitz, 1998). Mannosylated 

proteins are released when pathogens are destroyed (Lew, 1989), and researchers have 
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demonstrated that these proteins bind the MMR and induce M0 cytokine production 

(Vecchiarelli et al, 1991). The present researchers have previously shown that M0 

exposed to two MMR ligands, recombinant myeloperoxidase, an enzymatically active 

MMR ligand, or mannosylated bovine semm albumin (M-BSA), played a significant role 

in the induction of both intracellular killing of E. coli and proinflammatory cytokine 

production in M0 (Lincoln et al, 1995). Scavenger receptors may play an important role 

in cell activation, increased antigen uptake and processing, and also cell recmitment, but 

only recently have these receptors been recognized as being involved in the induction of 

cytokines. 

Candida albicans is a frequent opportunistic pathogen in immunocompromised 

individuals (Marodi et al, 1993). Candida are phagocytosed by M0 in vivo through 

interactions with mannose receptors and complement receptor binding (Lechner et al, 

1992). Mannan, a mannose polymer, is a major component of the cell wall of C. albicans 

(Lechner et al, 1992), and binding of the MMR by Candida has been demonstrated to 

induce TNF secretion by M0 (Blasi et al, 1994) and trigger production of mRNA for IL-

1, IL-6, and GM-CSF (Yoshimasa, Klein, and Friedman, 1997). C. albicans has also 

been shown to induce the production of reactive oxygen intermediates (ROI) in M0 and 

serves as a model for phagocytosis and killing of a fungal pathogen by oxidative 

intermediates (Lefkowitz et al, 1996). 

Because MMR ligands such as myeloperoxidase, M-BSA, and Candida mannan 

have been shown to stimulate M0 activity, the first section of the present study was 

undertaken to determine if exposure to mannosylated proteins was sufficient to induce 
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cytokine secretion from a variety of cell types. Murine peritoneal M0, human PMN, and 

human vascular endothelial cells (HUVEC) were utilized for this purpose. These cells 

were exposed to M-BSA and culture supematants were analyzed for cytokine secretion. 

In order to better understand the progression of the disease process, it is necessary 

to ascertain the possible immune reactive molecules present at the site of an immune 

reaction. Several recent studies have indicated that exposure of M0 to C. albicans 

induced the production of cytokines (Blasi et al, 1994; Yoshimasa, Klein, and Friedman, 

1997; Allendoerfer et al, 1993; Louie et al, 1994), and others have provided evidence 

that exposure of monocytes and NK cells to C. albicans can induce TNF production 

(Djeu et al, 1988). Understanding the mechanism of cytokine induction following 

interaction with C. albicans is important in understanding how the immune system 

responds to a fungal infection. Vazquez, Buckley, and Rogers (1996) suggested that the 

induction of TNF by M0 was due to cell wall components of C. albicans. This group was 

however unable to detect any IL-1 produced by murine peritoneal macrophages exposed 

to Candida cell wall extracts. The present study used M-BSA as an analogue for 

mannosylated cell wall components, and indicated that not only TNF, but also IL-1 

secretion was enhanced upon exposure of M0 to M-BSA. The finding of significant 

amounts of IL-1 in M0 supematants may have been the result of several possibilities: (i) 

all experiments utilized a highly purified protein as opposed to cell wall extracts 

containing a mixture of several lipids and proteins, (ii) a relatively higher dose of 

mannosylated protein may have been added to the cells, or (iii) it is likely that the ELISA 

utilized in this study had an increased range of sensitivity. Another group of researchers 
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found that resident alveolar M0 produced TNF-a when exposed to mannans obtained 

from the cell wall of C. albicans (Gamer and Hudson, 1996). In addition this group 

found that blocking the mannose receptor ablated TNF-a secretion. These data support 

the present researcher's findings that a mannosylated protein analogous to mannans 

derived from C. albicans is able to induce cytokine production. 

Receptors on cell surfaces have recently been recognized for their participation in 

the induction of cytokine secretion in a variety of cell types. Scavenger receptors have 

specific ligand-binding properties and recognize a wide range of microbial surface 

constituents (Pearson, 1996). However, the role of scavenger receptors in cell activation 

by various microbes and their products is not well understood. One of the principal roles 

of scavenger receptors may be induction of non-specific immune responses, resulting in 

the clearance of microbes and their products from the body. It has been suggested that 

scavenger receptors are involved in cell activation, increased antigen uptake and 

processing, and cell recmitment (Pearson, 1996). Additionally, Noorman etal (1997) 

demonstrated the ability of certain cells to bind M-BSA without expressing the 175-kDa 

receptor commonly referred to as the mannose receptor, suggesting that there are 

different forms of mannose receptors on a variety of different cell types. The mechanism 

of cytokine induction following receptor-ligand interaction is uncertain, but has been 

shown to be independent of the pathway utilized by LPS induction (Blasi et al, 1994; 

Riipi and Carlson, 1990). 

The MMR is a known to be a member of the C-type lectin family, but its exact 

function is uncertain. It may play a significant role in phagocytosis of mannose coated 
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particles such as yeasts (Shepherd and Hoidal, 1990), bacteria such as Mycobacterium 

tuberculosis (Schesinger, 1993), protozoans such as Pneumocystis carinii (Ezekowitz et 

al, 1991), and/or receptor-mediated pinocytosis of mannosylated glycoproteins (Stahl, 

1990). 

The present study reports that exposure to M-BSA was sufficient to induce the 

secretion of both proinflammatory and regulatory cytokines in M0, PMN, and HUVEC. 

M0 were utilized because of their ability to bind mannosylated proteins through the 

action of the MMR. These cells are widely regarded as scavengers, and production of 

cytokines from M0 is an important function in the regulation of the immune response. 

M0 are thought to be critical in the response to fungal pathogens (Yoshimasa, Klein, and 

Friedman, 1997). It was for this reason that the M0 general cytokine profile was 

examined in response to M-BSA stimulation. In vitro M-BSA stimulation was sufficient 

to induce the up-regulation of proinflammatory cytokine secretion of TNF-a, IL-la and 

IL-6 from M0. These results suggest that the cell surface of the microbe, by virtue of its 

interaction with receptors on the M0 surface, may play a critical role in the induction of 

cytokine synthesis during phagocytosis. 

The induction of the regulatory cytokines by M-BSA exposure makes for an 

interesting discussion about the effects these cytokines may have in an in vivo scenario. 

Generally, regulatory cytokines serve to attenuate the immune response in order to limit 

tissue destmction and to taper proinflammatory cytokine production to a non-toxic level. 

In vitro this regulatory response arises at a much later time period than the induction of 

proinflammatory cytokines. Thus in vitro it appears that proinflammatory cytokine 
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induction is followed by the production of regulatory cytokines, which decreases the 

concentration of the proinflammatory cytokines. With a heterogenous cell population 

present at different levels of stimulation and displaying varying kinetics of receptor 

binding and cytokine production, the in vivo condition is much more complicated. Under 

these conditions newly stimulated cells may be producing proinflammatory cytokines 

while cells stimulated previously may be producing regulatory cytokines. These 

conditions would suggest that failure to clear the pathogen in the first wave of 

inflammation could lead to a delayed resolution of the infection or lead to chronic 

infection. 

Granulocytes are the first cells to migrate into tissues in response to invading 

pathogens such as bacteria and fungi (Cassatella, 1995). These PMN are short-lived 

phagocytic cells that have also been shown to secrete cytokines in response to antigenic 

stimulation. PMN cytokine production in response to stimulation with LPS and other 

substances such as ionomycin and PMA has been well documented (Cassatella, 1995). 

Along with M0, PMN represent one of the host's primary defenses against invading 

organisms (Lefkowitz et al, 1997). Given the importance of these cytokines in 

measuring the 'functional' state of PMN, in this study the secretion of IL-8, TNF-a, and 

IL-1 were measured as markers for general cytokine production. Stimulation of IL-8 

secretion by M-BSA as shown in this study may indicate that a pathogen releasing 

mannosylated proteins into the site of inflammation may in fact induce its own demise. 

Induction of IL-8 will in tum trigger PMN to promote further recmitment of neutrophils. 
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In addition, the production of TNF-a and IL-ip by PMN in response to M-BSA 

exposure suggests that M-BSA induced a general cytokine response from PMN. 

The interaction between endothelial cells and leukocytes during immunologic 

responses is in part mediated through the release of soluble mediators. Thus they play a 

key role in the clearance of pathogens from the site of infection, though their action is 

more indirect than phagocytes in that they function to secrete cytokines and chemotactic 

molecules without ingesting the organisms. This action augments the inflammatory 

process through facilitating the direct killing of microbes, and aids by calling in 

additional inflammatory cells. HUVEC were utilized because of cell line availability. 

Endothelial cells have been shown to be important in the secretion of the chemotactant 

protein IL-8 (Mantovani, Bussolini, and Dejana, 1992), the proinflammatory cytokine IL-

6 (Mantovani, Bussolini, and Dejana, 1992; Jirik et al, 1989), and the regulatory 

cytokine TGF-p (Phan et al, 1992). More recently it has been shown that C. albicans 

stimulated the in vitro production of mRNA encoding E-selectin, intercellular adhesion 

molecules, IL-6, IL-8, and monocyte chemoattractant protein 1 in human endothelial cells 

(Filler era/., 1996). 

Mannosyl residues released from incoming pathogens are likely to come into 

contact with phagocytes such as M0, PMN, and stationary cells such as those in the 

vascular endothelium. Each of these cells have the potential to be exposed to particulates 

released from the site of infection, and the effects of M-BSA exposure on these cells was 

considered as an analogy to the exposure of immune cells. 
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The results of this study suggest that the presence of mannosylated proteins at the 

site of inflammation may be able to tum on a cascade of proinflammatory and 

modulatory cytokines in an assortment of cell types which are capable of regulating the 

immune response. The proinflammatory cytokines would in tum activate cells of the 

immune system and cause increased killing of the incoming microbe. Released 

chemotactants would cause the influx of additional leukocytes such as PMN. 

Additionally, the later induction of regulatory cytokines would aid in the 

attenuation of the immune response as the pathogen is eventually eliminated. It has been 

shown previously that C. albicans mannans accumulate in the blood during systemic 

candidiasis (DeRepentigny et al, 1984), and that intravenous injection of Candida 

derived mannan will cause increased semm TNF levels in mice (Gamer and Hudson, 

1996). These mannans may bind to M0 and other cell types such as PMN (Palma et al, 

1992). The induction of cytokines by mannosylated proteins released from organisms 

such as C. albicans may be important in the regulation of nonspecific immune defenses 

against such pathogens. Since these responses are neither cell specific nor cytokine 

specific, the type of response shown herein may be more widespread than previously 

recognized. 

The effects of cocaine on cytokine production 

As stated earlier, cytokines are an important part of the immune defense in that 

they induce many different actions in an array of cell types. Cytokines can have antiviral 
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and antitumor activity, may induce chemotaxis, can have direct bactericidal activity, and 

can activate lymphocytes and M0 (Cavaillon, 1994). 

Also stated earlier, the present researchers have been working with MMR ligands 

to determine their role in inflanmiation, but the effects of cocaine on MMR ligand-

associated cytokine production had not been studied. This study focuses on the effects of 

cocaine on cytokine production following stimulation with M-BSA. In addition, this 

study reveals that cocaine can have effects on cytokine production by various other cell 

types. Cytokines produced by cells such as M0, PMN and vascular endothelial cells play 

a key role in the regulation of the immune response, and because of previous experience 

with these cells, they were chosen for further experimentation. 

There have been a number of reports describing the effects of cocaine on various 

cellular immune functions. Cocaine has been shown to reduce production of RNI while 

augmenting ROI (Vaz et al, 1994). Another study demonstrated that an increase in 

adenylate cyclase activity in M0 exposed to cocaine in vitro causes an increase in 

intracellular 3'-5' cAMP (Shen, Kennedy, and Ou, 1994). Cocaine has been reported to 

inhibit PMN functions including superoxide production and cell surface receptor and also 

been demonstrated to impair CD4 T cell activation (Chiapelli et al, 1994). There have 

also been a number of previous studies investigating various effects of cocaine on 

cytokine production. These studies combined suggest an inmiunomodulatory effect of 

cocaine on the cells of the immune system, and for this reason cocaine is generally 

regarded as immunosuppressive. 
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The present study demonstrates that M-BSA was effective at inducing the M0 

proinflammatory cytokines IL-la, TNF-a, and IL-6, and that cocaine had an inhibitory 

effect. This corroborates with previous studies that used LPS as a cytokine inducer 

(Shen, Kennedy, and Ou, 1994; Fiala et al, 1996). Cocaine caused a dose-dependent 

decrease in the M-BSA stimulated secretion of the M0 proinflammatory cytokines TNF-

a and IL-6. The inhibition of TNF-a was also repeated in thioglycollate-induced 

peritoneal M0 and RAW264.7 M0, suggesting a common mechanism of inhibition in all 

three M0 types. 

Murine EL-la and human IL-lp are the secreted forms of IL-1 in each species. In 

mice, IL-lp exists in a membrane-bound form. IL-lp levels in supematants were 

negligible when measured via ELISA, and no further studies were warranted. 

Cocaine caused a decrease in the production of M0 IL-la, although for an 

unknown reason this effect was not dose-dependent in any experiments performed. This 

may be suggestive of a pathway of secretion for IL-1 that differs from that of TNF-a or 

IL-6. Altematively, these differences may have been due to interference with cytokine 

precursor cleavage. However, the protease-initiated cleavage of cytokine precursors is 

not well understood. 

The inhibitory effects of cocaine were also demonstrated in freshly isolated 

human PMN. In vitro cocaine exposure caused a decrease in the levels of IL-1 p and IL-8 

from supematants extracted from M-BSA-stimulated PMN cultures. In mice, in vivo 

cocaine administration was also demonstrated to have an inhibitory effect of the secretion 

of ex vzvo-stimulated M0 IL-6 and IL-la secretion. 
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The effects of cocaine on M0 proinflammatory cytokine secretion were acute. 

Twenty-four hours after in vitro cocaine exposure, the inhibition of cytokine secretion 

was no longer apparent. Further experimentation corroborated these findings by showing 

that M0 exposed to cocaine for 24 hours prior to induction of cytokine synthesis with M-

BS A had no alterations in TNF-a or IL-6 secretion. The levels and pattem of TNF-a 

secretion in the control samples were noticeably different from those of cells that had not 

been incubated ovemight (see figures 6 and 24). Levels of IL-6 were equivalent to those 

in M0 that had not been cultured ovemight at 3 hours (see figure 8), however, they were 

appreciably higher at later time periods, producing maximal amounts in 12 hours. These 

data may indicate that ovemight culture of M0 primes them for maximal cytokine 

secretion, as M-BSA stimulation after culture caused the secretion of maximum levels of 

both TNF-a and IL-6. 

Interestingly, acute in vitro cocaine exposure to M-BSA-stimulated HUVEC had 

no effect on early or late time period secretion of IL-8. These results conflict with 

previous results demonstrated by Mao et al (1997), who showed a decrease in IL-8 

production following exposure to ng amounts of cocaine in vitro. This down-regulation 

of IL-8 production was apparently due to an increase in TGF-P levels in endothelial cell 

supematants. The present study demonstrated that exposure of ng amounts of cocaine 

had no effect on TGF-p secretion from vascular endothelial cells. Differences between 

the two studies include the use of different endothelial cell lines and measuring at 

different time periods. 
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In vitro cocaine administration also had no effect on the M0 production of TGF-p, 

IL-10, or GM-CSF. These cytokines arise much later than proinflammatory cytokines, 

with detectable levels at 24 hours post-stimulation. The lack of inhibition of M0 

regulatory cytokines is most likely due to the delayed time frame of their induction. 

The mechanism of cytokine inhibition is not yet fully understood, but appears to 

be at the post-transcriptional level. Cocaine exposure had no effect on proinflammatory 

mRNA transcript levels when measured by RPA. 

Previous experimentation demonstrated a slight decrease in MMR expression due 

to in vitro cocaine exposure when visualized by flow cytometry (Vaz, A., Texas Tech 

University HSC, unpublished). Because of the lack of inhibition of mRNA levels after in 

vitro cocaine administration, a slight decrease in receptor expression is not likely to have 

any effect on the induction or secretion of the cytokines examined in this study. For this 

reason cocaine does not appear to interfere with the signal transduction cascade which 

tums on the production of M0 proinflammatory cytokines. The mechanism for inhibition 

of cytokine secretion by acute cocaine exposure appears to be through inhibition of the 

secretory pathways of cytokines. Altematively, cocaine may alter post-transcriptional 

regulation of protein production in these cells. Further experimentation will elucidate the 

exact mechanism of inhibition of cytokine secretion by cocaine. 

The effects of cocaine and norcocaine on M0 RNI production 

While NO plays several important roles in the body, acting as a neurotransmitter 

and vasodilator, it also serves as part of the M0 antimicrobial arsenal (Snyder, 1992). 
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iNOS is normally at very low levels in M0 unless induced (Nussler et al, 1994). During 

sepsis there is an increase in the level of circulating LPS around the site of inflammation 

and M0 become activated. The presence of LPS and IFN-y at the site of inflammation 

will induce the production of NO from M0 (Lowenstein et al, 1993). The purpose of this 

study was to determine the effect of cocaine on induction of iNOS and subsequently it's 

effects on RNI production. 

This study attempted to determine the effects of cocaine administration on the 

production of RNI from murine M0, but before addressing the direct effects of cocaine on 

RNI, one must consider the biochemical interactions between RNI and ROI species 

within the M0. ROI and RNI arise at different time periods following M0 activation, and 

because M0 in different stages of activation are present within the site of inflammation, 

reactions between reactive oxygen species and reactive nitrogen species are possible 

(Marcinkiewicz, Grabowska, and Chain, 1995). Because NO2" is oxidized to NO3", and 

M0 produce many oxidative molecules, it was necessary to consider the effect of cocaine 

administration on the production of oxidative species within M0. Previous research had 

shown that M0 from mice injected with cocaine or its metabolites displayed up to a 20-

fold increase in reactive oxygen intermediate production as measured by 

chemiluminescence (Vaz, Lefkowitz, and Lefkowitz, 1993). This increase in ROI 

production correlated with a decrease in the levels of NO2" measured from M0 treated to 

induce RNI. In the present study the effects of in vitro administered cocaine on M0 RNI 

production were examined. It must also be noted that cocaine administered in vitro had 

no effect on M0 ROI production (Vaz, Lefkowitz, and Lefkowitz, 1993). 
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It is possible that the induction of oxidative species by in vivo cocaine exposure 

may have caused oxidation of NO2" to NO3", invalidating the Griess reaction for the 

measurement of NO2". However this was not likely, because cocaine administered in vivo 

caused a dose-dependent decrease in N02' levels as well as NO3' levels measured from 

treated M0 (Vaz, A., Texas Tech University HSC, unpublished observations). This 

suggested that the inhibition of RNI by cocaine was not due to NO2' oxidation, but rather 

due to either decreases in the level of iNOS protein or decreases in iNOS enzymatic 

activity. 

This study revealed that in vitro exposure to norcocaine caused a dose-dependent 

decrease in the production of NO in M0 from various sources. This was in contrast to the 

effect of in vitro cocaine exposure on M0, which had no effect. Resident peritoneal M0, 

thioglycollate-induced M0, and RAW 267.4 M0 each showed the same pattem of 

inhibition of NO production when exposed to norcocaine. The inhibition of NO2' levels 

was also compared to iNOS protein levels in cell lysates. iNOS protein levels were not 

affected by cocaine exposure, which did not correlate with the inhibition of NO due to 

exposure to either cocaine in vivo or norcocaine in vitro. This suggested that the 

mechanism of inhibition of NO was not through the inhibition of iNOS production within 

M0. Because of limitations on animal use and cell availability, RAW 267.4 M0 were 

chosen as a model M0 for subsequent in vitro studies. Further in vitro experimentation 

with RAW 267.4 M0 supported data from studies with resident peritoneal M0. 

Norcocaine was exposed to cell monolayers for 24 hours and removed prior to induction 

of NO. Data suggested that norcocaine did not have a direct effect on LPS and IFN-y 
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induced NO production, and the effects of norcocaine lasted at least 24 hours post

exposure. The decreased ratio of inhibition shown in cells washed to remove norcocaine 

showed that though the effect of norcocaine exposure was lasting, the potential of M0 to 

produce maximal amounts of nitrite was reduced when the stimulus was removed. 

The present research supplements previous data by further characterizing the 

effects of cocaine and norcocaine on NO production, and shows that in vitro norcocaine 

exposure mimics the dose-dependent decrease in NO seen in macrophages exposed to 

cocaine and norcocaine in vivo. The decrease in NO production does not appear to be the 

result of a decrease in iNOS protein production, but rather a decrease in iNOS activity. 

The contrast in cocaine's effects on ROI and RNI production lead to speculation 

that cocaine would alter M0-mediated cytotoxic activity against different types of 

pathogens. Via the enhancement of ROI production in vivo, cocaine may increase M0 

antimicrobial activities against pathogens such as C. albicans. The inhibition of NO 

production by cocaine may also make M0 more susceptible to intracellular pathogens 

such as L. monocytogenes. By correlating the decrease in NO production and the 

intracellular killing ability of cocaine-exposed M0, it would also be possible to better 

characterize the role of RNI in the elimination of Listeria. 

106 



CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The macrophage (M0) plays a central role in the regulation of both humoral and 

cellular immune responses, is important in both the induction and the regulation of the 

inflammatory response, and is an important non-specific first line of defense against 

incoming pathogens. The present studies examined the immunomodulatory effects of 

cocaine on certain aspects of M0 functions. Cocaine was administered to experimental 

mice and/or M0 were exposed to cocaine or one of its metabolites, norcocaine, in vitro. 

The effects of cocaine on the ability of M0 to produce cytokines and reactive 

nitrogen intermediates were of primary interest. The first phase of these studies involved 

developing a model of cytokine induction through binding of the mannose receptor. 

Mannosylated bovine semm albumin (M-BSA) was administered to a variety of cell 

types and shown to induce cytokine secretion. M0 from cocaine-injected mice displayed 

a reduced ability to secrete proinflammatory cytokines when stimulated with M-BSA. 

This effect was also demonstrated by M0 exposed to cocaine in vitro. However, due to 

the acute nature of cocaine's effects, it had no effect on the secretion of regulatory 

cytokines. Messenger RNA levels in cocaine-treated cells were analyzed by RNAse 

protection assay. Cytokine mRNA levels were unaffected by cocaine exposure, 

suggesting the mechanism of inhibition involved attenuating cytokine secretion, but did 

not involve inhibition of transcription. 

Cocaine also caused inhibition of M0 production of reactive nitrogen 

intermediates (RNI). In vivo cocaine administration, but not in vitro exposure, caused a 
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dose-dependent inhibition of nitrite production from peritoneal M0. In vitro exposure to 

the metabolite norcocaine caused a dose-dependent decrease in nitrite production, 

suggesting a possible in vivo mechanism. The mechanism of in vitro norcocaine 

inhibition of nitric oxide was investigated. iNOS levels were analyzed via Westem blot, 

showing that iNOS protein levels were unaffected by norcocaine. The mechanism of 

inhibition appeared to be through the attenuation of iNOS enzymatic activity. 

Collectively, these studies indicate that cocaine impairs M0 proinflammatory 

activity, and therefore has the ability to alter certain immune responses. Whether these 

effects could account for observations of increased instances of infectious disease in dmg 

addict populations remains a subject for further study. 
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APPENDIX 

SENSmVITY OF MACROPHAGES 

TO LPS EXPOSURE 

Bacterial endotoxin, or lipopolysaccharide (LPS), is a strong inducer of 

macrophage (M0) activity (Paulnock, 1994). In the laboratory environment LPS is 

ubiquitous, and precautions must be followed to prevent LPS contamination of culture 

media or exposure of M0 to LPS in experimental models. Trace amounts in the ng range 

have been shown to alter M0 activity. 

In order to demonstrate the sensitivity of M0 to LPS, resident peritoneal M0 and 

thioglycolate-induced peritoneal M0 were obtained. M0 were resuspended at 1 x 10^ 

cells/ml in DMEM 2% FBS, and 100 nl of cell suspension was added to each well of a 96 

well tissue culture plate (Costar). These cells were allowed to attach for two hours at 

37°C under 5% CO2. After attachment, M0 monolayers were washed with warm PBS 

and treated with serial dilutions of LPS (0, 0.01, 0.03, 0.1, 0.3, 1, and 10 ng/ml) in culture 

medium. After 3 hours of exposure, supematants were collected and stored at -85°C 

Supematants were measured TNF-a levels by ELISA. Resident peritoneal M0 were 

sensitive to levels of LPS > 0.1 ng/ml, with TNF-a levels peaking at or above 1 ng/ml 

(Figure 41). Thioglycollate-induced peritoneal M0 were slightly more sensitive, 

producing significant levels of TNF-a after exposure to > 0.03 ng/ml LPS (Figure 42). 

Thioglycollate-induced M0 also secreted much higher levels of TNF-a in response to 
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Figure 41. Sensitivity of resident peritoneal M0 to LPS: secretion of TNF-a. Murine 
resident peritoneal M0 were seeded at 1 x 10̂  per well in a 96 well tissue 
culture plate. M0 were exposed to various concentrations of LPS for 3 hours 
and supematants were analyzed via ELISA for TNF-a. 
** P<0.01 between treatments. 
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Figure 42. Sensitivity of thioglycollate-induced peritoneal M0 to LPS: secretion of TNF-
a. Thioglycollate-induced peritoneal M0 were seeded at 1 xlO^ per well in a 
96 well tissue culture plate. M0 were exposed to various concentrations of 
LPS for 3 hours and supematants were analyzed via ELISA for TNF-a. 
** P<0.01 between treatments. 
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LPS stimulation. Secretion of TNF-a did not plateau when thioglycollate-induced M0 

were exposed to up to 10 ng/ml LPS. 

This study demonstrated the increased sensitivity of thioglycollate-induced M0 

when compared to resident peritoneal M0. The Limulus amoebocyte lysate (LAL) assay, 

or gel-clotting assay, was used for quantitation of LPS in culture media and treatments. 

For subsequent studies, if more than 0.1 ng/ml LPS was present in treatment samples, 

culture media, etc., an endotoxin removal device (END-X B15 beads. Associates of Cape 

Cod) was used to remove it from the samples. This device is a pyrogen-free polystyrene 

tube containing endotoxin-binding beads. Incubation of samples in the presence of these 

beads for 2-4 hours under low speed rotation routinely removed up to 50 ng of LPS. The 

LAL assay was then repeated for each sample to confirm that LPS levels were within 

acceptable tolerances. 
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