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ABSTRACT 

The involvement of the nervous system in modulating immune hction comprises the 
exciting field of neuroimmunology. Not only has it been proven that the nervous 
system can participate in controlling h u n e  hction in a variety of illnesses and 
diseases, but scientists have also demonstrateci that the immune system is able to 
regulate the nervous system. Extensive research has identifiecl at least one 
catecholamine, norepinephrine, which is able to participate in the cross-talk between 
these two systems. Norepinephrine, a normal constituent of the mammalian brai% is 
able to interact with postsynaptic receptors to mediate a diverse set of biologicai 
respoases when it is released fiom nerve endings. These receptors, as weli as king 
located on nervous systern tissues, have also recently been found on cells of the 
immune system, including macrophages and lymphocytes. Most research to date has 
focused on the effixts of norepinephrine on splenic macrophage fhction and these 

studies have noted that noreplliephrine is able to modulate a diverse set of immune 
activities, depending upon the cellular targets and the concentration of this 
catecholamine. Although researchers have illustrateci that norepinephrine has an effect 
on the modulation of tumor necrosis factor* (TNF-a) and transforming growth 
factor+ (TGF-P) in splenic macrophage populations, research has yet to detennine the 
effect of norepinephrine on the production of these cytokines by lymphocytes or by 
LPS stimulated and non-stimulated murine aiveolar macrophages. UtiliPng four 
lymphocyte celi systems, two transformed c d  lines and both non-stimulated as well as 
a CD3 + PMA stimdated murine splenocytes, it was concluded that norepinephrine 
was able to significantly increase production of both cytokines by the first three cell 
synerns, but the modulatory efféct of norepineph~e on the CD3 + PMA stimulateci 
splenocyte sample was signincantly inhibitory. These effects of norepinephrine were 
noted to reflect both the concentration and adrenoceptor target of the adrenergic h g .  

The murine alveolar macrophage populations displayed similar results, with 
norepinephrine again being able to modulate adrenoceptor-spdc hcreases and 
decreases in TNFa and TGF-8 production. The cytokines, both TNFa and TGF-P, 
were quantined throughout this research project using a non-radioactve MTT bioassay 
method specifically designecl in t h  Masters Roject. The resdts of this expefimental 
research project are meaningfùi in elucidaturg the role of the nervous system in 
h u n e  hction, but also relate more importaatiy to the involvement of 
norepinephrine in cytokine modulation in diseases, including idiopathic pulmonary 
fibrosis, chronic lung disease and many forms of cancer. 



LNTRODUCTlON 

Traditionally, the immune system has been regarded as an autonomous, self- 

regulating collection of specialized celis and organs which bave the ability to ide* and 

clear elements and microorganisms foreign to the host (1,2,3). In the early 1930s- the 

fim hint of a wnnection between the immune system and nervous system was estabfished 

when Hans Selye demonstratecl that stress wuld potentiate both hypertrophy of the 

a d r e d  glands and atrophy of the thymus (3). Moreover, Selye also illustrateci that 

adrenalectomy, or hypophysectomy, substantially reduced these stress induced 

physiological changes (3). Selye's experimental evidence suggested that the thymus is 

sensitive to stress, and that a Luik between the Unmune system and stress may be 

potentidy mediated through the pituitary-adrenal e n d o c ~ e  axis (3). 

More recently, in the early 1980s, evidence was published Uustrating that wmplex 

interactions occurred regularly between the brain and the immune system (2, 4, 5, 6, 7, 8). 

Rimer examined the myriad of factors origïnating in both the central nervous system and 

the endocrine system and found that the immune system, indeed has the potential to 

respond to these changes (2, 3, 6, 7, 8). With this new evidence, and that previously of 

Selye, the field of psychoimrnunology became recognized, and today has grown to become 

a rapidly expanding field in modem biology. 



TBE: IMMUNE SYSTEM AND NERVOUS SYSTEM - A RELATIONSHIP? 

interactions between the immune system and psychologid states have been 

recognized as both intricate and imnguhg (9). Researchers have shown through various 

psychosocial, biological and neurobiological studies that multiple charnels of 

wmunication exkt between the central nervous system and the immune system (2-6.9, 

1 O, 1 1, 12  3 In fàct, the cross-talk kvolving both systems has been largely established 

through nurnerous experiments examining both the physical and chernical connections 

between these two systems (2,6,9, 10, 12, 13, 14, 15, 16). It has been demonstnited 

thaî both these systems use umilar ligands and receptors to establish a physiological intra- 

and interstem communication circuitry (2,6, 13, 16, 17). This circuhy plays a relevant 

and important role in rnaintaining homeostasis within the body (2, 6, 9, 1 0, 1 3, 1 5, 1 6, 1 8). 

More evidence, supported by the observations that both primary and secondary 

lymphoid organs and tissues are richly innervated by noradrenergic sympathetic fibers, 

suggested the possibility of m e r  physical and chernical links between these two systems 

(6, 10, 1 1, 13, 17, 18, 19). Nerve termioals are concentrated, and in direct contact with 

lymphocytes in zones of lymphoid tissues rich in T celis - including the thymus, and in the 

bone marrow - where B ceils develop (7, 10, 13, 18, 19.20). The anatomid 

compartmentali75ition of noradrenergic innervation in lyrnphoid organs suggests the 

existence of sympathetic neural interactions, more specincally through the 

neurotransmitter norepinepbe (NE) (7, 10, 13, 18, 19). Indeed, evidence for such 

interactions came fiom work by Bishopric and Cohen (19) who discovered the expression 

of high atFnity B-adrenoceptors on T and B lymphocytes as well as on macrophages (10, 

13, 15, 19). The presence of a-adrenoceptors on human lymphocytes has been 

wmprehensively documented by ligand binding studies completed by many scientists 

including, Titinchi and Clark (4, 10, 13). These adrenoceptors, üke their couterparts 

found on other tissues innefvateci by the sympathetic nervous system (SNS), are regulated 



by the nervous system, with their receptors behg downregulated in the presence of 

agonists, and upregulated in the presence of f3-blockers (10. 13, 15). 

It has been found that in vifru, adrenergic agonists can modulate dl  aspects of an 

immune response, altering such bctions as cytokine produaion, lymphocyte proliferation 

and anhibody secretion (1 O, 1 1, 13, 14, 16,20,2 1). In vivo, it has been observed that 

chemicai sympathectomy suppresses dl-mediated responses and may in fact enhance 

antibody respooses (10, 1 1, 13, 15,20). Likewise, noradrenergic innervation of the spleen 

and Iymph nodes is diminished progressively during chronic stress, a time when cell- 

mediated Unmune fùnction is also suppressed (10, 13, 20,21). Ln animal models of 

autoimmune disease. sympathetic innervation is reduced prior to the onset of disease 

symptoms, and chernical sympathectomy can exacerbate disease severity (10, 13.20, 2 1). 

A basis for the neural modulation of immunity is suggested by this experimental 

evidence, and presents a potential role for the nervous system in the development of the 

immune system (6, 10, 12, 13, 22). These f'rndings illusmite the importance of the 

sympathetic nervous system in modulating immune fiindon under both normal and 

disease states (4, 6, 10, 12, 13, 14,20, 23). 

THE IMMUNE C E U  POPULATION 

AU the ceiis that participate in an immune response originate fiom a population of 

cens known as stem ceiis (24, 25-26). Stem cells are able to reproduce and give rise to 

special ceii populations like neutrophils. macrophages and lymphocytes (26). 

Lymphocytes are the key ceiis of the immune system since they recognize and respond to 

foreign amigens while macrophages are valuable both as phagocytic ceiis and for their role 

in antigen presentation (25,26). 

The mononuclear-phagocytic (NP) system consists of a single population of cells 

caiied macrophages (25, 26). Macrophages of the Ml? system are located in many 

locations including the lungs, liver, spleen, lymph nodes, and blood (25,26). They have a 



vari* of fhctions in these locations, some of which are phagocytosis, macrophage 

activation, the generation of reactive nitrogen metabolites, and they seme as important 

secretory cells (25,26). Aimost 1 0  types of proteins are secreted by macrophage celis 

including enzymes, leukotrienes and cytokines (26). Of the cytokines, five are prominent 

in the regulation of immune responses - t hese include interleuicin- l , interleukin- 1 2, 

interleukin-6, -or necrosis &or< and trawforming growth factor-$ (25,27). 

Lymphocytes are extniordinady complex cells, found in tissues and fluids 

throughout the body, Uicluding the blood and such organs as the spleen, thymus and lymph 

nodes (4-26). The immune response prllnany takes place in these areas where 

lymphocytes are foased, therefore the blood and lymphoid orgaas prove important in 

establishing an environment for efficient interactions between antigen, lymphocytes, and 

antigen presenting ceUs - B ceiis and macrophages (25,26). Lymphocytes are 

characterized by d a c e  receptors surface protein$ their response to mitogens, and 

developmental ongin (4, 26, 28). Those ceils that develop in the thymus are known as T 

celis whereas B ceils mature in the bone mamw (25,26). While B cells can recognke 

antigen in body tissues and fluids, T ceUs cm recognke only selected hgments of antigen 

(25, 26, 28). There are two major divisions of T ceüs based on antigen presentation and 

recognition (226,29). T lymphocytes that develop into cytotoxic T cells recognize 

endogenous antigen presented with a major histocompatibility complex (MHC) class 1 

molenile (26,29). Exogenous antigen presented bound to a major histocompatibilis, 

complex (MHC) molecuie of the class II type is recognized by the second type of T cells - 

- helper T celk (26, 29). The other characteristic defining these two groups of T ceils is 

the presence or absence of the accessory molecules, CD4 and CD8. T celis with CD8, but 

lacking CD4, bind only to antigen presented on the Surface of virus-infect& or other 

altered ceils - recognhhg the MHC class 1 molecule, while T cell populations with CD4 

but lacking CD8, d bind only to the MHC class II molem.de on antigen preserrting celis 

(26,29). These two molecules, CD4 and CD8, therefore form receptor complexes which 



bind to conserved stmctures on the MHC molecules and thus have major roles in 

regulating T-cell response (26-29). 

The T helper (Th) lymphocyte group can M e r  be subdivided into T helper 1 and 

T helper 2 subclasses based on cell hct ion  and patterns of cytokine production (29,30, 

3 1.32). T Helper 1 (TM) cells SecTete predominantly interferon-y (1FN-y) and IL-2, 

whereas T helper 2 (TM) cells secrete mainly U-4, IL4 and IL-1 3 (29,3 1,32,33, 34, 

35). Th1 cells are able to induce cellular mediateci inflammation and tissue injury whereas 

Th2 cells are prominent in the pathogenesis of allergie diseases (28,29,3 1,321. The 

cytokines which are present during the initiation of a T cell response also play a role in 

detekinhg the development of a particular subset of T helper lymphocytes (27,28,29, 

32). Th2 ceifs develop when naive T d s  are stimulated in the presence of I L 4  (29, 32). 

Conversely, IL- 1 2 is a critical factor driving the development of Th 1 ceUs (28,29,32). 

CYTOKINES 

In recent years, the understanding of the immune systern has expanded 

dramatically with increased knowledge of the individual components of the system and 

how these components interact to produce local and systemic inflammatory responses (2, 

22, 36, 37). The coordination of the ciiffirent cell types involved in inflammatory 

responses occurs through various pathways, including humoral mediators - cytokines (2, 

22, 36). These cytokines, although relatively specific in their targets and actions, 

frequently have overlapping fùnctions (2). Recent evidence has suggested that some 

cytokines are able to activate elements of the hypothalamic-pihutary-adrenal system and 

thus are directly able to elicit immune responses, including fever (2, 38). 

As a result of appropriate stimulation, cells of the immune system are able to 

secrete a tremendous nurnber and wide variation of proteins that mediate signaling 

between cells (22, 26, 39). Interieukins are cytokines that either enhance interactions 

between leukocytes and 0 t h  lymphocytes, or serve as ceii growth stimulants (26). An 



example of a cytokine is interleukin-1, secreted mainly by macrophages in response to a 

wide variety of stimuli, Uicluding phagocytosis or direct contact with T lymphocytes (26, 

39,40). Interleukia-6 is secreted maidy by T cells and fibroblasts and has a variety of 

major targets including B cells (26, 39,40). IL6 is able to promote IL-2 production and 

also is capable of stimulahg the differentiation of T ceils (26). Tumor necrosis factors 

are produced both by macrophages and T celis, and they have the ability to kiu tumor cens 

(26). F i i y ,  transfonning growth fàctor-j3 is produced by macrophages, T cells and B 

ceus and is uivolved in a variety of cellular processes including, proliferation, 

dmerentiation, and immunoglobulin production (26,36,4 1,42,43,44). 

Cytokines not only play a major role in local tissue response to microbial invasion, 

but they are also signifïcant in the systemic effects of rnany diseases (26, 36,45,46). 

Fever is one of the best examples of a neuroimmune response to disease (47). Cytokines, 

such as IL- 1, IL6 and T N F q  fùnction as the main mediaton of fever acting locally at 

the site of infection, and also cirdating to the brain to rnodify body temperature and to 

control central nervous system response (2,36, 3 7, 3 5,47). Other diseases, including 

many cancerous tumors, are cl inidy recognked by abnormal levels of cytokines, and in 

some cancers, cytokines are known to increase metastasis rate and disease progression 

(46,48, 49). 

NOREPIZYEPHIUNE - THE NEUROTRANSMITTER 

There are numerous substances that are either suspecteci or known 

neurotransrnitters that can facilitate, inhibit or excite postsynaptic neurons (14, 50, 5 1). 

Norepinephrine belongs to this class of compounds, and is thus known as a catecholarnine 

neurotransmitter (50, 5 1, 52). Catecholamines are a group of organic cornpounds that 

contain both an amine group and a catechol nucleus (5û, 5 1, 52). 

Shortly d e r  norepinephrine was recognized as a neurotransmitter substance of 

adrenergic nerves in the peripherai nervous system, it was also classifieci a normal 



constituent of the mammalian brain (23,50,5 1, 52). The relative distribution of 

norepinephrine is quite similar in moa d a n  species, with the highest concentration 

being found in the hypothalamus and other areas of central sympathetic organization (50, 

5 1, 52, 53, 54). 

Norepinephrine, when released by nerve terrninals of the sympathetic nervous 

systern, is able to interact with postsynaptic recepton to mediate many diverse biological 

responses (4, 14, 50, 51). Once released, norepinephrine can stimulate either or both of 

the surface P-adrenergic or a-adrenergic recepton on effector cells (50-5 1). The $- 

adrenoreceptor is coupled to the GTP-binding protein of the adenylate cyclase complex 

and thus, gives rise to increased intracelida. cyclic AMP (CAMP) (20,25,38, 55, 56- 57). 

Phosphatidylinositol turnover and a rise in intracelidar calcium leveis is induced when al- 

adrenoceptors are stimuiated, wMe a*-adreaoceptors are Linked to the G1 subunit of the 

adenylate cyclase complex (20, 25, 3 8, 56). 

a-adrenoceptors have not as yet been identified on naive rodent lymphocytes, 

although they have been found to be expressed on naive human lymphocytes (20, 50, 58, 

59,60,61). The expression of both a and B-adrenoceptors on activated rodent 

macrophages and human lymphocytes has been discussed in various research publications, 

however no studies on a-adrenoceptor density have been reporteû (20, 50,55, 58-60, 

61). B-adrenoceptor density varies among species and their respective lymphocyte 

populations and has also been noted to fluctuate throughout cell development and 

dinerentiation (20, 58,60, 61). p-adrenoceptors are present on thymocytes early in 

gestation and their intensity steadily increases with maturation; as yet, there remauis no 

funher research on this phenomenon (20,20,60,6 1). 

As mentioned, $-adrenoceptor density varies among lymphocyte populations and 

has been shown to fluctuate with activation by antigen (20, 50, 60-61). For example, 

splenic B celis express twice the number of P-adrenocepton expressed by T celis, 

although an explanation for this event has not yet surfkced (20,50,6û, 61). In humans, T 



helper cefls have a low density of these receptors although the number of these receptors 

has been noted to increase with stimulation (207501 6û161). This Merence in P- 

adrenoceptor concentration expressed by T end B lymphocytes is Ocely related either to 

the sparseness of innervation of B ceil dependent follicles in the spleen, or may reflect 

heterogeneity withh the T or B lymphocyte populations (1 1, 20, 50,60,6 1). Another 

interesthg illustration regarding the concentration of B-adrenorecepton reflects the 

subpopulations of T cells - namely T helper 1 celis and T helper 2 cells (20, 50,M)). It 

has been found that resting Thl and Th2 cells differentaliy express the P-adrenoceptor, 

j3-adrenoceptors with high affinity have been detected on resting Th1 tells, but have not 

been found to be present on Th2 cds (20, 50,60). ln addition to this research by Sanders 

and Street, it has been noted that Th1 c d s  accumulate intercellular CAMP upon exposure 

to #3-adrenergic agonists whereas Th2 cells do not (20, 50,60). This discovery alone may 

provide a basis for the modulation of the Th ceIl subset by norepinephrine (20, 50,60). 

The adrenoceptor system involved in neuroimmunomodulation is a very complex 

system involving four primary adrenoceptor subtypes - the al-, az-, Pi- and P2- 

adrenocepton. This subdivision of catecholarnine receptors into alpha and beta receptors 

was initialiy proposed in order to distinguish the different physiological responses elicited 

by various organ systems after exposure to catecholamines (5960). Researchen studying 

adrenoceptor-induced modulation of immune hction have since determineci the 

adrenoceptor speci6ic target of a series of adrenergic agonists and antagonists which 

ultirnately are utilized to idenm the adrenoceptor subtype responsible for the 

neuroimmunornodulation of a lymphocyte response. Currently, a variety of adrenergic 

agonists and antagonists are hown for their adrenoceptor spdci ty.  Norepinephrine is 

recognized as an ai-, a2-, Bi-, Pz-adrenergic agonis while terbutaline, although it has 

affinity for both pl- and B2-adrenoceptors on lymphocytes, bas efficacy for primarily the 

pz-adrenoceptor (50). To study the a-adrenoceptor effects of norepheph~e, two 

adrenergic agonists are known to have a-admoceptor specific affiniSr - methoxamine 



binds to the al-adrenergic adrenoceptor while UK14304 binds to the a2-adrenergic 

adrenoceptor. Finally, adrenergic antagonists are used to block the various adrenoceptor 

specific & k t s  in neurollnmune experimental studies - propranolol serves as a P- 

adrenoceptor antagonist and phentolamine is recognized to block the a-adrenoceptor, thus 

blocking a-adrenoceptor modulation. 

THE EFFECTS OF STRESS ON IlWWUW SYSTEM FUNCTION 

Stress inducd by environmental and psychosocial factors has been conclusively 

determineci to suppress immune responses in humans (2, 7, 10, 23, 62, 63,64,65,66). 

Studies have illustnited that cutting the spIenic nerve significantîy decreases splenic 

norepinephrine levels by 98- 1 Wh and essentidy blocks the effects of stress (1 0, 23, 64, 

66). From this research, not only is it apparent that norepinephrine levels are hcreased 

during stressful situations, but numerous studies have documented that these physicai, 

chernical, or social stresson play an intluential role in detennining Unmunologic fhctions 

(10, 23, 64). 

There are various research papers examinhg the changes in immune-uiflammatory 

responses due to adrenergic receptor-activating substances like norepinephrine (10, 53, 

54, 52, 64). Overall, these studies have documented both suppression and enhancement of 

immune responses as a direct result of selective stimulation of distinct adrenergic receptor 

populations ( 10, 53). These studies have also noted that norepineph~e has diverse 

activities, depending on the cellular target and the concentration of this catecholamine 

available at the cellular, tissue, or systemic level(l0, 53, 54,64). 

Most research to date has focused on the effects of norepinephrine on splenic 

macrophage production of tumor necrosis factoru and transf'onning growth factor+ with 

linle or no research focusing on the effkcts of norepinephrine on the production of these 

cytokines by T cells and murine alveolar macrophage populations (10,39, 53,67). It has 

been reported that although stimulation of macrophage a-adrenergic ceceptors increases 



the production of TNFa and TGF-P, stimulation of fl-adrenergic recepton has the 

opposite e f f i  decreasing the seadon of both cytokines (10, 39, 54, 64). These 

experUnents have also illustrated that adrenergic antagonists, when added together with 

lipopolysaccharide to splenic macrophages, induce a response opposite to that producd 

by their respective agonis& (IO, 39). This suggests an important role for norepinephrine in 

modulating cytokine production (IO, 39, 64). As mentioned, very littie work has been 

wmpleted on the effects of norepinephrine on lymphocytes and murine alveolar 

macrophages, thus these topics wiil be the focus of this Masters project. 

THE M ï T  COLOURIMETRIC BIOASSAY 

Measurement of surviving andlor proliferating mammalian cells is the main 

requirement of most immunologie assays (68, 69, 70, 7 1, 72, 73, 74). In the past, this was 

achieved predominantly through two rnethods - the utilization of S1~hromium-labeled 

protein measurement after cell lysis, or the measirement of radioactive [3~thymidine or 

[125~iododeoxywidine uptake duruig ceIl proliferation (68, 69, 70, 71, 72, 73, 74,75). 

Although both biological assays can be partiaîiy automated, neither can handle moderately 

large numbers of samples nor can they be easily performed (68-69, 70, 7 1, 72, 73, 74). 

Furthemore, although viable cells can be measured ut i l i ig  the aforementioned 

techniques as weli as by staining (68), these methods are unable to quantfi Ievels or 

effects of physiological chernicals iike cytokines with a high degree of accuracy (68, 69, 

70, 71, 72, 73, 74). Mosmann, r e a h g  the shortcomings of these methods, developed a 

quantitative colourimetric assay for #an ceLl growth using a yellow tetrazoliurn salt 

(M'm (74). 

M'TT', (3-(4,5dimethylthiatol-2-yl)-2,5-diphenyl tetnwtium bromide) measures 

only living ceils since the conversion of this dye to its final produa oui only be 

accomplished by active mitochondrial dehyârogenase enzymes (70, 71, 72,73,74,75). 

When the tetrazoüum ring is cleaved by the active mitochondna of a mammahn ceil, the 



finai produa is a soluble blue formazan crystal which can be quanfified utiliring a 

spectrophotometer (70,71, 72,73,74,75). Because the tetrazolium ring can only be 

cleaved by active mitochondria, the r a d o n  can therefore only occur in living cells (70, 

7 1, 72-73, 74, 75). Research has determined that the energy metabolism within a ce11 

reflects the amount of fonnazan generated, thus. a relationship between ce11 activity and 

formazan product exists when utiliang the MTT bioassay; a comparison of ceil activation 

levels can be deduced fiom the amounts of fomüizan product produced (70, 71,72.73, 

74,75). Although the production of formanui h m  MTT is restncted by the activation 

level of the assay cell line, in many situations, such as growth fâctor assays, optimum cd 

l ies can be pre-selected so as to maximize the formazan production and thus increase the 

sensitivity of the assay (70, 7 1, 72, 73, 74, 75). 

The cleavage of the MTT Nig has various properties that are desirable for 

assaying ceu sunival and proMeration (69,70, 71, 72, 73, 74, 75). Not ody is MTT 

cleaved by ail living, metabolically active celis, but it cannot be converteci by eqthrocytes 

(70, 72,73, 74, 75). At present, it appears that all cell types, excludhg erythrocytes, are 

able to reduce the MTT to a blue fonnazan product dowing for the use of th is  assay 

technique in any assay in which living cells must be distinguished fiom dead cells, or a lack 

of cells (70, 7 1, 72, 73, 74, 75). The assay can also be utilized with cytokine sensitive c d  

lines to quanti@ the levels of specific cytokines in culture supernatants for example IL-2 

and IL-6 (69, 70, 71, 72, 73, 75). 

The use of the MTT colourimetric bioassay to measure ceU growth and Survivai, 

penormed in microtitre plates in conjunction with multichannel pipetton and an automatic 

scanning spectrophotorneter offers many advantages over the assay techniques of old (69, 

70,71,72,73,74,75). The MTT assay is reiativeIy inexpensive, eady performed, can 

process a vast quantity of samples in a M e d  time penod and is capable of precise 

quantification (69, 70, 71, 72, 73, 74, 75). It is also much d e r  to perform than the other 

conventional assays because there is no requirement for radioactive compounds (69.70, 



7 1,72,73,74,75). At present, an MTï assay to measure the &kcts of TNFa has been 

briefiy outlined, however, no Iiterature has defined a protocol for the p r e p d o n  of an 

MTT bioassay to meastue the effects of TGF-f3 on celi proMeration (70, 71, 72, 74,75). 

m0mCTIVEs 

The objectives of this research project were numerous. One of the f'undamental 

objectives was the development and calibration of two fllBctionsl, non-radioactive 

bioassays which utilize the MTT colourimetric assay technique rather than the radioactive 

bioassay to quantify TGF-f3 and TNF-a. Subsequmdy, the working assays were applied 

to test the hypothesis that norephephrine is able to modulate the production of TGF-$ 

and TNFa by T iymphocyte and alveolar macrophage populations. The models to test 

these hypotheses utilized transformai T lymphocyte ce11 liaes, murine splenocytes and 

murine alveolar macrophages. 

The overall focus of the experimental work involved in this Masters thesis 

examined the complex yet intricate relationship between the immune system and the 

nervous system. The importance of this research is imperative in understanding the 

contribution of T N F a  and TGF-P to the development and progression of such diseases as 

idiopathic pulmonary fibrosis and various forms of cancer. 



THE MODULATION OF TUMOR NECROSIS FACTOR- BY 
NOREPINEPHRINE IN TRANSFORMED AM) PRIMARY CELL 

CULTURES 

Evidence of nervous system involvement in immune system fhction and regdation 
has been documented and has fhhennore been shown to play important roles in rnany 

diseases like Idiopathic Pulmonary Fibrosis and cancer. This chapter investigates the 
modulation of tumor necrosis f a o r a  (TNFa) by norepinephrine in four cell 
populations. Both transfomed and primary cultures were stimulateci with adrenergic 

agonist and antagonist drugs, including norepinephrine, in an effort to detennine the 

effect and adrenoceptor target of norepinephrine in modulating TNFa production by 
lymphocytes. In this study, norepinephrine Sgdicantly augmented TNFa production 

by both the Jurkat and EL-4 celis Lines and the non-stimulateci murine splenocyte 
population in a dose dependent manner over a two day t h e  course. This Uicreased 

production of W-a was moddated through both the a- and B-adrenoceptors of the 
various celi cuitures. T N F a  production was significantly inhibited by mrephephrine 

in the CD3 + PMA stimuiated murine splenocyte culture through Padrenoceptor 
stimulation, however, a significant increase in T N F a  production was observed when 
a-adrenoceptor modulation ocairred. It is apparent £tom this remch, through the 

use of the various adrenergic agonis and antagonist treatments, that the effect of 

norepinephrine on TNFa production is dependent both on the adrenoceptor target 
and the dosage of the adrenergic treatment . 

LNTRODUCTXON 

An Introduction to Tumor Necrosis Factoru 

Tumor necrosis fmor-a (TNFu) is one of the major cytokines released by T 

ceus, macrophages and monocytes (2, 77, 78, 79,80, 8 1). T N F a  is a 

nonglycosylated, 17 kDa protein whose production is mggered rnainly in response to 

Gram negative bacteria (2, 80, 81, 82). It can hct ioo both as a mediator of 

inflammation or as a growth factor (2, 8 1,82). T M ? u  can also be produced in 



response to bacterial toxins, lipopotysaccharides, twnor cells and Wuses - in fact, 

research has iUushated that interferon-y can even enhance T N F a  semetion (2,26, 

77). Interestingiy, T N F a  is an integrai membrane protein of most T cells and 

macrophages, allowing for these cells to participate in cytotoxic activities when in 

contact with antigen targets (2-26, 80). 

Two recepton for R I F a  have recently been dehed by mearchers (26, 80). 

These recepton are located on Whially ai l  cell types and a soluble fom of these 

recepton is found in both blwd semm and urine (2,26). Although al1 receptors 

specific for TNFa bind the molenile with bigh attinity, each recqtor type mediates a 

distinct TM: activity including, cytoxicity, m~~~gination, migration, and antiviral action. 

TNFa is not only able to participate in immune defense through direct interactions, 

but it is also able to mediate the production of other ce11 medietors like interleukin-1 

and interleukin-6. As a result, TNFa can serve as a growth stirnulator for fibroblasts 

as well as play important physiological roles in regulating the growth of normal ceUs 

(2-26). At present, the physiologicai role of the soluble TNF receptor is not weii 

characterized, although it is expected that the soluble receptor out-cornpetes the ce11 

surface receptor and thus serves to Uihibit the biological activity of TNF (83). 

T N F a  is a bona fide pro-inflammatory cytokine involved in many autoimmune 

diseases including multiple sclerosis and rheumatoid arthritis (2, 77, 80, 82, 84, 85). 

In addition TNFa is an important mediator of endotoxic shock and has been 

implicated in multiple organ fdure due to Gram-negative sepsis (2, 80,84, 85). TNF- 

a has also been show to have a role in diseases of the respiratory system, like 

idiopathic pulmonary fibrosis chronic lung disease of the infant, tuberdosis and 

sarcoidosis (2,42). Patients with these respiratory diseases have been shown to not 

ody have a rnarked increase in TNFa levels, but have also a more severe disease 

progression, often culminahg in death (2,42). TNFa is also being sn~died as a 

major participant in the cachexia of patients der ing  with A I D S  and cancer (2,42). 



Tumor Necrosis Factor- 

Tumor Ceiis Inflrmmatory Cells B celis and T ceUs 

Enhances: Enhances: Enhances: 

Cytoto'uc Effects Cytokine secretion Proliferation 

Temperature regdation 

FIGURE 1. The ongins and targets of Tumor Necrosis Factoru (26). 



Because TNFa can participate in a wide variety of immunological effects in many 

disease and sicknesses, not ody is it important to understand the hction TNFa 

mediates in immune d e f i ,  but it is imperative that the endogenous mechanisms that 

control the production of this cytokine aiso be resolved (2, 77, 85). 

The T Hdper Cd Response and Tumor Nmosis  Factoru 

The interaction of resting T ceils with antigen and cytokines results in their 

activation, proliferation and differemiation (28.35, 86). This activation often results 

in the release of the T ceils' cytokines which can affect both the growth and 

Merentiation of T cells themseIves, as well as B celis and other cells involveci in an 

immune response (28, 86, 87, 88). T helper cells are able to secrete two distinct 

patterns of cytokines that result in very different Unmune responses (26, 28, 3 5, 86). 

CD4+ effector Th cells have been divided into two distinct subsets based on these 

cytokines - Th1 c d s  are recognized as T ceiis which produce IL-2 and IFN-y while 

Th2 cells produce IL-4, IL-5, IL-6, IL40 and IL- 13; both subsets of T cells can 

secrete a number of cytokines includuig IL-3. GM-CSF and TNF (28,3 5, 86, 87, 88, 

89). The differentiai cytokine production by these effector T helper cells essemiaily 

regdates the nature of most immune responses with Th1 d s  f'unctioning prunarily in 

cell-mediated immune responses while Th2 cells fiuiction primarily in humoral immune 

responses (28, 86,89). Although Th1 and Th2 cell responses are necessruy for the 

maimenance of immune homeostasis, often the dominance of one response over 

another plays an important role in either the progression or clearance of many disease 

states (28, 86, 89). 



Norepinephrine and Tumor Necrosis Factor* - A Relationship? 

One potential physiologid mechanism that may influence cytokine production 

by C M +  T helper ceiis involves the release of norepiaephrine by the sympathetic 

nervous system (50, 89). Published data have illustratecl a role for norepinephrine in 

immune regdation and modulation (2 1, 50,89). Norepinepfirine-contabhg nerve 

terminais enter many lymphoid organs, and therefore T ceiis which reside within the 

lymphoid sheath entertain contact with this neurotranmitter. These T cells have been 

shown experimentally t O preferedy express the P2-adrenergic receptor (50, 89). It 

has also beem discovered that foliowing imrnunization, norepinephrine is released from 

these nerve terminais to stimulate the P2-adrenoceptor on lymphocytes (2 1, 50, 89). 

This stimulation of the B-adrenoceptor causes an increase in the intniceildar 

concentration of CAMP (89, 1 12). 

WMe previous research has examined the effects of norepinephrine on the 

production of IL-2 and interferon-y by T helper cells, research has yet to be performed 

on the involvement of norepinephrine in the production of T N F u  by T lymphocytes 

(50, 89. 82). To date, it has been reported that exposure of Th1 clones to pz- 

adrenergic agonists before activation inhibits production of LL-2 and iFN-y, but does 

not affect the production of the Thî cytokines - IL4 or IL-1 0 (50,89). The 

mechanism responsible for these effects is thought to include a dii3erentia.i level of B2- 

adrenoceptor expression on resting effector Th ceii subsets, as opposed to a 

ciifferentai level of responsiveness of the subsets to CAMP (50, 89). It has been 

experimentally concluded that wbile Th 1 cells express a detectable level of the B2- 

adrenoceptor, no Th 1 cells do (89). Moreover, the activation of helper T cells induces 

a change in the number and type of s u r h c e  moldes  and therefore it has been 

proposed that a sùnilar activation-induced change may occur in the concentration of 

P2-adrenoceptor expression by this T ceii subset (89). 



AIthough the influence of the B-adrenoceptor has been studied in great detail, 

the involvement of a-adrenoceptor activation on the modulation of the immune 

response of helper T cels remaias unckar (90). Furthemore, although much research 

has been performed on the eEects of norepinepbrine on manophage produced TNFa, 

work has yet to be published on the effects of norepinephrine regarding the modulation 

of TNFa production by T cds. The srperiments and data displayed in this chapter 

wüi examine the modulation of TNFa production by various T Lymphocyte cultures. 

An MTI' Assay for Tumor Necrosis Factor* 

Bioassaying -or necrosis factor- in biologicai auid is widespread and 

fùndamentally relies on a stable ceil Iine sensitive to T N F a  action (76, 91). The 

bioassaying of T N F a  is particularly desirable, both because of its involvement Ui 

various pathological and inaammatory responses and also because of the rnany disease 

conditions where total bioactivity is of concem due to cytokines, including, but not 

limiteci to TNFa (76,91). Several systems for a TNFa bioassay have appeared and 

been reviewed in the literature, but oflen the stability of the ceil Iines is Lùnited - four 

months is often the maximum length for which these systems have been found reiiable 

(76,9 1). Presently, the accepted bioassay method for T N F s  utilizes the WEHI- 

13VAR celi line which was obtained d e r  serial passages of the WEHI 164 clone 13, 

the original bioassay ceil line for T M a  (76, 9 1,92). Current resuits have indicated 

that the WEHI- 13VAR cell line, when used in wnjunction with actinomycin, serves as 

a stable and sensitive ceil line for T N F a  detection and quantification. Although the 

role of actinomycin in provoking the sensitivity of these ceIis towards TNFa is not 

understood, it is believed that actinomycui may stabilize the reaction of the celis to the 

cytotoxic action of TNFa and thus may serve to increase the sensitivity of the 

ciassical assays (76,9 1). 



The WEKI- 13VAR assay for R J F a  is based on the cytotoxic effects of TNF- 

a (83). The established protocol for the WW- 13VAR bioassay currently relies on 

the use of MTT dye which is capable of measuring only living cells since the 

conversion of üus yeilow dye to its final product can ody be accomplished by active 

mitochondrial dehydrogenase enzymes (74). When combined with the MTT methoci, 

the TNFa content of a sample cm be detennined by cornparhg the conversion of the 

blue fonnatan product of the sarnple to a standard c w e  utilizing rTNFa. Thus, the 

amount of formazan product is directly relate. to the cell viability after T N F a  sample 

addition (74,91). FinaUy, although this bioassay can be used to masure TNF, t is 

unable to differentiiate between TNFa and TNF-P and therefore specific monoclonal 

antibodies for T N F a  must be added to duplicate samples in order to verify that the 

cytokine having the effect is in fact T N F a  (76, 9 1). 

MATERIALS AND METBODS 

MATERIALS 

A cornplete listing of the source and ail types of media, solutions, specific 

chernicals and equipment used in this thesis, outlined in the methods section is attached 

as Appendix A. 

METHODS 

TramJonned mrine EL-4 T ce Us a d  human Jwkat lynphoma ce Il 

co[lections. Both EL4 (ATCC W 3 9 )  and Jurkat (ATCC CRL8 163) ceU lines were 

continuously culhired in individual 25 cm2 flasks (Fisher Scientific) in RPMI- 1640 

(Gibco Laboratones) supplemented with 10% FBS (Sigma Chemicai Co.), 1 .O x 10-3 

M sodium pyruvate (Sigma Chemical Co.), 2.0 X 10-3 M L-glutamine (Sigma 

Chemicai Co.), and 5 mg/mL gentamycin suifàte (Sigma Chemical Co.). Each 



experirnentai flask and plate prepared for supernatant collection consisted ofonly one 

ceil line, and each acperirnent was tested for oniy one cytokine - tumor necrosis 

factoru. 

Cells were removed nom their respective cuiture flasks and centrifùged for ten 

minutes at 1000 RPM at 4OC. The supernatant was decanted and the ceil pellet was 

resuspended at a final concentration of 1 .O x 106 cei i i td  in RPMI-1640 

supplemented with 10% FBS, 1 .O x 1 o - ~  M sodium pynivate, 2.0 X 10-3 M L- 

glutamine, and 5 mg/mL gentamycin sulfate. Subsequently, 495 a of the ceil solution 

was added to each well of a 24-well tissue culture treated microtitre plate (Fisher 

Scientinc). The nnal c d  concentration of each weil was thus approximately 5.0 x 105 

cells/well. CeIi viability, determined by exclusion of tsrpan blue, was >95% in all 

experiment S. 

In vitro effects of catecholmnines on tr@otmed murine W T cells and 

h u m  Jurkat lyrnphorna ceil collection. Transformecl T cds  obtained fiom ce11 

culture rnethods, as previousiy descn'bed, were d t u r e d  in the presence of 

norepiwphrine (Sigma C hemical Co.), terbutahne (Sigma Chemical Co.), UK 1 43 04 

(A McNic hol, University of Manitoba), methoxamine (Sigma C hemical Co. ), 

phentolamùie (Sigma Chemical Co.), propranolol (Sigma Chemical Co.), media (Gibco 

Laboratones) a 1 : 1 solution of norepinephrine-propran0101, or a 1 : 1 norepinephrine- 

phentolamine solution at one of three concentrations (10-4 M, 1 O ~ M  and 1 M) for 

24 hrs and 48 hrs. At each of the time course points the wnditioned media was 

collecteci as describecl below. The pharmacologie reagents were prepared at IO-fold 

higher concentrations in RPMI- 1640 supplemented with 1 OOh FBS, 1 .O x 10-3 M 

sodium pymvate, 2.0 X 10-3 M L-glutamine, and 5 mg/mL gentamycin suWhte and 

added to the 24-well tissue d t u r e  plates prepared with lymphocytes at a volume of 5 

pL/weii. 



After aliquoting the cells and the phannacologic reagents the plates were 

aiiowed to incubate for a two day tirne coune at 37OC, 95% CO2. Sampfes of 

conditioned media were coilected foilowing 24 and 48 hrs of incubation, and stored at 

-80°C untii ready for T N F a  quanafication (93). These experiments were performed 

on each cell line a minununi of six times. 

Animak. Mde, CR1 :CD- 1 (1CR)Br specific pathogen-fke mice (Charles 

River) were used between six weeks and six months of age. Mice were housed in 

groups of five on woodchip bedding and were provided autoclaveci food and water ad 

libitum. The requirements of the University's Animal Care and Ethics Cornmittee were 

met for ali experimental procedures. A minimum of six mice were sampled over the 

course of each of the murùie splenocyte experiments. 

Murine Spleen Hwest and Culture. Mice were individually euthanized with 

carbon dioxide and the spleen was removed aseptidy and p l a d  in sterile RPMI- 

1640 supplemented with 100! FBS. Single ceil suspensions were recovered from the 

spleen by disaggregating them on a stainless steel, sterile mesh and adding RPMI- 1640 

supplemented with 100/o FBS. The ceii suspension was washed by centrifirgation for 

10 minutes at 1000 RPM at 4OC and the pellet was subsequently resuspended in a 

small volume of RPMI- 1640 supplemented with 100/o FBS prior to the lysis of 

erythrocytes with 0.0 1 7 M tris-ammonium chloride b&er (Sigma Chemical Co.). 

CeUs were again washed after the lysis of red blood ceiis, as previously describeci, and 

resuspended at a final concentration of 1 .O x 106 ceildmt in RPMI- 1640 

supplemented with 10% FBS, 1 .O x 1 o - ~  M sodium pynivate, 2.0 X 10-3 M L- 

glutamine, and 5 rng/mL gentamycin sutfate. 



Pre~uti ion of Monocionaf Antikdy. Hybridoma 145-2C 1 1 (ATCC CRL 

1975) was cultureci in RPMI-1640 supplemented with 10% FBS, 1 .O x 10-3 M sodium 

pynivate, 2.0 X 1 M L-glutamine, and 5 mg/rnL gentamycin sulfate. The 

supernatant was collecteci regulariy and stored at 4°C; dl hybridorna ceils were 

removed by centrifugation pnor to stomge. Saturated ammonium sulphate was added 

to the antibody solution untd 40-45% saturation was achieved. The precipitate was 

aüowed to fom ovemight at 4OC. The 4045% sahirated ammonRun suiphate sluny 

was resuspended and subsequemly centrifbged at 10000 xG for 5 minutes. The 

precipitate wa3 purifid against 200 volumes of 0.15 M NaCi, changing the fluid 3 

times at 4°C. The mAb was sterilized by filtration through 0.22 p n  fiken (Nalgene) 

and stored for fiiture use, at 4°C. 

Activaiion of murine T lymphocyte popfation via CD3 + P M .  The optimal 

concentration of 145-2C 1 1 monoclonal antibody has previously been defined as 33 

pg/mL when titrated using murine splenic lymphocytes at 4 months of age (94). 

Preparation of experimental plates (Fisher ScientSc) with 145-2C 1 1 monoclonal 

anfibody has also been previously described (94). Briefly, 96-weli tissue culture 

treated plates were coated with 145-2C 1 1 monoclonal antibody at 33 pg/mL in sterile 

PBS at 100 pUwell. To achieve coating, the 145-2C 1 1 monoclonal antibody was 

incubated in plates ovemight at 4OC. Unbound monoclonal antibody was removed 

before experimentation by washing the plates three times wiili RPMt- 1640 

supplemented with 5% FBS. Murine spleen celis, prepared as previously describeci, 

were then added to the mAb-coated plates at 1 .O x 106 ceUslrnL in RPMI-1640 

supplementd with 100h FBS, 1 .O x 10-~ M sodium pyruvate, 2.0 X 10-3 M L- 

&utamine, 5 mg/rnL gentamycùi suifàte and 10 nglmL phorbol e s t a t e  acetate 

(PMA) (Sigma Chernical Co.) using 100 pL cellslwell. A set of plates, which sewed 

as control plates were also prepared. These plates containeci ody PBS for the 



ovemight incubation and subsequentiy had ody murine splenocytes added to them in 

combination with an adrenergic reagent, as descn'bed below. 

In vitro effects of catechoImines on CD3 + P M  wtivated and non-activated 

murine splenic cells. Splenic cells obtained fiom spleen harvest procedures as 

previously described (95) were cultureci in the presence or absence of CD3 mAb and 

PMA plus one of norepinephrine, terbutaiine, UK 1 4304, methoxamine, phentolamine, 

propranolo~ a 1 : 1 solution of norepinephrine-propranolol, or a 1 : 1 norepinephrine- 

phentolamhe solution at three concentrations (1 04, lo4 and 10-8) for 24 hrs and 48 

hrs. From each mouse spleen, the total ce1 volume was divided so that one series of 

samples was run without stimulation (no PMA or CD3), and one set was rwi with 

stimuiation (both PMA and CD3 were present). At each of the two time course 

points, the wnâitioned media was collecteci as described below. The pharmacoiogic 

reagents were prepared at 1 0-fold higher concentrations in RPMI- 1640 supplernented 

with 100/o FBS, 1 -0 x 1 o - ~  M sodium ppvate, 2.0 X 1 o - ~  M L-glutamine, and 5 

mg/mL gentarnycin sulfate and added to the murine spleen cell suspensions 

immediately before their addition to the CD3-coated tissue culture plates. 

After aliquoting the ceUs and the pharmacologie reagents, the plates were 

ailowed to incubate for a two day time course at 37"C, 95% CO2. Samples of 

conditioned media were collected following 24 and 48 hrs of incubation and stored at - 
80°C untii ready for TNFa quantification. As mentioned, a minimum of six mice 

were sampled for the unstimulateci splenocyte experimentq and a further minimum of 

six mice were utilized in the CD3 + P M .  stunulated murine splenocyte experiments. 

W - a  u s q .  A bioassay sensitive for TMg activity was used to determine 

the concentration of TNFu in the collected conditioned media. The WEHi-13VAR 

cytotoxicity assay, based on a previously reporteci procedure with some mo~cations 



was utilized (76,91, %), and TNFa content of the supematants was meastueci and 

expressed as ng/mL. WW- 13VAR cells were used to assay the previously coiiected 

samples for T N F a  (76,91). Brie& subconfluent WEHI-13VAR ceils were washed, 

trypsinizd and washed again with RPMI-1640 supplemented with 5% FBS. The 

collected cell solution was centrifùged and the ceil pellet resuspended in RPMI-1640 

supplemented with 1% FBS, 1.0 x 10-3 M sodium pymvate, 2.0 x 10-3 M L- 

glutamine, 5 mg/mL gemtamycin sulfate and 4.5 m g l d  glucose and plated at a 

concentration of 1.5 x 104 celld100 jL in a 96 well microtitre plate. The cells were 

allowed to adhere ovemight, for approximately 15 hrs. Post-incubation, the medium 

was removed utilizing a multichaanei pipettor, and 50 jL of the cokcted wnditioned 

media samples was added in the presence or absence of anti-TNFu antibodies 

(Peprotech). To this, 50 pL of a 0.2 p@mL Actinomycin D (Sigma Chemical Co.) 

solution was added. Each of the weUs containeci a final total volume of 100 pL (76, 

9 1, 96). 

After 18 hrs of fùrther incubation at 37OC, 95% C02,25 pL of a 5 mg/mL 

MTT (Sigma Chemical Co.) solution was added to each well and the plate was 

allowed to M e r  incubate at 3 7*C, 95% CO2 for six hours (74). The contents of the 

weUs were then carefùlly removed by gently inverting and blottuig the microtitre plate 

(74). Finally after 100 Wwell  of a stop solution of acidified SDS was added to each 

well, the plate was vigorously shaken for 25 minutes, following which the absorbante 

was read in a 750 Cambridge plate reader at 590 nm (74). The activity of the T'N'Fa 

in the samples was caldated using an r T N F a  (Peprotech) standard prepared at the 

same t h e  as the expenmentd samples (76,91). 

Pnor to the use of the WDII-13VAR assay for quantifjmg TNF-a, the assay 

was caiibrated for use. The ceil number which would give maximal OD readings at 

590 nm was selected, and a standard of r T N F u  was defuied to be utilu:ed each t h e  



the asay was nui. This pre-d&ed standard fiom O ng/mL r T N F a  to 250 ng/mL 

was used to ver@ the sensitivity of the assay throughout the srperiments (76,91). 

Also pnor to the use of the WW- 1 3VAR assay for quanfifying TNF- the 

adrenergic dnig m a t s  were added to the WEHI43VAR ceils &er their first 

incubation to detemine whether or not the adrenerac dmg treatments had an &kt 

on the WEHI- I3VAR celis. Post incubation of the cells d e r  the initial plahg, the 

medium was removed utilizing a multichannel pipettor and 50 CIL of each adrenergic 

treatment at the nmxhum experimentd concentration ( 1 H  M) was added. 

Subsequently, 50 pL, of a 0.2 pg/mL Actinomycin D solution was added and following 

the second incubation, the plates were read and a cornparison of the optical de* 

readings were made to WW-13VAR cells which did not receive an adrenergic dmg. 

It is iniperative that the WEHI-13VAR cells be sensitive oniy to T N F a  content and 

not to the adrenergic dmg treatment. 

When the assay was utilized to quant* T N F a  in collectecl supernatant 

samples, the samples were dividied so that mplicate repeats could be pdormed. Mer 

obtaining ali data, the mean of the data was detemineci as well as a calcdation of the 

standard deviation of the rnean. 

W - a  Statï,svicai Anufysîs. The data are expresseci as total TNFa content 

(nglrnL). Values are compared using the Minitab Statistical Software for ANOVA 

AU values are reported as the mean f the standard deviation and analyzed by Tukey's 

pairWise cornparison test (n=6). An alpha error of 0.05 was used to test for statistical 

s i ~ ~ c e .  





FIGURE 2. A TNFa standard aime utilizing WEHI-13VAR 4 s  at a concentration 

of 1.5 x 1 o5 ceiidm.. A short standard fiom O ng/mL to 50 ng/mL r T l W u  was 

prepared and sampled with five concentrations of WW-13VAR d s .  The *g 

concentrations of WEHI-13VAR cells displayed different opticai density r e g s  over 

the same rTNF-a standard. The samples containing the WW-13VAR at a 

concentration of 1 -5  x 1 o5 ceUdmL gave the greatest difference in optical d e n e  

readings over the O ngfm. to the 50 n g h L  rTNFu concentdom. The r T N F a  

standard curve obtained for this ceil concerîtration utilizing the defined standard is 

displayed. Each point on the graph represeats the mean of a triplicate and is shown 

with error bars noting the standard deviation of the mean. 



0.00 020 1.00 5.00 25.00 50.00 

rTNF-a concentration (ng/mL) 



FIGURE 3. Effects of adrenergic agonist and antagonist treatments on the WEHI- 

13VAR cell h e .  The adrenergic agonist and antagonist treatments were added to the 

WW-13VAR c d  line after the tkst ovemight incubation to test the e f f i  of the 

various adrenergic treatments on the WEHI- 13VA.R ceRs. This addition of adrenergic 

tre8tments took place at the same time point as the addition of conditioned media 

samples wouid occur in the TNFa  assay procedure. The Werent adrenergic 

treatments did not have any si@canî efféct on the optical density rPrrnings as 

compareci to WEHI- 13VA.R d s  treated ody with media. Each point on the gmph 

represents the mean of a triplkate and is shown with error bars noting the standard 

deviation of the mean. 
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Adrenergic Agonist and Antagonist Treatwnts, Jurkat Cclb and Tumor 

Necrosis Factoru 

The production of T N F a  by Jufkat cdls in response to adrenergk agonists 

and antagonists (NE, TE, ME, UK, PR, PH, NPR, NPH and media) was tested over a 

concentration range of 104, 104, 10-8 M. Samples of wnditioned media were 

collecteci over a two day tune course and assayed for T N F a .  The resuits of these 

experinents are displayed in Figure 4 - 24 hr data is illustratecf with solid bars, while 

the 48 hr data is represented by the hatched bars. 

From the obtained expefimental results, it is observed that NE can s i g d d y  

increase the production of TNFa by Jurkat cells. Since NE can act through both a- 

and fLadrenoceptors, and because cds of the immune system are known to have both 

types of these receptors, the effects of the individual adrenoceptor in response to NE 

were examined. When the $z-adren~ceptor of the Jurkats was d i r d y  h d a t e d  with 

TE, TNFu production by the Jurkat cds was sisnificantly increased. Furthermore, 

when the abiîity of NE to a d  through the a-adrenoceptor was blocked with PH (NPH 

treatment), the production of T N F a  was agalli significantly augmented through the B- 

adrenoceptor. These combinai results thus suggest that NE c m  sigaincantiy increase 

R(Fa production through the f3-adrenoceptor of the Jurkat ceil. 

Subsequently, an investigation iato the a-adrenoceptor eEect of NE was 

performed utilinng ME and UK, ai- and apirenergic agonists, respectively. By 

directly stimdating the ai-adrenoceptor with ME, TNFu production was s@ifkantly 

increased. Likewise, when the a2-adrenoceptor was stimuiated with UK, TNFa 

production was also signifïcantly increased. When the Jurkat ceils were treated with 

the NPR treatrnent, the fbadrenoceptor should have been blocked by PR, and 

therefore NE wodd only have access to the a-adrenoceptor. In the results obtained 

fiom the NPR adrenergic treatrnents, TNFu production was again significantly 

kcreased. This group of d t s ,  examinhg the eff'kcts of a-adrenoceptor modulation 



FIGURE 4. A cornparison of mean total TNFa production over a two day t h e  

course by Jurkat celis treated with various adrenergic agonists and mtagonists. 

Utiliring ANOVA the means of the total TNFa production for the experiment at 24 

hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance; 

an experimental size of 6 was used to obtain each t h e  course point. In each panel, 

the standard deviation of the experimental means is represented by error bars. 

Treatment bars which do not have the same letter as their respeaive t h e  course media 

control treatment are noted to be statistically different utiliPng Tukey's PainMse 

Cornparison. The determineci ANOVA p d u e  for the 24 hr and 48 hr results is 

displayed below, arrangeci according to adrenergic treatment. 

- - - - - - - - - - 

~drenergic ANOVA pvalue Adrenergic ANOVA gvdue 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 50.00 1 ~0.00 1 PR 10.082 S0.00 1 
TE 50.00 1 ~0.00 1 PH 10.019 10.003 
ME 10.00 1 10.00 1 NPR 50.00 1 10.00 1 
UK 10.00 1 10.00 1 NPH s0.00I 10.00 1 

Adrenergic Treatment Abbreviations: 
NE: Norepinephrine PR: Propranolol 
TE: Terbutdine PH: Phentoiamine 
ME: Methoxamine NPR: Norepinephruie + Propranolol 
UK: UK14304 WH: Norepinephrine + Phentoiamine 

Adrenergic Treatment Concmtrations: 
(-4): IO(-4) M (-6): IO(-6) M 





by üK, ME and NPR treatments, suggests that NE can significantiy inmease RJFa 

production through the a-adrenoceptor of the Jurkat cefi. 

In summary, these r d t s  suggest that NE can act through either the a- or P 
adrenoceptor, with some prderence perhaps for the f34renoceptor since the &&ts 

of NE were W a r  to those observed when the Jurkats were hu la ted  with TE. The 

effect of NE also appears to be dose dependent in regards to B-adrecoceptor 

modulation of TNFa production, with higher concentrations of NE resuiting in 

greater quantities of TNFa behg produced. It is dso apparent that NE can act 

through both subsets of a-adrenocepton to modulate inaeased TNFu, however this 

effiect does not appear to depend solely on the concentration of the a-adrenergic 

treatment. 

Evaluating the above data for total TNFu production by Jurkat cells over the 

two day t h e  period using Tukey's paLwise cornparison illustrates that there are 

sigmficant differences between the media control trament and some adrenergic 

treatments, but not others. The addition of anti-Wu antibodies to duplicate 

samples of conditioned media demonstrated that the effects illustrated throughout the 

expehents were due to RIFa and thus proved that the WEHI-13VAR afsay was 

able to measure the quantities of TNFa secreted by the Jurkat cells. 

Adnnergic AgonUt and Antagonist Treatments, E L 4  CeIh and Tumor Necrosia 

Factoru 

The production of T N F a  by EL4 cens in response to the adrenergic egonists 

and antagonists was also tested over the concentration range of 104, 1 04, 1 M. 

Samples of conditioned media were cuiiected over a two day time course and assayed 

for W. The redts of these experiments are displayed in Figure 5 - 24 hr data is 

illustrated with soüd bars, while the 48 hr data is represented by the hatched bars. 



FIGURE 5. A cornparison of mean total TNFu production over a two day time 

mwse by EL4 celis eeated with various adrenergic agonists and antagonists. 

Utiluing ANOVA, the means of the total R(Fa production for the expriment at 24 

hrs (black bars) and 48 hrs @atched bars) were statistidy d y z e d  for si@-; 

an experimental size of n=6 was used to obtain esch time course point. In each panel, 

the standard deviation of the s<perimental means is represented by error bars. 

Treatment bars which do not have the same letter as their respective time course media 

control treatment are noted to be statisticaiiy different utilizllig Tukefs Pairwise 

Cornparison The determineci ANOVA p-value for the 24 hr and 48 hr results is 

displayed below, m g e d  accordhg to adrenergic treatment. 

Adrenergic ANOVA p-value Adreuergic ANOVA pvahe 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 50.00 1 10.001 PR ~0.001 10.00 1 
TE s0.00 1 ~0.001 PH ~0.001 ~0.00 1 
ME 10.00 1 40.001 NPR ~ 0 . 0 0  1 s0.00 1 
UK 50.00 1 50.001 NPH 10.00 1 ~0.001 





It is iilustrated tiom prelllniaary observations that NE cm si@cantiy increase 

the production of RJFa by EL-4 ceh- Again, because of NEs dual ab- to act 

through both a- and B-adrenoceptors, it was necessary to determine the effects of the 

individual adrenoceptors in response to NE. #en utilizing TE to stimulate the Br 
adrenoceptor of the U4, T N F a  production was signifïcandy increased- 

Subsequdy, when the a-adrenoceptor was blocked by PH in the NPH treatment, the 

production of TMa was again observeci to be tipificant through the f3- 

adrenoceptor. This wmbined set of results suggest that NE, when acting through the 

fl-adrenoceptor of the EL4 ceil line, can si@cantly increase T M a  production 

Further investigations regarchg the a-adrenoceptor &ects of NE on EL4 

production of TNFa were paformed utilizing ME and UK When the ai- 

adrenoceptor was stimulateci with ME, TNFu production was signincantiy increased. 

In a similar maiuier, when UK was utilized to stimulate the a2-adrenoceptor, TNFa 

production was also significantly incceased. When the abiiity of NE to access the & 

adrenoceptor of the EL-4 ceil was eliminated through the use of PR (the NPR 

treatment), NE continued to signifïcantiy increase W u  production. These 

combineci results, examining the effects of a-adrenoceptor modulation, suggest that 

NE can increase the production of TNFa signincandy tbrough the a-adrenoceptor of 

the EL-4 ceU. 

Fioally, the effect of each of the adrenergic antagonists aione on the production 

of R i I F a  by EL-4 ceiis was detefmined. From these results, it appears that both PR 

and PH treatments were individdly able to significantiy increase TNFa production 

by the EG4 c d  line. 

In conclusion, these results suggest that NE can act through either the a- or B- 

adrenoceptor of the EL-4 to modulate increased production of TNF-01. It appears that 

there again may be some preference by NE for the P-adrenoceptor since the effects of 

NE were similar to those observed when the EL4s were stimuiated with TE. The 



effkct ofNE on fbadrenoceptor modulation of T N F a  production also appears to be 

dose dependeni with maximum production of RJFa ocaur9ig at the maximum 

concentration of NE. It is aiso apparent when examining the eqerhental results that 

NE can modulate increased TNFa production tbrough the a-adrenoceptor, however 

uiis &kt does not n d y  relate to the concentration of the a-adrenergic drug. 

Evaluating the above data for total TNF-a production by EL4 ceb over the 

two &y t h e  period using Tukds pairwise cornparison &strates that there are 

signifiant differences between the media control treatment and some adrenergic 

treatments, but not others. The addition of anti-TNFu mtii ies  to duplicate 

sarnples of wnditioned media dexnonsimted that the effects hsttated throughout the 

experiments were due to TNFa and thus proved that the WEHI-13VAR assay was 

able to measure the quantities of TNFa secreted by the EL-4 cells. 

Adrenergic Agonist and Antagonist Treatments, Non-Stimulated Murine 

Splenoeytes and Tumor Necrosis Factor- 

The production of TNFa by non-stimulated murine spienocytes in response to 

adrenergic agonist and antagonist treatments was also tested over the concentration 

range of 1 04, 1 o - ~ ,  10-8 M. Samples of the wnditioned media were coilected over a 

two day time course and assayed for TNFu. The resuhs of these experiments are 

displayed in Figure 6 - 24 hr data is iliustmted with solid bars, while the 48 hr data is 

represented by the hatched bars. 

Many of the treatments of adrenergic agonias and antagonists had statistically 

significant effects on the production of ma. It is iliustrated that NE had a 

significant effect on the production of TNFa by non-hulated murine splenocyte 

populations, and the resuhs display that the individual a- and &adrenergk treatments 

had the same a- and P-adrenoceptor specinc effects previousiy obsewed in the 

traasformed ceil lines - with stimulation of either adrenoceptor resulthg in an hcrease 



FIGURE 6. A cornparison of mean total TNFa production over a two &y the 

course by non-stimuiated murine splenocytes treated with various adrenergic agonists 

and antagonists. Utiluing ANOVA, the means of the total T N F a  production for the 

experiment at 24 hrs (black bars) and 48 tus (hatched bars) were statistidy d y z e d  

for si@cance; an experimental size of n 4  was used to obtain each time course point. 

In each panel, the standard deviation of the experirnaital means is represented by error 

bars. Treatment bars which do not have the same lettex as th& respective time course 

media controf treatment are noted to be statistically different utiliring Tukey's Pairwise 

Cornparison. The determined ANOVA pvalue for the 24 hr and 48 hr r d t s  is 

displayed below, arranged accordhg to adrenergic treatment. 

Adreoergic ANOVA pvalue Adrenergic ANOVA pvalue 
Treatment 24 hr 48 hr Treatment 24 hr 48 hr 

NE 10.00 1 10.00 1 PR 10.00 1 10.001 
TE ~0.001 s0.00 1 PH s0.00 1 10.001 
ME 10.007 50.00 1 NPR 10.00 1 <0.001 
UK 10.00 1 10.00 1 W H  50.00 1 '0.001 





in TNFa production. Although ail adrenergic treatments had sigmficant effects, the 

o v e d  increase in RJFa production is not tremendous when compared to the media 

control. 

Evaiuating the above data for total TNFa production by n o b h d a t e d  

murine splenocytes over the two day time period ushg Tukey's painvise cornparison 

illustrates that there are sigdcant differences between the media wntrol treatment 

and some adrenergic treatments, but not others- The addition of anti-TNFa 

antibodies to duplicate of conditioned media demoastrated that the effects illustrateci 

throughout these experiments were due to R(Fa and thus proved that the WEHI- 

13VAR assay was able to m a u r e  the quantïties of W u  secreted by the murine 

spleen cells. 

Adrenergic Agonist and Antagonist Treatmeots, CD3 + PMA Stimuiated 

Murine Splenocytes and Tumor Necrosis Factor* 

The production of TNFa by CD3 + PMA stimulateci murine splenocytes in 

response to the adrenergic agonist and antagonist treatments was dso examiaed over 

the concentration range of 10-4, 106, 10-8 M. Sarnples of the wndiitioned media 

were coiiected over a two dey t h e  course and assayed for TNF-a. The r d t s  of 

these experiments are displayed in Figure 7 - 24 hr data is iliustrated with solid bars, 

while the 48 h.  data is represented by the hatched bars. 

From prelimuiary observations, it is easy to again conclude that NE had 

significant effects on moduiating the production of T N F a  by CD3 + PMA stimdated 

lymphocytes, as the production of total TNFa was si@cmtly inhibited when the 

splenocytes were co-cdtured with NE and CD3 + PMA Upon examination of the 

results utilizing the a-adrenergic wonists ME and UK, it is observai that both a- 

adrenoceptor treatments were individudy able to significantly inmase the production 

of MFa through their respective adrenoceptor targets. When the CD3 + PMA 



FIGURE 7. A cornparison of mean total TNFa production over a two day time 

course by CD3 + PMA stimulateci murine splenocytes treated with various adrenergic 

agonists and antagonists. Utilizing ANOVA, the meam of the total m u  production 

for the experiment at 24 hrs (biack bars) and 48 hrs (hatched bars) were Statistically 

analyzed for signficance; an experimental ske of n=6 was used to obtain each t h e  

course point. In each panel, the standard deviafion of the experimeatal means is 

represerrted by error bars. Treatment bars which do not have the same letter as  their 

respective time course media control treament are noted to be statistically different 

utilinng Tukey's Pairwise Cornparison The determineci ANOVA pvaiue for the 24 hr 

and 48 hr results is displayed below, arranged accordhg to adrenergic treatment. 

Adrenergic ANOVA p-value Adrenergic ANOVA p-vdue 
Treatmeut 24 hr 48hr Treatment 24 h .  48 hr 





stimulateci spienocytes were treated with WK the &adrenoceptor was blocked by PR 

and therefore the sigdicant inmeases in TNFu production observecl, ükely occurred 

through agdrenoceptor modulafion 

Subsequent experiments studying the effkts of &adrenoceptor modulation on 

T N F a  production by CD3 + PMA stimuiated spienocytes illustrateci that the &- 
adrenergic agonist terbutaline had si&cant inhiory effects on the production of 

ma. The & i  of ~adrenoceptor &'bition on TNFa production was also 

observeci when NE was added in combination with PH @PH). Thus nom these 

results, it is apparent that N E  can also target the P-adrenoceptor of the CD3 + PMA 

stimulated splenocyte to inhhit TNFu production. 

In smmmy, it is again apparent through these experbents that NE caa 

modulate dose dependent effects on TNFu production by CD3 + PMA stimulated 

murine splenocytes through the f%adrenoceptor, with the maximum total TNFa 

production occurring at the maximum NE concentration. It is also apparent that NE 

can target the a-adrenoceptor to significantly increase T N F u  production by the 

stimulated murine splenocytes, however, these increases in T N F a  production do not 

n d y  reflect the dosage of the adrenergic treatment. 

Evaluating the above data for total TNFa production by CD3 + PMA 

stimulated murine splermytes over the two day t h e  p e n d  using Tukey's pairwise 

cornparison illustrates that there are signincant difEerences baween the media control 

treatment and some adrenergic treatments, but not others. The addition of a n t i - W u  

antibodies to duplicate samples of conditioned media again demonstrated that the 

effects illustrated throughout these experinents were due to TNF-a and thus proved 

that the WW- 13VAR assay was able to measure the quantities of T N F a  secreted by 

the CD3 + P M .  stimulated murine spleen cds. 



DISCUSSION 

The sympathetic nervous system is activated by both physiologid and 

psychologid stressors (99, 100, 10 1). Because much research of late has found 

innervation of many of the lymphoid organs and tissues by the sympathetic nervous 

system, research has begun determining the role of the nervous system in modulating 

immune hction (98, 100, 10 1). This present research project was undertaken to 

determine the effécts of norepinephrine on the production of TNFu by two different 

c d s  iines, as weli as by CD3 + PMA stimulateci and non-stimulateci m h e  

splenocytes. 

In previous murine splenic macrophage studies involving norepinepbrine, it has 

been reporteci that norepinephrine is able to significantly Uicrease as weii as decrease 

TNFa and TGF-B production. This effea has been found to depend both on 

adrenoceptor concentration and also on the concentration of NE. The significance of 

these hdings are many, including the hypothesis that NE is able to affect the 

production of cytokines by lymphocytes through both a- and P-adrenoceptor 

modulation. 

The f3-adnnoceptor, Norepinephrine and Tumor Necrosis Factoru Moduiation 

The results of this project illustrate that norepinephrine is able to significanty 

affect the production of T N F u  by the two t r a o s f o d  cd lines and murine 

splenocytes. Both of the transformexi c d  lines as weli as the non-stimulateci murine 

splenocytes produced sisnificantly more TNFu in the presence of NE while CD3 + 

PMA stimulateci muMe splenocytes produced signincantly las TNFa  when co- 

cdtured with NE. 

Further studies utilizing the P2-adrenergic agoni$ tehutahe, iliustrated very 

sirnilar dose dependent effects to those observed with NE, notably, TE was able to 

signincantly increase production of T N F a  to simitar quantities in both populations of 



transfomeci T cells. Even though the r d s  utilking the TE treatments were 

statisticaiiy conclusive, f.urther studies are needed to establish if in nict the pz- 

adrenoceptor subtype was responsible for mediating the observed respome, since TE 

has affinity for both Bi and PTadrenoceptors, but ef£icacy for the pz-adrenoceptor 

(50)- 

The murine splenocytes which were treated only with an adrenergic agonist in 

the absence of CD3 + PM. stimulation displayed a signifiant hcrease in overd TNF- 

a production, however the produaion of TNFa was not tremendously enhanced as 

cornpareci to the control samples dtured ody in media. The treatments of TE and 

NE again appear to have had similar concentrationdependent stimulatory efffects on 

T N F u  production, thus it was concluded that the effect of norepinephrine modulation 

on TNFa production by non-stimulated murine splenocytes was through the P- 

adrenoceptor and fkhermore, the effm retlezted the concentration of the agonist 

treatment . 

In the CD3 + PMA stimufated murine splenocyte population, norepinepbrine 

continued to have a modulatory dect  on the production of TNFu, although this 

effbct was inhibitory rather than stimulatory. When both CD3 + PMA and the 

adrenergic agonist treatments were CO-dtured with the murine splenocytes, NE and 

TE both similady and significanty inhibited T N F a  production, and this inhibition 

accordingly appears to be dose dependent. Due to the siroiar nature of the observed 

effects of NE and TE, it was again concluded that NE was able to modulate a decrease 

in total T N F a  production through the p-adrenoceptor of the CD3 + PMA stimuiated 

murine splenocyte. 

The a-adrenoceptor, Norepinephrine and Tumor Necmis Factoru Modoiation 

When NE was added to the various cell samples, signifiaint e f fw on TNFa 

production were noted to occw through the &adrenoceptor. However, because 



norepinephrine can bind to either or both the a- and B- adrenergic receptors, t was 

necessary to d e t h  what eff- ifany, NE was moduiating through the a- 

adrenoceptors. These experiments utj)j2ring ME and UK (ai- and a2-adrenoceptor 

agonistq respectively) illustrate that production of TNFa is significady increased by 

al1 four ceii samples through a-adrenoceptor modulation. 

Both of the transformeci d lines had signincant increases in TNFa 

production when coailtured with either of the a-adrenergic agonists and in fact, the 

quantities of TNFa produced by the Jurkat and EL-4 cd bes stimulateci with ME or 

UK are much greater than those obtained when the ceii hes were treated with either 

NE or TE. From these results, it is apparent that mt only caa norepinephrine 

modulate TNFa production through the a- or f3-adrenoceptor, but also that the 

quantity of T N F s  produced depends upon the adrenoceptor target. 

Whai examining the effects of the a-adrenoceptor agonist treatrnents on the 

production of R J F a  by non-stimdated and CD3 + PMA stimdated murine 

splenocytes, it is evident that UK and ME are indMduaiIy able to sigdicantiy 

increase the production of TNF-a. In the non-stimulatecl population of murine 

splenocytes, TNF-a was again found to be significandy hcreased as compared to the 

media control population, however, TNFa quantities were not tremendously 

enhanced above the baseline level. 

The Adrenergic Antagonists, Nonpinephrine and Tumor Necrosis Facto- 

Modulation 

Because of the adrenoceptordepeadent e E i s  of NE, concurrent to the 

experiments with NE, TE, ME and UK, experiments snidying the &kt of NE in the 

presence of adrenergk antagonists were also performed. PH, an a-adrenergic 

antagonist, and PR a f3-antagonia were CO-CUItured with NE in a 1 : 1 ratio with the 

trsnsfonned and primary c d  cultures. Shce PR is a j3-blocker it should eliminate any 



e f f i  of NE through the $-adrenoceptor, kewise since PH is an a-blocka, it shodd 

remove the modulatory &ects of NE through the a-ahoceptor. 

In the populations of stimulated murine spleen tek, treatments of NPR had 

signifiant effects on the production of T N F a  as compared to the CD3 + PMA 

control treatment. This result suggests that NE is able to modulate a stimulatory 

effect on TNFa production through the a-adrerioceptor, even when the fl- 

adrenoceptor is not available. These results are confirmeci by the increased TNFu 

production observai when the same cd population was treated with the a-adrenergic 

agonists - ME and UK When the adrenergic treatrnent of NPH was co-cuftured with 

the CD3 + PMA stimulateci murine splenocytes, a sigaiticant decr- in m u  

production was observed. Thus. it is apparent that NE modulates an inhi'bitory &kt 

on TNFa production when accessing only the B-adrenoceptor. This conclusion is 

again mpported by the inhibition of TNF-a production which was observed when the 

TE was co-cuhred with the CD3 + PMA stimulateci murine spienocytes. 

The collecteci data for the two transformed ceU lines and non-huiated 

murine splenocyte population also illustrates that NE when combineci with either of 

the a- or fbadrenergic agonists was able to mediate simiiar effects to those observed 

with the adrenoceptor s p d c  treatrnents of ME7 UK and TE. In di three cdtures, 

NE in combination with PH or PR produced a si@cant increase in R(Fa 

production, thus demonstrating that NE was able to modulate an &ect even when the 

a- or P-adrenoceptors were respectively blocked. 

When the antagonisr treritments of PR and PH were individdy added to the 

four cuitures of ds, TNFQ production was siBnificantly modulateci. The addition of 

the treatments of PH and PR both produced a signifiant inmeases in TNF-a 

production by the EL-4 line as weli as by the CD3 + PMA stimulateci and non- 

stinnilated murine splenocyte populations - the PR treatrnents did not have conclusive 

resuits in moduiating TNFa production by the Jurkat di he, however, the PH 



treatments ail signifidy decreased the production of TNFu in relation to cells 

treated with only media. These individuai PR and PH treatments were intendeci ody 

as dmg controls, utilized to assure that the antagonists wae not t h d v e s  having an 

effect on T N F u  production by the ceil cultures. However, in the results, it is 

apparent that both antagonists were able to signifidy modulate the production of 

total mu. It is possible that the cek were releasing endogenous stores of NE, and 

when they were subsequdy treated wàh an adrenergic blocker, the e f f i  of the 

endogenous NE was moduiated tfirough the adrenoceptor which was not blocked by 

an adrenergic antagonist. 

The Complu Role of Nonpinephrine in Tumor Necrosis Fadora Modulation 

by Traosformed and Primary Cd Cultures 

Very little research has focused to date on eiucidating the roie which NE plays 

in modulating the T ceil response. ui fàct, this topic rernains relativety unexpiored in 

the literature, with iittle or no idormation king available to evaluate the results of this 

study. Therefore, oniy rudimentary hypotheses regardhg the mechanisms through 

which the neurotransmitter norepinephrine fùnctions to modulate the T ce11 immune 

respoose can be articulateci. 

Adrenergic receptors have typidy been classifieci into four different types 

which show distinct patterns of selectivity to adrenergic agonists and mtagonists (100, 

103, 104, 105). At present, the four recogxized receptors consist of the al, or2, pi 

and P2 subtypes (99, 100). Initiaiiy the presence of adrenergic receptors on c d s  was 

iofmed from the effects of adrenergic agoliists on ceil fùnction (99, 100). Graduaüy, 

as a variety of adrenergic agonists and antagonists became avdable, adrenergic 

receptors were additionaiîy classifieû into groups according to the selectivity of the 

cellular response to the adrenergic agents as well as by adrenoceptor cloning 

experiments (99, 103, 104, 105). 



It has been suggestd in the availab1e liteniture that T helper 1 and T helper 2 

ceb differentiaiiy express the &adrenoceptor, and th the concentdon of this 

receptor on these two T cefi subsets does not change with activation (99, 100, 105). 

However, it has also been hypothesized that the f32-adrenoceptor of activateci Th1 and 

Th2 c d s  diierentidy modulates the production of cytokines as compareci to non- 

activated Th1 and Tb2 ceUs (100, 104, 105). Research has demonstrateci that 

exposure of activated Th2 ceil subsets to &-adrenoceptor agonists should induce no 

change in Th2 ceII cytokine productio~ aithough exposure of aaivated Th1 ceils to 

Pz-adrenocepton decreases the production of some cytokines, including IL-2 (99, 

100, 104). These previous experimental findings, therefore propose thet differential 

expression of the pz-adrenoceptor by activated Th1 and Th2 clones renders cytokine 

production by these clones diff'erentially susceptîîle to the innuence of the P2- 

adrenoceptor Ligand (99, 100, 104). Extremely linle work has been presented 

regarding the poteda1 existence of a-adrenoceptors on lymphocytes, although many 

nidies have suggested tbat a-adrenergic agonists can mode T lymphocyte h c t i o n  

(99, 104, 105). At present, the presence of a-adrenoceptors on T lymphocytes 

rernains to be confirmeci by ligand binding studia and thus remains a controversial 

topic in neuroimmunology (99, 100, 105). 

Tumor necrosis factor* is produced by T helper cells and is in fàct produced 

by both the Th1 and Th2 subsets (89,99, 105). The r d t s  obtained in this research 

project suggest that the murine splenocyte population which was stimulateci with CD3 

+ PMA sdiibited a Pz-adrenoceptor effect when NE was added, since the production 

of RIFa was decreased. This is what is expected accordhg to previously published 

research in a Thl response since it is known, as previously stated, that activated Th1 

ceiis exposed to a pz-adrenoceptor ligand wiU decrease th& production of cytokines 

(89,99, 100). Therefore it appears that B2-adrenoceptor agonists also have the same 

e f f i  of inhibithg secretion of TNFa by mixed murine splenocytes when CO- 



stimdated with NE and CD3 + PMA. Atthough an inh'bitory response was present 

when utilizing a stllndated population of murine splenocytes, this response was 

wntrary to that seen in the experiments performed with NE and non-stimdated 

splenocyte populations. Since there was no clear activation signal for any of the 

lymphocyte populations in the non-stimulated &e splenocyte sample, either a 

rnixed response by the populations occurred to cause the increase in T N F a  

production, or perfiaps a population other than the T lymphocytes was undergohg an 

immune response to an unknown antigen. 

The T ceU lines, Jurkats and EL-4, presented a very ciear response to the 

addition of the adrenergic drug treatments. NE increased TNFa production through 

the fbadrenoceptor, although the increase was not as geat  as was seen when the 

stimulus was through ody the a-adrenoceptor. Althougb thesr: f3-adren~cepfor effects 

are wntradictory to the previously published studies (89,99, 100) relating to the 

decreased production of T'N'Fa by primary cuiture T ceiis stimdated with PT 
adrenoceptor agonists, it is feasible that there are reasons for the obvious 

discrepancies. Without characterization of the adrenoceptor types or concentrations 

on these two cell lhes it r emah  possible that both ce11 lines, due to their transformeci 

heage express an abundance of fbadrenoceptors a d o r  a-adrenocepton and 

therefore their responses are not characteristic of primary culture tissues. Also, if a 

high concentration of $- and a-adremceptors are available, the modulatory &kts of 

NE couid be exacerbated, and furthemore, a mixed adrenoceptor response muid be 

resuiting in increased production of TNF-a. Without fùrther study cbaracterizing the 

effects of the a- a d o r  badrewceptors, the dewiations fiom previous research wilI 

remain, however the data accumutateci in this research project overwhelmingiy 

indicates that either an a- or f3-adrenoceptor response results in increased TNFa 

production by EL4 and Iurkat cells, and this response ocairs regardles of prior 

antigen stimulation. 



Finally, this research project unexpectedly illustrateci that PH and PR had 

signifiant modulatory on TNFa production Ahhough this was not the 

dcipated &kt of these control treatments, it remains plausible that these four celi 

types were able to secrete endogenous NE. At present, no research has been 

pubfished regarding this phenornenon ia lymphocyte populations, however, Spengler et 

al. (1 77) have studied this &ect in macrophages. In this research by Spengler, it was 

noted that the P-adrenergic antagonia propranolol was able to augment the 

production of N u ,  however, the a-adrenergic treatments of yohimbine and 

idazoxan had an inhiiitory &'kt on T N F a  production (177). These resuits thus 

support the findiogs of extraneuronal accumdation of norepineph~e, howewer they 

do not detennine the physiological reasoniag for this system (1 77). Therefore, for the 

neuroirnmunomodulatioo of TNFa by lymphocytes to be studied completely, this 

hypothesis of endogenous norepinephrine production by these lymphocytes must be 

examined, as it may serve to support the roie of neuroimmunomodulation in cytokine 

production as well as advance the possibility that norepinephrine can be released 

endogenously by the immune system to regulate immune responses. 

Conclusions Regarding Tumor Necrosis Factoru Modulation by 

Nompinephrine 

In conclusion, the resuits of this project suggest that the sympathetic nervous 

system can act to inhibit T ceil production of TNFa by CD3 + PMA aaivated murine 

splenocytes through the p-adrenoceptor, and that this inhibition is most marked at 

submaximd concentrations of the catecholrimine. It was also found that two 

transformecl T cell iines proâuced increased amounts of T N F a  through both a- and 

fl-adrenergic treatments, with the a-adrenergic treatment being a greater o v d  

stimulator of TNFu production. Aithough the latter resuh is contradictory to current 

published research regarding f3-adrenocéptor inhibition of cytokine production, the 



collecteci results fiom both the transformeci and primary dtures indicate that the 

modulatory effects of oorepinephrine depead not only on the presence of a- d o r  P 
adrenoceptors on lymphocytes, but that the resuitant TNFu production aiso reflects 

the concentration of the fhdrenergic cimg. 



THE MODULATION OF TRANSFORMING GROWTH FACTOR- 
BY NOREPINEPHRINE IN TRANSFORMED AND PRIMARY 

CELL CUTURES 

Extensive research illustrating the intercomectedness of the nervous system and 
immune system through catecholatnines has been demonstrated to play very important 

roles in many diseases like Idiopathic Puimonary Fibrosis and cancer. This chapta 

focuses on determining the involvernent of norepinqhrine in the modulation of 
transforming growth factor+ (TGF-p) by four lymphocyte populations. T 
lymphocytes, fiom both trandormed md primary cultures, were stimulateci with 
adrenergic agonias and antagonists, including norepinephrine, and measurements were 

made to determine the dfect and adrenoceptor target of norepinephrine in modulating 
TGF-j3 produdon. It wes demonstrated that norepinepbe sigrificantly augmenteci 
total TGF-f3 production by the non-stimulated murine splenocytes and both Jurkat and 
E L 4  cells lines in a dose dependent mamer over a two day t h e  course. This 

increaseci TGF-fl production was modulated through both the a- and f3-adrenoceptors 
of the lymphocytes. In the CD3 + PMA stimulateci murine splenocyte population, the 
production of TGF-f3 was significantly inhi'bited by norepinephrine through f!- 
adrenoceptor modulation, however, a signjficant increase in total TGF-B production 

was observeci when a-adrenoceptor modulation occurred. When an analysis of the 
biological activity of the total TGF-P quantities was completed for ail d l  lines, it was 
detennined that the CD3 + PMA stimulateci murine splenocytes as well as the Jurkats 
and EL4 produced rn- active TGF-f3 wMe the non-stimulated murine splenocytes 

produced predominately latent TGF-P. It is apparent through the use of various 
adrenergic agonist and antagonisi treatrnents in this research project that the &kct of 
norepinephrine on TGF-B production by T lymphocytes is dependent on both the 

adrenoceptor target and the dosage of the adrenergic treatment. 

INTRODUCTION 

An introduction to Trinsfoming Gmwth Factor+ 

Ofta when cytokines are discovered, their original activity represents merely 

the tip of the iceberg (106, 107, 108). This was aad continues to rrmain the case with 



tramforming growth £kctor-6. Not only is TGF-f3 able to participate in growth 

regulation, but it is also involved in many biological processes hcluding, idhmmiion, 

host defénse, tissue development and repair, immunoregulation and nuiiorigenesis (48, 

106, 107, 109, 1 1 0, 1 1 1, 1 12). Transfonning growth factor beta is an excellent 

example of a stable, multïfùnctional polypeptide growth factor involved in a multitude 

of immune reactions (108, 1 1 1, 1 13, 1 14, 1 15). The complex involvernent of TGF-B 

in the Unmune response is relevant to normal development and repair processes of the 

body, as well as to various human disease conditions that are a direct result of excess 

or deficient levels of TGF-P ( 1 09, 1 1 1, 1 1 6). 

Tdorxning growth -or+ can act either as an inhibitory or stimulatory 

molecule (107, 108, 1 1 1, 1 12). As a stimulatory molde ,  TGF-f3 induces fibroblast 

proIiferzltion, neutrophil chernotaxis as weli as increased production of extracellular 

matrices (109, 1 10, 1 1 1). Its inhibitory effects include the inhibition oîL-1 receptor 

expression, suppression of the respiratory burst and a variety of cytotoxic effêcts 

directeci towards activated macrophages (1 14, 1 18). TGF-f3 is aiso able to limit the 

immune hct ion  in idammatory responses (1 12, 1 14,117). The far mging and 

diverse effects of TGF-P are thought to be a reflection of its many diverse 

physiological roles (1 1 1, 1 12, 1 17). Extensive literaaire has suggested that TGF-B 

plays a critical role in mediating a number of biological responses - and that the 

response elicited depends not only on the binding of TGF-P, but also on the mount of 

TGF-P available, the state of development or differentiation of the ceri, as weil as 

other cytokines which may be present (48, 108, 1 12). 

Transforming growth factor$ is one of many rnembers of a large group of 

growth, differentiation and morphogenesis cytokines (1 18, 1 19, 120, 12 1, 122). This 

group of cytokines not only includes the TGF-fl group, but also includes the activins 

and hhiiins - regulators of pmiitary, gonadal and placental hormone production (1 18, 

12 1, 122, 123). The members of this family of polypeptides &are a common 



homodimeric or heterodimeric structure and the biological similarity of this group 

withh a vast span of vertebrate organisrns underscores the hi& degree of evolutionary 

conservation of this cytokine (1 1 1, 1 24, 125). In facS the conservation of amino acid 

sequences of TGF-B has been noted to be a h o a  1ûûY0 betwbetween different mammalian 

species (42, 121, 124, 125). 

Tdorming growth factor+ is expressed and released by many cell types 

including: T ceus, activated macrophages, platelets and B cek (42, 106, 122, 126). 

The TGF-B molecuie consists of two 12 kDa disulnde linked polypeptide dimers and 

each highly conserved chah wnsists of approxhately 1 12 amino acids (1 18, 124, 

126, 127). At present, trdonning growth fkctor-b has been found in five forms in 

mammais (1 18, 124, 126, 127). Of these five isoforms, TGF-BI, TGF-Pz and TGF- 

83 are highly homologous (125, 126, 128). Each TGF-fl isoform contains an amino- 

terminal hydrophobic signal sequence which maintah the molecule in a latent state 

until the molecule is needcd intraceiluiarly, or serves to block the receptor-ligand 

interaction so that translocation into the lumen of the endoplasmic rebdum is Mted 

( 120, 126, 129). Preceded by a sequence of four basic amho acids, the bioactive 

domain of TGF-f3, is located at the carboxy-terminus of the latent molecule (108, 120, 

126, 129). Although pH and proteolysis can activate TGF-f3 in W u ,  physiological 

activation of latent TGF-f3 by himors is not completeiy defined, however a possible 

involvement of proteinases such as plasmin and cathepsin D has been suggested (1 08, 

1 19, 120, 126). Once the 25 kDa rnolecule has been disassociateci and is biologically 

active it can interact with TGF-B receptors identifieci on numerous ceil types (120, 

126, 130, 131). 

Receptors for TGF-p have previously been identifieci as ceil surfifce 

giycoproteins that exhibit hi& atnnity and speçificity toward the TGF-fl moleaile 

(1 32, 133, 134). Receptors are expressed ubiquitously, however in low concentrations 

by most nonnal and transformed mammalian cd types, and are able to discriminate 



Platelets 

T celis and B cek  

Artivated Macrophages 

i 
Inhibits: Inhibits: Inhibit s: 

Proliferation Prolifetation IL-1 Release 

Differentation Werentiation C ytotoxicity 

Immunoglobulin Production Production of IFN-g Maturation 

C yt otoxicity 

MHC II expression 

Enhances: 

IgA Production 

Enhances: 

Chernotaxis 

Activation 

FIGURE 1. The onguis and tzirgets of Tdonning Growth Factor$. 



between the various TGF-f3 içoforms (1 1 1, 134). Dependhg on ceIl type and hction, 

there may be as few as 200 or as many as 100,000 TGF-B recepton per ceLi; analysis 

of the receptor binding data for a variety of ce1 types illustrates that cens with fewer 

receptors are able to bind TGF-B with a much higher affinity than d s  with increased 

receptor concentdoas (1 30, 132, 133, 134). These hdings demonstrate that srnail 

amounts of TGF-f3 cm have fiir reachùig effkcts, suggesting that there are multiple 

cellular respollses to TGF-f3 and thus accordingly there appear to be multiple pathays 

for signai transduction (132, 133, 134). While specific raptors have been found on 

b o a  all mammaliao c d s  examined, the e f f i  of TGF-p varies depending on ceil 

type and growth conditions (1 11, 132, 134). 

There is extensive literature suggesting that TGF-$ plays a critical role in the 

mediation of a number of biological responses (48). Che of the most characterized 

invoivements of TGF-f3 in disease is withui a group of fibrotic diseases recognized as 

the chronic pulmonary diseases (1 10, 118, 135). Chronic Pulmonary Fibrosis is 

characterized by fibrotic lung processes (1 18, 135) resulting fkom chronic infecfions 

and non-infious inflammations (1 18, 1 3 5). Idiopathic Puhonary Fibrosis (IPF) is 

one of the many chronic pulmonary fibrosis diseases, and is characterized by 

connective tissue deposition within the t e r d  air spaces of the lungs (1 18, 135, 

136). The &ta1 result of this disease is due primady to the overexpression of TGF-f3 

by immune cells of these patients which is associated with increased collagen 

deposition (1 10). Thus, TGF-f3 plays an important h o t  primary role in the 

pathogenesis of IPF ( 1 10, 1 3 6). 

TGF-B also appears to be a fùndamental regulator of c d  behaviour including 

tumour cells (43,48, 137) with the nature of the response dependent on the ceil type, 

growth conditions, the state of ce1 differentiaîion and the presence of other growth 

factors (1 1 1, 134). Elevated levels of this cytokine, as weU as enhanced secretion of 

TGF-P have been observeci in a number of human tumours, and it has been noted that 



TGF-8 is capable of promoting the invasion and metastasis of many Ulcluding, 

fibrosarcomas and mammary adrenocarcinomas (48, 137). Interestinpiy, TGF-f3 has a 

number of therapeutic beneiits including the topical or systematic application of TGF- 

for the healing of wounds, cartiiage and bone re@, the suppression of 

inappropriate immune responses in autoimmune diseases, reversing or limiting 

transplant rejeaion as weli as moderathg the ischemic damage foliowing heart attacks 

(123, 128, 138, 139). 

The T Eielper Cd Response m d  Transforming Growth Factor+ 

Wlth direct stimulation, most immune ceils are able to SecTete a variety of 

cytokines (26, 35, 86). These cytokines, acting as mediators, are able to both enhance 

interactions between immune cens and also serve as growth stimuiators (26,28,86. 

139). Transforming growth factor-6 is produced by macrophages, T celis and B ceUs 

(26)- 

C M +  effector Th cells are divided into two distinct subsets based on these 

cytokines - Th1 ceiis are recognized as T ceiis which produce IL-2 and IFN-y while 

Th2 cells produce IL-4, IL-5, IL-6, IL- 1 O and IL- 13; both subsets of T tells can 

SecTete a number of cytokines including IL-3, GM-CSF and TNF and TGF-f3 (28,35, 

86,87,88,89). The cytokine production of these effector T helper c d s  essdaily 

regulates the nature of most immune responses (28, 86, 87). Th 1 ce& are involved 

primarily in ceil-mediated immune responses while Th2 cells fùnction primarily in 

humoral immune responses (28,86,89). Aithough Th1 and Th2 ceU responses are 

necessary for the maintenance of immune homeostasis, often the dominance of one 

response over another plays an important role in either the progression or clearance of 

many disease states (28, 86, 89). 



Nonpinephrine and Tradorming Growth Factor-fl - A Reiatïonship? 

While previous evidence suggests a role for norepinephriae in immune 

regulation and moduiatiou., Iitue work has been performed studying this interaction as 

it relates to TGF-f! (21, 89. 139). Because of the physical evidence of sympathetic 

innewation of iymphoid organs, and the close proxhity these nerve terminais share 

witb T ceiis, it seems plausible that norepinephrine could have an effect on T celi 

fiuiction (21,89). It has been reporteci that norepinephrine, following immUniZSition, 

stimulates the pz-adrenoceptor on lymphocytes and that this stimulation in tum causes 

an increase in intraceilular concentration of CAMP (2 1, 89). Thus it is possible that 

norepinephrine can modulate the &-adrenoceptor expression of T lymphocytes and 

may therefore also be able to modulate cytokine production. 

At present, it has been hypothesized that norepinephrine does not modulate 

TGF-B receptor expression, however, an increase in adrenocorticotropic hormone or 

parathyroid hormone has been found to induce increases in TGF-B receptor binding 

(83). These findings a h  indicate that for some cells, TGF-$ receptor expression is 

hormody controlled (83). With the extensive Literahire suggesting that TGF-f! plays 

a criticai role in the mediation of a number of biological respomes, it is obvious uiat its 

synthesis, secretion, activation and clearance must be tightly regdateci and that defects 

in this regulation have potential for causing pathological conditions (83, 140). This 

chaptet will focus on the role of norepinephrine in the modulation of TGF-P by T cells, 

both nom trandomed cultures and murine splenocyte samples. 

An MTT Assay for Transforming Grouth Factor+ 

Because of the diverse specmnn of biologicd dvities of TGF-p, a relatively 

wide choice of parameters for measuring TGF-f5 also exists (71,96). Most commoniy, 

TGF-P is quantifiecl using a bioassay in which cell proIifefation is either stirn&ed or 

inhibited (76,91). These assays are effective, however, their reüability depends on the 



TGF-j3 sensitive ce11 line chosen (76-9 1). In addiaon, the assay must be stable over 

long periods of tirne and this is tiequently a problem for the TGF-8 assay as ofien ceils 

lose their TGF-P sensitivity &er conthuous passage (76-9 1). 

Currently, although a dye-based TGF-$ bioanîay may be used, the most 

common method for quantifjhg this cytokine is through the uptake of radioactive 

[3H]thymidine by the Mv 1 Lu ce11 h e  (7 1, 75, 1 14, 14 1, 142). However, the use of 

doactive methods is expensive, tirne consuming and dso proves difficdt when 

processing a large number of samples (75, 13 8, 14 1). This research project ualized the 

MTT tetrazoliurn dye to quanti@ TGF-fi inhibition of the A375 human maiignant 

melanoma ceil line (ATCC CRL 16 19). Using the procedures outlined for the 

[3~thymidine technique and Mvl Lu cell h e  as guideluies, the methods were 

modified, the cell line was changed, and the meaSuTement method switched fiom a 

radioactive isotope to a t e t r s z o b  dye (74). The result is an easy, quick, reliable 

method to measure TGF-p without concem for radioactive material usage (74). 

The A375 assay for TGF-P is based on the cytotoxic eEects of TGF-f3 on the 

A375 human rnatignant melanoma cell line. A375 viabdity is extremely limiteci in the 

presence of high concentrations of TGF-fi and is relatively d e c t e d  in the presence 

of low TGF-J3 concentrations. Ualizing MTT in combination with the A375 assay of 

TGF-p dows for the TGF-P content of the sample to be determined by cornparhg the 

conversion of the blue formazan produa of the sample to a standard curve utïlizing 

rTGF-f! (74). Thus, the amount of forrnazan produa is directly related to the cell 

viability &ter TGF-f! sample addition, since only Living cels cm convert this yellow 

dye to its final product (74). Although this bioassay can be used to quant@ TGF-f3, it 

is unable to differentiate among the five isoforms. Therefore, in order to distinpuish 

arnong isoforms, iisoform-spdc TGF-$ amibodies must be added to duplicate 

samples to verify which isoform of TGF-B actually present. 



MATERIALS AND METHODS 

MATERLUS 

A complete listing of the source and d types of media, solutions, specinc 

chernicals and equipment used in this thesis, outiined in the methods section is attacheci 

as Appendix A. 

MlETEIODS 

The methods utilized to perform the experiments studied in this chapter are as 

outlined in Chapter 2 with the exceptions noted below. The cytokine thM was studied 

in this chapter was transfonning growth factor-8. 

Collection of ConditionedMediar After aliqouting the cells and the 

phannacological reagents, the plates were dowed to incubate for a two day time 

course at 37"C, 95% CO2, and at each of the two 24 hour intewals, coîleaions of the 

conditioned media were made. Samples were collecteci in the presence of 1 pg/mL 

pepstatin, 0.5 pg/mL aprotinin and 0.5 p JmL leupeptin in sterile, siliconized 

microfuge tubes and fiozen at -80°C untii ready for TGF-p quantification (94). These 

experiments were performed on each ce11 üne and murine cultures a minimum of su  

times. 

TGF-flassq. The TGF-f3 activity of the collected conditioned media was 

detemllned by the in vitro A375 assay based on a previously outlined procedure (71, 

141, 142) with modifications and was expresseci as total p g / d  for neutTalized 

acidifiecl conditioned media A determination of % active versus % latent TGF-f3 was 

made through acidification of the conditioned media Briefly, subconfluent A375 ceiis 

were used to assay the samples for TGF-p activity. Ceils were washed, trypsniized 

and washed again with RPMI- 1640 supplemented with 5% FBS . The collecteci ce11 



solution was centrifiiged and the ceil peliet resuspended in RPMI-1640 with 100h FBS, 

1 .O x i 0-3 M sodium pyruvate, 2.0 X 10-3 M L-glutamine, 5 mg/mL getlfamycin 

sulfite and 4.5 mg/mL, glucose and plated at a concentration of 1.5 x 1 o3 ceiis/100 pL 

in a 96 weil microtitre plate. Either neutrai conditioned media, or conditioned media 

that was acidifieci and subsequedy neutralized in the presence or absence of anti- 

TGFwBI antibodies was added at 100 pL/weI, so that each of the wells containeci a 

final total volume of 200 pi, (1 19, 128, 143). Acidification of the neutral conditioned 

media was pafomed a s  descnbed below. 

After 90hrs of incubation at 37°C- 95% C02,25 pL of a 5 mg/& MTT 

solution was added to each w d  and the plate was allowed to m e r  incubate at 37OC, 

95% CO2 for six hours (69, 70,73,74,97, 144). The contents of the wells were then 

carMy removed by gently inverting and blotting the microtitre plate (70, 73, 74). 

Subsequently, after 100 pLJwell of a stop solution of acidined SDS was added to each 

well, the plate was vigorously shaken for 25 minutes, and nnally the absorbante was 

read in a 750 Cambridge plate reader at 590 nm (70, 72, 73, 74). The activity of the 

TGF-fi in the samples was calculateci using an rTGF-p standard ( U D )  prepared at 

the same time as the experirnental samples. 

Prior to the use of the A375 assay for the measurement of TGF-P, the assay 

was calibrated (71). The ceil number which would give maxllnal OD readings at 590 

nrn was selected, and a standard of rTGF-P was defined to be utilized each time the 

assay was nui; this predefined standard fiom 5000 pg/mL rTGF-B to O pg/mL TGF- 

p was used to ver@ the senutivity of the assay throughout the experiments (71). 

Also pnor to the use of the A375 bioassay for quantifjing TGF-f3, the 

adrenergic dnig treatments were added to the A375 ceii line to detemiine whether or 

not the adrenergic dn~g treatments had an effect on the A375 dis. After plating the 

A375 cells, 100 Cu, of each adrenergic dmg treatment at the maximum experimental 

concentration (104 M) was added. The plates were dowed to Uiaibate, red, and a 



cornparison of the optical density readings were made to A375 d s  which received no 

adrenergîc dmg treatment. It is imperaiive that the A375 ceUs be sensitive only to the 

TGF-p content of the sample and not to the adrenergic h g  treatment. 

When the assay was utilUed to quanti* TGF-f3 in wtlected supernatant 

samples, the samples were dividied so that tripkate repeats could be performed. M e r  

obtaining ail data, the rnean of the data was determined as weil as a caldation ofthe 

standard deviation of the mean. 

Aczdr~cution and Neutraiizztion of TGF-fl conditoned meda smples. Both 

neutralized and acidified,neutraiized samples must be nin to quant@ TGF-B levels 

since TGF-p has two isoforms - a biologically active and a biologically latent form. 

Sarnples were divided and placed in siiiconized microfiige tubes. To the sample which 

was to be acidified and therefore quanti@ total TGF-f3 (both latent and active TGF-P), 

10 pi, of a 1.8 N HCI was added pex 400 pL of simple (1 4 1). The sample was mixed 

well and allowed to stand for 5 minutes. Promptly at five minutes, 16 pL of solution 

D per 400 pL sample (Appendix A) was added, the sample was again mixed well and 

subsequently added to the A375 c e k  (14 1). The sample which was to quantify active 

TGF-B was added without acidifïcation to the A375 cens. Mer the quantification of 

TGF-fl using the A375 cells, the active TGF-B qmtity was subtracted h m  the total 

TGF-P levels to give the amount of latent TGF-f3 present (14 1 ). 

TGF+ StatisticaI ancliysis. The data are expressed as total TGF-f3 content as 

weii as % active and % latent of total TGF-f3 content. Vdues were compared using 

the Minitab Statistical Software for ANOVA AN values are reporteci as the mean + 
the standard deviaîion and analyzed by adyzed by Tukey's pairwise cornparison test 

(n=6). An alpha error of 0.05 was used to test for statisticai signinmce. 



RESULTS 

The Tmdonning Growtb Factor+ MTT Bioassay and Clübration 

Ef/ects of cefl n r n n k  on fomaum prdùctioon by A375 ce& a human 

maligmrtt mehuma cell fine in wntbimtion with a rTGFfls-d. To determine 

the &ect of cell number on MTT conversion to blue for- five concentrations of 

A375 d i s  were selected for pre-testhg with a shortened rTGF-$ standard. The ceil 

nurnber ranged from the highest concentration of 1.0 x 106 cetls/mL to the lowest 

concentration of 1 .O x 104 cellimL. A short standard of rTGF-p was prepared 

nroging f?om O pg/mL to 5000 pg/mL and was added to the cek to inaibate for % 

hours. Following a further incubation with MTT dye, the plates were read and a 

cornparison of the opncal density readings was made. A wide range between the 

optical density readings of the mawnal rTGF-$ concentration and the O p g / d  rTGF- 

is important so as to provide a high levei of sensitivity for the assay; this wide range 

was present when the ceIl concentration of 1.5 x 104 cells/mL was utilized, thedore 

this c d  concentration was chosen for subsequent TGF-8 assay procedures (Figure 2) . 

Effects of a&eergic agonisl and antagoniisl treutments on the A375 cell fine. 

To determine the effkct of the adrenergic agonist and antagonist treatments on the 

A375 cell Line, all adrenergic agonists and antagonists were CO-incubated at their 

maximum concentration (1 oJ M) with the A375 ceil iine at the same point where 

sarnple addition would occur in the TGF-f3 assay procedure. The r e d t s  fiom this 

experiment are illustrateci in Figure 3. The results dernonstrate that the adrenergic 

treatments did not have an effect on the A375 cell line as wmpared to A375 cds 

treated in the absence of an adrenergic treatment, as all optical den* readings are 



FIGURE 2. A TGF-fl standard curve utilizing A375 cefls at a concentration of 1.5 x 

104 ds /mL.  A short standard f?om O ng/mL to 2500 pg/mL rTGF-$ was prepared 

and sampled with five concentrations of A375 cells. The varying concentrations of 

A375 celis displayed différent opticai density readings over the same rTGF-fl standard. 

The samples containing the A375 at a concentration of 1 -5 x 1 6  celWmL gave the 

greatest difference in opticai density readings over the O ng/rnL to the 50 ng/rnL 

rTGF-fl concentrations. The rTGF-p standard m e  obtained for uiis cedl 

concentration utilizing the definecl standard is displayed. Each point on the graph 

represents the mean of a tripiicate and is show with error bars noting the standard 

deviation of the mean. 



rTGF-B concentration (pg/mL) 



FIGURE 3. Effects of adrenergic agonist and antagonist treatments on the A375 c d  

line. The adrenergic agooist and antagonist tresttments were added to the A375 ceil 

line after the fint ovedght incubation to test the effects of the various adrenergic 

treatments on the A3 75 celis. This addition of adrenergic treatments took place at the 

same tirne point as the addition of conditioned media samples would occur in the TGF- 

$ assay procedure. The mirent adrenergic treatments did not have any significant 

effect on the opticai density readings as compared to A375 d i s  treated only with 

media (p~0.001). Each point on the graph represents the mean of a tripliate and is 

shown with error bars noting the standard deviation ofthe mean. 
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Adnnergic Agonist and Antagoaist Treatnients, Jurkat Ceüs and Trallstorming 

Growth Factor-fl 

The production of TGF-fl by Jurkat ceus in response to adrenergic agonists 

and antagonists was mea~ufed over a two &y time course over a concentfation range 

of 104, 10-6, 10-8 M. Samples of wnditioned media were coîîe~ted over a two day 

time course and assayed for TGF-P. The resuhs of these acpaiments are displayed in 

Figure 4 - 24 hr data is iiiustrated with solid bars, wide the 48 hr data is represented 

by the hatched bars. 

In the experimental results, it is noted that NE can increase sigiilficantly the 

production of total TGF-P by Iurkat cells. Shce NE can act through both a- and 8- 

adrenoceptor types, and because cds of the immune system are known to have both 

types of these receptors, the dects of the individual adrenoceptors in response to NE 

was examineci with the adrenoceptor specific agonists and antagonists TE, ME, 

PR and PH. When the f3z-adrenoceptor of the Jurkats was diredy stimulateci with 

TE, total TGF-P production by the Jurkat ceus was significantly increased. 

Furthemore, when the ability of NE to target the a-adrenoceptor was eliminated with 

PH (NPH trament), total TGF-f! production was again signiscantly augmenteci. The 

results of the TE and W H  treatments, when cornbineci, suggest that NE can 

significantiy increase total TGF-$ production through the fl-adrenoceptor of the Jurkat 

cell line. 

Subsequentiy, an investigation of the a-adrenoceptor effects of NE was 

performed utiIizing ME and WC, ai- and az- adrenergic agomsts, respectively. By 

directly stimuiating the ai-adrenoceptor with ME, a sigiuficant increase in total TGF- 

B production was observeci. Similariy, the a2-adrenoceptor when stimulated with 

also produced a significant increase in total TGF-P production. When utiluing the 

NPR treatments, NE modulated a signifiant increase in total TGF-f3 production, and 

this effect should have been through the a-adrenoceptor, as the P-adrenoceptor was 



F I G W  4. A cornparison of mean total TGF-fl production over a two day t h e  

course by Jurkat cells treated witb various adrenergic agonists and antagonists. 

Utilizing ANOVA the meam of the total TGF-$ production for the experiment at 24 

hrs (black bars) and 48 hrs (hatched bars) were statisticaiiy analyzed for signfïcance; 

an experimentai size of n=O was used to obtain each time course point. In each panel, 

the standard deviation of the experimental means is represented by error bars. 

Treatment bars which do not have the same letter as their respective time course media 

control treatment are noted to be statistically dif5erent utilizing Tukey's Pairwise 

Cornparison. The detefmined ANûVA pvalue for the 24 hr and 48 hr results is 

displayed below, arrangeci accordhg to adreuergic treatment. 

Adrenergic ANOVA p-value ~ d r k e r ~ i c  ANOVA p-value 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

- - 

NE ~0.00 1 ~0.00 1 PR ~0.00 1 ~0.00 1 
TE 10.00 1 10.001 PH ~0.00 1 ~0.005 
ME 10.001 ~0.00 1 NPR 10.00 1 10.00 1 
UK 50.001 ~0.001 NPH 50.00 1 ~0.001 

Adrenergic Treatment Abbreviations: 
NE: Norepinephrine PR: Propranolol 
TE: Terbutaline PH: PhentoIamine 
ME: Methoxamine NPR: Norepinephrine + Propranolol 
UK: UK14304 WH: Norepinephrine + Phentolamine 

Adrenergic Treatment Concentrations: 
(4) 10(4) M ( 6  10(-6) M (-8) 1 O(-8) M 



c r : "  Y y Y  r h  



FIGURE 5. A cornparison of mean active TGF-fl production over a two day t h e  

course by Jurkat cells treated with various adrenergic agonists and aatagoaists. 

Utilking ANOVA, the means of the active TGF-p production for the experkneat at 24 

hrs (black bars) and 48 hrs (hatched bars) were statistically anaiyzed for signficance; 

an acperimental size o f  n=6 was used to obtain each h e  course point in each panel, 

the standard deviation of the experimentd means is represented by mor bars. 

Treatment bars which do not have the same letter as their respective time course media 

control treatrnent are noted to be statistically ciiffirent utilizing Tukey's Pairwise 

Cornparison. The detexmineci ANOVA p-value for the 24 hr and 48 hr results is 

displayed below, arranged acwrding to adrenergic treatment. 

Adrenergk ANOVA p-value Adrenergic ANOVA pvalue 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 10.00 1 ~ 0 . 0 0  1 PR 50.304 ~ 0 . 0 0  1 
TE 50.00 1 10-00 1 PH 50.111 10.001 
ME ~ 0 . 0 0  1 10.00 1 NPR 10.00 1 ~0.001 
UK 10.00 1 10.00 i NPH ~0.001 ~0.001 





blocked by the PR Examining the results of the UK, ME and NPR treatments as a 

group, suggests that  NE can signincantly increase total TGF-p production through the 

a-adrenoceptor of the Jurkat cd. 

The effects of each of the adrenergic antagonists on total TGF-p production 

were also detennined through the use of individual PR and PH treatments. These 

r d t s  illustrate that both PH and PR were individuaily able to increase s i @ d y  

the production of total TGF-P by Jurkat cells at 24 and 48 hrs. 

In summary, these resufts suggest that NE can target both the a- and 

adrenoceptor to increase sigdicantly the production of total TGF-B. The resuhs 

illustrate that NE may have some preference for the B-adrenoceptor, as the effécts of 

NE on total TGF-fl production were similar to those observed with the TE treatments. 

NE, when targeting the ~-adrenoceptor also appears to modulate a dose dependent 

effect with higher concentrations of NE producing greater quantities of total TGF-p. 

The results also illustrate that NE can act through either the ai- and a*-adrenoceptor 

subsets to modulate increased total TGF-P production, however, this &ect does not 

appear to relate solely to the concentration of the adrenergic treatment. 

Through an examination of the effécts produced by the various adrenergic 

treatments on active TGF-f3 production by the Jwkat cells (Figure 9, it was observed 

tbat active TGF-P production by the Jurkat c d  line was significantiy iacreased over 

the two tirne course points by most adrenergic treatmms. 

Evaluating the above data for total TNFu production by Jurkat cells over the 

two day tune period ushg Tukey's painuise cornparison illustrates that there are 

signincant differences between the media wntrol treatment and some adrenergic 

treatments, but not others (Figure 4 and Figure 5, respectively). The addition of anti- 

TGF-f! 1 antiiodies to duplicate samples of conditioned media demo~l~trated that the 

effkcts illustrateci throughout the experiments were due to TGF-Pi and thus the A375 



assay was able to measure the quantities of TGF-P secreted by the Jurkat ceiis (1 19, 

128, 133, 151, 170). 

Effects of denergrc agonist and mgoniisr treotmena on the prodiction of 

6iologrogrcailly htent and ocfive TGF-/3 &y JurRat cells. Tm-B was q d e d  both 

before and &er activation by acidification because TGF-J3 obtained fkom most c d q  

including platelets and tissues is not n o d y  in a biologically active fom (141). The 

results of the acidification pro- for the totd TGF+ secreted by the Jurkat d s  

(Figure 4) are displayed as means in Figure 6A and B for the 24 hr data and the 48 hr 

data, as % latent TGF-8 (hatched bars) versus % active TGF-fl (black bars) 

respectively. It is visible through the results that predorninantly ail TGF-fi secreted by 

Jurkat ceh was in an active fonn. 

Adrenergic Agonist and Antagonist Treatments, E L 4  Cells and Transforming 

Growth Factor+ 

The production of TGF-f3 by EL-4 celis in response to NE, TE, ME, UK, PR 

PH, NPR and NPH was also tested over the concentration range of 104, 104, 10 -~  M. 

Samples of conditioned media were collecteci over a two day t h e  course and assayed 

for TGF-p. The results of these experiments are displayed in Figure 7 for total TGF-P 

and Figure 8 for active TGF-P. In each of these figures, the 24 hr data is illustrated 

with solid bars, whiie the 48 hr data is represented by the hatched bars. 

From these preliminary r d t s ,  it c m  be observeci that NE can signincantiy 

increase the production of total TGF-P by EL4 celis. Again, because of NE'S dual 

ability to act through both a- and padrenoceptors, the &ects of the individual 

adrenoceptors in response to NE were measured. Targeting the j32-adrenaceptor of 

the EL-4s with the TE treatments produced a significant increase in total TGF-p 

production. When the a-adrenoceptor was subsequently blocked with PH in the NPH 



FIGURE 6. The biologicai activity of TGF-B produced by Jurkat celis treated with 

various adrenergic agonists and antagouists. B a d  on the total TGF-fl concentrations 

obtauied through experimentation (Figure 3), cdcuiations of % latent TGF-f3 (hatched 

bars) compared to % active TGF-fil (shaded bars) were completed. Figure 5A 

demonstrates the mean activity of the TGF-f3 in the sampies wiiected at the 24 h o u  

t h e  point and Figure SB - the mean actMty at 48 hrs. 







FIGURE 7. A cornparison of mean total TGF-fl production over a two day t h e  

course by EL4  cells treated with various adrenergic agonists and antagooists. 

Utiliting ANOVA, the means of the total TGF-8 production for the experiment at 24 

hrs @lack bars) and 48 hrs (hatched bars) were statistically analyzed for sisnficance; 

an experllnentai size of n=6 was used to obtain each time course point. In each panel, 

the standard deviation of the eqerimentai means is represented by error bars. 

Treatment bars which do not have the same letter as their respective time course media 

control trament are noted to be statistically different utilinng Tukey's Pairwise 

Cornparison The determined ANOVA p-vahie for the 24 hr and 48 hr r d t s  is 

displayed below, arranged according to adrenergic treatment. 

Adrenergic ANOVA p-value Adrenergic ANOVA p-value 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 10.00 1 50.00 1 PR ~0.001 10.00 1 
TE 10.00 1 ~0.001 PH ~0.001 ~0.001 
ME 10.00 1 10.00 1 NPR 10.00 1 10.00 1 
UK ~0.001 ~0 .001  W H  10.00 1 s0.001 





treatment* the production of total TGF-p was again observeci to be significantly 

increased. This combined set of r d t s  proposes that NE can significantly increase 

total TGF-B production when accessiag the E L 4  cell through the f3-adrenoceptor. 

Further studies with the ME and UK treatments sraniined the specinc a- 

adrenoceptor eff is  of NE on modulating total TGF-B production. Stimulahg the 

ai-adrenoceptor with ME resulted in a significant inaease in total TGF-P production. 

Likewise, when UK was utilized to stimulate the apdrenoceptor, total TGF-P 

production was again significantly increased. When the ab- of NE to target the f3- 

adrenoqtor of the EL4 cedi was ehninated through the use of PR (the NPR 

treatment), NE was able to s ignif idy Ulcrease the total TGF-P production. These 

results, examining the effects ofa-adrenoceptor modulation by UK, ME and NPR 

suggest that NE is able to increase total TGF-f3 production significantly through the a- 

adrenoceptor of the EL4 cell. 

Finally, the individual effects of each of the adrenergic mtagonists on the 

production of TGF-B by ELA ceiis was studied . From these results, it is noted that 

PR and PH treatments were indkidually able to siificantly increase the production of 

total TGF-P by the EL4 cell line at 48 hrs, but not at the 24 hr thne course point. 

in conclusion, the data suggests that NE can target either the a- and fb 

adrenoceptor of the EL4 ce1 lhe to modulate an increase in total TGF-B production. 

It again appears that NE may have preference for the ~~adrenoceptor since the effects 

of NE on EL4 total TGF-fl production were similtir to those observed with the TE 

treatments; this effect also appears to be dose dependent with increased TGF-f3 

quantities produced at the higher adrenergic dmg concentrations. It was also noted 

that NE cm modulate increased total TGF-p production through the a-adrenoceptor, 

however, these effects do not necessarily reflect the concentration of the adrenergîc 



The adrenergic agonist and amagonist treatmemts appear to have had some 

signifiaint effects on active TGF-p production by the EL4 cells (Figure 7). It is again 

observed that active TGF-f3 production was sirficantly increased at the 24 and 48 

hour thne periods by most adrenergic treatments. 

Evaluating the above data for total TNFa production by E L 4  ceils over the 

two day tirne period using Tukey's painvise cornparison ilhistrates that there are 

significant differences between the media control treatment and some adrenergic 

treatments, but not others (Figure 7 and Figure 8, respedvely). The addition of a d -  

TGF-fi antibodies to duplicate samp1es of conditioned media demonstrateci that the 

effects illustrateci throughout the experiments were due to TGF-BI and thus the A375 

assay was able to measure the quantifies of TGF-p secret& by the EL4 cds .  

Effecfi of adrenergic agonisr arnd untagonÏs~ treutments on the prdct ion of 

bidogicuiiy latent and active TGF-p by E L 4  celh. TGF-fi was again quantihi both 

before and d e r  activation by acidification. The results of the acidification process of 

the total TGF-P obtained in Figure 6 are observed in Figure 9 - A and B for the 24 

and 48 hr tirne course respectively. The r d t s  are displayed as % latent TGF-$ 

(shaded bars) versus % active TGF-B (biack bars). it is again visible through the 

results that predominantly al3 TGF-P secreted by the EG4 ceiis was in an active form. 

Adnnergk Agonist and Antagonist Treatments, NonStimulated Murioe 

Splenocytes and Tmnsforming Growtb Factor+ 

The production of TGF-b by non-stimulateci murine spienocytes in response to 

the adrenergic agonist and antagonist treatments was also tested over the 

concentration range of 10-4, 104, 10-8 M. Samples of the conditioned media were 

collecteci over a two day time course and assayed for TGF-P. The resuhs of these 

experiments are displayed in Figure 10 for total TGF-f3 and Figure 1 1 for active TGF- 



FIGURE 8. A cornparison of mean active TGF-fl production over a two day tirne 

course by EL-4 cefis treated with various adrenergic agonists and antagouists. 

Utiliting ANOVA, the means ofthe active TGF-$ production for the e e e n t  at 24 

hrs (biack bars) and 48 hrs (hatched bars) were statistically analyzed for siwcance; 

an experimental size of n=6 was used to obtain each time course point. In each panel, 

the standard deviation of the experirnd means is represented by error bars. 

Treatment bars which do not have the same ietter as th& respective tirne course media 

control treaunem are noted to be statistically different d k i n g  Tukey's Painvise 

Cornparison The determiLled ANOVA p-value for the 24 hr and 48 hr results is 

displayed below, arrangeci according to adrenergic treatment . 

Adrenergic ANOVA pvalue Adrenergic ANOVA p-value 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 10.00 1 10.00 1 PR ~0.00 1 10.00 1 
TE 10.001 50.00 1 PH 10 .O07 50.00 1 
ME 50.00 1 10.00 1 NPR ~0.00~ 50.00 1 
UK 10.00 1 10.00 1 W H  10.00 1 10.00 1 





FIGURE 9. The biological activity of the TGF-f3 produced by E L 4  cells treated with 

various adrenergic agonists and antagoiusts. Based on the total TGF-P concentrations 

obtained through experimentatioo (Figure 6), caldations of % latent TGF-fl (hatched 

bars) compared to % active TGF-B (shaded bars} were completed. Figure SA 

dernonstrates the mean activity of the TGF-f3 in the samples wiiected at the 24 hour 

tune point, Figure 5B - the mean activity at 48 hrs. 
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FIGURE 10. A cornparison of m m  total TGF-f3 production over a two day thne 

course by non-stimuiated murine splenocytes treateù with various adrenergic agoaists 

and antagonists. Utiliting ANOVA the means of the total TGF-f3 production for the 

experiment at 24 hrs @hck bars) and 48 hrs (haîched bars) were statistidy anaiyzed 

for signficance; an experimental size of n==6 was used to obtain each time course point. 

Ln each panel, the standard deviation of the experimental means is represented by error 

bars. Treatment bars which do not have the same letter as their respective time course 

media conirol treatment are noted to be statistically different utilinng Tukey's PairWise 

Cornparison. The detennined ANOVA pvalue for the 24 hr and 48 hr r d t s  is 

displayed below, arrangeci accurding to adrenergic treatment. 

Adrenergic ANOVA p-value Adrenergic ANOVA pvalue 
Treatment 24 h. 48hr Treatment 24 hr 48 hr 

NE 10.00 1 10.00 1 PR 50.001 ~0.00 1 
TE 10.00 1 10.00 1 PH ~0.00 L ~0.001 
ME 10.00 1 ~0.0 14 NPR 50.0 1 5 ~0.019 
UK 10.00 1 soO,OO 1 W H  10.00 1 10.00 1 





B. In each of these figures, the 24 hr data is iUustrated with solid bars, while the 48 hr 

data is represented by the hatched bars. 

AU of the various adreneqgic agomst and antagonist treatments had effects on 

the production of total TGF-$ at 24 and 48 hrs. It is however, iîlustrated that NE had 

a significant & i  on the production of  total TGF-f3 by non-stimulateci murine 

splenocyte populations over the two time course points, and the resuhs also display 

that the individual a- and $-adrenergic treatments had the same a- and p-adrenoceptor 

specific effects previously observeci in the aansformed ce1 lines - with stimulation of 

either acirenoceptor resulting in an increase in total TGF-fil production. Although 

many of the adrenergic treatments had sigdicant &écts on total TGF-fl production 

over both tirne course points, these uicreases in total TGF-B are not tremendous. 

The adrenergic agonist and antagonist treatments appear to have had no 

signincant &kt on the production of active TGF-P by the non-stimuiated murine 

splewcytes over the two time course points (Figure 1 1), aithough signifiant inmeases 

in active TGF-f3 production were observeci for the UK and NPH treatments. 

Evaluating the above data for total TMa production by non-stimula& 

murine splenocytes over the two Qy t h e  period using Tuke#s pairwise comparison 

illustrates that there are signifimt differences between the media control treatment 

and some adrenergic treatments, but not others. (Figure 1 O and Figure 1 1, 

respectively)). The addition of  anti-TGF-pi &bodies to duplicate samples of 

conditioned media demonstrated that the e f f i s  iiîustrated throughout the 

experiments were due to TGF-f3 and thus the A375 assay was able to masure the 

quantities of TGF-P seaeted by the murine splenocytes. 

E j f t s  of &energrgrc agoni& and ontkagoBisi treutments on the procliuctiion of 

bzologicai& ben1 mid active TGF-fl by non-stmnrkàted mtnrmtnrm spiemcytes. TGF-8 

was again quantiiied both bdore and after activation by acidificatioa to masure % 



FIGURE 11. A cornparison of mean active TGF-B production over a two day time 

course by non-stimufated murine splenocytes treated with various ahergic agonists 

and antagonists. Utilizing ANOVA, the means of the active TGF-P production for the 

experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically d y z e d  

for signficance; an m e n t a i  Sze ofri4 was used to obtain each time course point. 

In each panel, the standard deviation of the experimental means is represented by error 

bars. Treatment bars which do not have the same letter as their respective tirne course 

media control treatment are noted to be statistically different utilizing Tukey's Pairwise 

Cornparison. The detemineci ANOVA pvalue for the 24 hr and 48 hr results is 

displayed below, arrangeci according to adrenergic treatment. 

Adrenergic ANOVA p-value Adrenergic ANOVA pvalue 
Treatment 24 hr 48 hr Treatrnent 24 hr 48 hr 

NE 10.799 10.945 PR 50.857 10.874 
TE 50.8 19 10.842 PH 10.8 14 <O. 947 
ME 10.8 1 5 10.998 NPR 50.846 50.952 
UK 50.927 50.8 14 NPH 10.558 <O. 870 
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FIGURE 12. The biologicai activity of the TGF-8 produced by non-activated murine 

splenocytes treated with various adrenergic agonists and antagouists- B a d  on the 

total TGF-$ concentrations obtained through experinieutation (Figure 9), dadations 

of % latent TGF-f3 (hatched bars) compared to % active TGF-$ (shaded bars) were 

completed. Figure 5A demonstrates the mean activity of the TGF-B in the samples 

collecteci at the 24 hour time point, Figure 5B - the mean activity at 48 hrs. 
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latent versus % active TGF-$. The r e d t s  of tbis acidifïcation process of the total 

TGF-B obtained in Figures 9 are observed in Figure 12 - A and B for the 24 and 48 hr 

t h e  course respectively, as  % latent TGF-p (shaded bars) versus % active TGF-f3 

(black bars). It is interesthg to note that predominantiy d TGF-J3 secreted by the 

non-activated murine splenocytes was in a latent fom. 

Adrenergic Agonist and Antagonist Treatments, CD3 + PMA Stimnlnted 

Murine Splenocytes and Triinsforming Gmwth Factor-p 

The production of TGF-$ by CD3 + PMA stirnulated murine splenocytes in 

response to the adrenergic agonist and antagonist treatments was also examiflecl over 

the concentration range of 1 C@, 1 04, 1 0 "  M. Samples of the conditioned media 

were couected over a two day time course and assayed for TGF-p. The results of 

these experiments are displayed in Figure 13 for total TGF-0 and Figure 14 for active 

TGF-P. In each of these figures, the 24 hr data is illustrated with solid bars, while the 

48 h .  data is represented by the hatched bars. 

From preliminary obsewations, it can be concluded that NE had a signifiaint 

effect on modulating the production of total TGF-$ by CD3 + PMA stimuiated 

lymphocytes at the 24 hr tirne interval as the production of total TGF-P was 

sigdicantly inhibited when the splenocytes were CO-CUItured witb NE and CD3 + 

PM.. The redts  utilizing the a-adrenergic agonists ME and LJK, iliustrate that 

neither a-agonist had a conclusive, sipifiaint &éct on total TGF-P production In 

the CD3 + PMA stimulateci splenocytes treated with NPR, NE was able to target only 

the a-adrenoceptor to modulate TGF-p productioa From these results, NPR 

treatments in conjunction with the CD3 + PMA stimdated murine splenocytes, it is 

observable that there was no signifiamt increase in total TGF+ production Thus, 

fiom the resufts obtained utiliPng ME, UK and NPR, it can be concluded that a- 

adrenoceptor modulation did not significantly increase total TGF-P production. 



FIGURE 13. A cornparison of mean total TGF-p production over a two day t h e  

course by CD3 + PMA stimulateci murine splenocytes treated with various adrenergic 

agonias and antagonists. Utilking ANOVA, the means of the total TGF-p production 

for the experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistidy 

anal@ for signficance; an experimentd size of n=6 was used to obtain each t h e  

course point. In each panel, the standard deviation of the scperimental meam is 

represented by error bars. Treatment bars which do not have the sarne letter as their 

respective the course media control treatment are noted to be statistically M i n t  

utilizing Tukey's Painÿise Cornparison. The determined ANOVA pvalue for the 24 br 

and 48 hr resuits is displayed below, arranged accordhg to adrenergic treatment. 

Adrenergic ANOVA pvalue Adrenergic ANOVA pvaiue 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 10.00 1 50.1 10 PR 10.001 10.006 
TE ~0.001 10.074 PH 50.00 1 10.004 
ME 10.141 10.814 NPR ~0.138  10.203 
UK 10.0 14 10.697 W H  10.138 10.049 





Ensuing experiments examinhg the &kt of ~~adrenoceptor modulation on 

TGF-fl production by CD3 + PMA stimulated splenocytes illustrateci that the p2- 

adrenergic agonist TE did not have consistent, signifiant inbibitory & i .  The di 

of f3-adrenoceptor inhibition on total TGF-f3 production wao however observed when 

NE was added in combination with PH (NPH). From these mixed results utilizllig the 

TE and NPH treatmentg it is dîfECUIt to conclusively detemillie SNE can target the p- 

adrenoceptor of the CD3 + PMA stimulated splenocyte to inhibit total TGF-f3 

production. 

in conclusion, the relationship between NE modulation and TGF-$ production 

is ditfcult to detennine. Ahhough, TGF-B production was decreased by some 

adrenergic treatments over some of the time course points, no consistent effects are 

observed and thus a cornpiete, interpretable determination of the effects of NE in 

modulating total TGF-8 production by CD3 + PMA stimulateci murine splenocytes is 

impossible. 

Exaniining the results of the various adrewrgic treatments on active TGF-B 

production by the CD3 + PMA stimulated murine splenocytes over the two t h e  

course points (Figure 14), again illustrates that many of the adrenergic h g s  did not 

have consistent or conclusive effects on the modulation of active TGF-f3 production 

The treatments of NE, TE, PR, PH and W H  were di able to sipficantly inhibit the 

production of active TGF-B at 24 and 48 hrs, suggesting that B-adrenoceptor and not 

a-adrenoceptor modulation bas an affect on TGF-f3 production by CD3 + PMA 

stimulate murine splenocytes. 

Evduating the above data for total TNFu production by CD3 + PMA 

stimulated murine splenocytes over the two day time period ushg Tukey's pairWise 

cornparison iiiustrates that there are signifiant Werences between the media wntrol 

treatment and some adrenergic treatmeuts, but not others. Figure 13 and Figure 14, 

respectively). The addition of d-TGF-Bi antibodies to duplicate sampies of 



FIGURE 14. A cornparison of mean active TGF-f3 production over a two day t h e  

course by CD3 + PMA stimulated murine splaioqtes treated with various adrenergic 

agonists and antagonists. Utilizllig ANOVA, the means of the active TGF-P 

production for the experiment at 24 hrs (black bars) and 48 hrs (hatcbed bars) were 

statisticaliy d y z e x i  for signficance; an experimental size of n=6 was used to obtain 

each time course point. In each paneI, the standard deviation of the experimental 

means is represented by error bars. Treatment bars which do not have the same letter 

as theu respective thne course media control treatment are noted to be statistically 

different utilizing Tukey's Painvise Cornpaison. The detemiined ANOVA pvalue for 

the 24 hr and 48 hr results is displayed below, m g e d  according to adrenergic 

treatment . 

Adrenergk ANOVA p-value Adrenergic ANOVA pvalue 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE 10.001 10.00 1 PR r0.001 s0.001 
TE 10.00 1 50.00 1 PH 10.001 10.00 1 
ME 10.806 s0. 59 1 NPR 10.520 ~0.550 
UK 50.324 10.610 W H  ~0.001 50.00 1 
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conditioned media demonstrateci that the effects illustrateci throughout the 

experiments were due to TGF-fl and thus the A375 assay was able to measure the 

q u d e s  of TGF-8 secreted by the CD3 + PMA stimulateci murine splenocytes (1 19, 

128, 143). 

Ejjects of dertegic agonzst and anikzgonist neutmen& on the production of 

bioiogical larent mid active TGF-fl by CD3 + P M  stimfated murrmurrne spleno~yres. 

Total TGF-$ was again quantifid both before and afler activation by acidXcation. 

The results of this acidification process of the total TGF-f3 obtained in Figures 13 can 

be observeci in Figure 15 - A and B for the 24 and 48 hr t h e  course respectively, as 

% latent TGF-$ (shaded bars) versus % active TGF-fi (black bars). It is again visible 

through the results that predominandy dl TGF-fi secreted by the activated murine 

splenocytes was in an active fom. 

DISCUSSION 

in previously reported studies involwig NE and murine splenic macrophages, 

it was reported that NE was able to both increase and decrease the levels of total 

TGF-f3 and W u .  Because norepinephrine is both an a- and f3-adrenergic agoni* it 

is able to moduiate a variety of imrnunological effeçts through both the a- and P- 

adrenocepton found on most lymphocytes. These findings, which demonstrate that 

norepinephrine partakes in immune ceii modulation, are significant because they 

illustrate that not only does NE have a role in modulating cytokine production, but 

p e h p s  more interestingiy - the modulatory effects of norepinephrine are dependent 

upon the adrenoceptor target. 



FïGURE 15. The biological aaivity of the TGF-P produceci by CD3 + PMA 

stimulated murine splenocytes treated with various adrenergic agonists and 

antagoinsts. Based on the total TGF-f3 concentrations obtained through 

experirnentation (Figure 12), caldations of % latent TGF-p (hatched bars) compareci 

to % active TGF-f! (shaded bars) were wmpteted. Figure SA demonstrates the mean 

activity of the TGF-B in the samples coflected at the 24 hour time point, Figure 5B - 
the mean activity at 48 hrs. 
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The fbadrenoceptor, Norepinephrine and Tmdonning Growth Factor-p 

Modulation 

The modulatory effécts of wrepinephrine on the production of TGF-0 were 

studied utilizing a variety of adrenergic h g s  includhg norepinephrine and terbutaline. 

The results obtaùied iliustrate that norepmephrine is able to  significantiy increase the 

production of total TGF-fil by both transformed ceil lines, U s  and Jurkats, as weil 

as by the non-stimdated murine splenocyte population, while the CD3 + PMA 

stîmulated murine splenocyte population produced significantly less TGF-P in the 

presence of norepinephrine. Since NE was foud  to s i @ d y  enhance the 

production of total TGF-P, and because it is known that norepinephrine is able to 

target both adrenoceptor subtypes, a shidy of the adrenoceptor through which NE was 

modulathg ifs effect was undertaken. 

Subsequent stuclies utilizing the B2-adrenergic agonist, terbutaline, illustrated 

similar & i s  to those observed with the NE treatments, notably, TE was able to 

signinmtiy increase total TGF-B production to similar quantities in both populstions 

of transfomed T ceiis. Ahhough tbis &ect iikely ocarred because of TE'S efficacy 

for the Pz-adrenoceptor, future studies will be needed to M e r  characterize the fi- 

adrenoceptor responsible for this response, since TE has affinity for both PI and B2- 

adrenoceptors (50). Notably, the results of the treatrnents of NE and TE on these 

transformeci dtures are similar in their magnitude of response as well thw apparent 

dose dependent effects, thus it was conchideci that NE modulates an increase in total 

TGF-fi production through the P-adrenoceptor of the these cell hes. 

In the non-stimuiated murine splenocyte populations, the three concentrations 

of NE had an observable &ect on total TGF-B production. In comparing the murine 

splenocyte populations treated with an adrenergic dnigs to ceUs treated with only 

media, it was concluded that the adrenergic h g  treatments had sigmficant d i s  on 

totd TGF-p production at 48 hrs and 72 hrs, but no &ect at 24 hrs after mmmeacing 



incubation. TE was again able to eficit sirnilar stimulatory increases in total TGF-f3 

production as were seen with the NE treatmentq and thus it was reasoned that the 

modulation of TGF-f3 by TE and NE was through the j3-adrenoceptor of the non- 

stimulated murine splenocyte and was related to the concentdon of the treatrnent. 

When both the samrilatory treatment of CD3 + PMA and the adreaergic 

treatments were CO-CUEfUfed with the murine splenocytes, NE and TE both 

sisnific8ntly decreased total TGF-$ production, and this inhi'bition additionally appears 

to be related to the concentration of the adrenergic h g .  The & a s  of the NE and 

TE treatments were thus concluded to be mediated by ~2-adrenoceptor modulation 

since both TE and NE again had simiiar dects on total TGF-fl production by the CD3 

+ PMA Stimulated murine splenocyte population. 

The a-Adrenoceptor, Nonpinephrine and Transformiag Growth Factor-p 

Modulation 

Ahhough it was concluded that NE could modulate the production of TGF-P 

by dl four ceil cultures through the P-adrenoceptor, norepinephrine is recognized for 

it's ability to bind to both the a- and B- adrenoceptor of lymphocytes. Because of this, 

an attempt was made to d e t e d e  the eff- of a-adrenoceptor modulation on total 

TGF-B production. To study the effect of NE on the aadrenoceptor subtypes, 

studies were perfomed utiliong the ai and a*-adrenergîc agonists ME and UK, 

respectively. mese experiments illustrate conclusiveiy that ME and UK treatments 

were aiso able to signifïcantly affect the production of total TGF-$ by all four 

lymphocyte populations. 



The Adnnergic Antagonists, Norepinepbrine and TraosConning Growth Faetor- 

f3 Moduhtion 

Concurrent to the experiments with NE, TE, ME or UK on the four 

populations of celis, experiments studying the efkct of NE in the presence of 

adreaergic antagonists were also pedormed. PH, an a-adrenergic antagonist and PR 

a fhirenergic antagonia were CO-CUtfuTed with NE in a 1 : 1 ratio at three mixent 

concentrations with each of the different c d  types and again the collecteci 

supematants were assayed for TGF-B. Because of their adrenoceptor blochg 

abilities, both PH and PR treatments should elllninate the effect of NE through the a- 

and ~adrenoceptor, respectively. 

In the population of non-activated murine spleen ceils, the NPR and NPH 

treatments had no observable differmces in the production of total TGF-f3 production 

as compared to the other adrenergic treatments, although total TGF-B production was 

significant as compared to the media control. The murine splenocytes which received 

the CD3 + PMA stimulation and NPR displayed inconsistent effects - insignifiant 

increases in total TGF-P production as compared to the CD3 + PMA stimulateci 

control population were observed, although the overd production of TGF-fi was 

increased significantly as compared to the media control population. In the population 

of murine splenocytes treated with NPH in conjunction with CD3 + PMA, a signincant 

decrease in TGF-B production was observed compared to the ceils which received 

ody the CD3 + PMA treatments, dthough as compared to the media control this 

production appears again significantiy increased. Thus, nom these results it is again 

observable that the outcome of NE modulation on TGF-$ production depends upon 

which adrenoceptor is targeted by NE. 

The experimental resuhs of the NE treatments in the presence of either PR or 

PH display sigdicant inmeases in totai TGF-f3 by both EL4 and Jurkat cuitures. 

Aithough the production of TGF-f3 by the NPR treatment was greater than by the 



NPH treatments. both of these treatments produced sigmficant increases in total TGF- 

production., thus demoastrating tbat even when the a- and fl-adrenoceptors were 

blocked with W H  and NPR, respectively, NE was still able to modulate a response. 

The resuits which were obtained through the use of the antagonist treritments 

alone, dso present interesting concepts in relation to the modulation of TGF-$ 

production by NE. The addition of the treatmetrts of PH and PR both produced 

signifiauit increases in TGF-8 production by the EL-4 and Jurkat c d  lines as weii as 

by the CD3 + PMA stimdated and non-stimulated murine splenocyte populations. 

The treatments of the antagonist blockers were meant originally as a control to 

detemine the individual efEècts of PH and PR on TGF-B production by the ceIl 

cuitures. However, in the results, it appears that either they were individually able to 

mediate the production of total TGF-p, or perhaps each of the stuclieci ceIl types was 

able to secrete endogenous NE. Thus, it remaios plausible that if the celis were 

releasing endogenous stores of NE, and the celis were subsequently treated with an 

adrenergic blockers, that the effect of the endogenous NE would be mediated through 

the receptor which was not blocked by an antagonist. This fuial hypothesis of 

modulation of cytokine production by endogenous norepinephrine will need to be 

examinai in fiture research 

The Biologieal Activity of Transforming Growth Factor-$ and lsoform 

Identifcation 

Because TGF-f3 is produced in two biological f o m  and many isoforms, it was 

imperative to d e t e d e  both the e f f i s  of the adrenergic treatments on % latent 

versus % active TGF-f3 and on TGF-f3 isoform secretion. From the experimentai 

results, it is iadicated that predominantly al TGF-B produced by the Jurkats, EL4s 

and CD3 + PMA StimuIated murine splenocytes was released in an active f o m  while 

the TGF-fl released by the non-stimuiated m u ~ e  splenocytes was in a latent fom. 



The significance of these findiogs are potentially important to both disease process and 

disease outcorne. 

TGF-P is only biologically active when it has been activated by proteolysis, pH 

or by the many unlmown mechanisms involved in tumor development (108, 1 1 1, 1 19, 

120, 126). Thus it appears that the secretion of latent TGF-8 by mils is an important 

regdatory mechanism since most celis ubiquitoudy express both TGF-p and it's 

receptors. In this research project, the increased secretion of TGF-P in an active fom 

may be of cLinical importance, since in it's active form, TGF-8 is involved in the 

regulation of many immune responses, including the fibrosis reaction in Idiopathic 

Pulmonary Fibrosis. 

The isoform secreted by these four cell types was found to be of the TGF-Pl 

isosrpe through the use of anti-transformhg growth hor-B1 antibodies. Most of the 

TGF-f3 present in the samples was neutrsilized by this isoform; reviews of the literature 

on TGF-P isoforms suggest that rhis is what is expected (128, 143, 149, 15 1). There 

are three known isofom of TGF-p found in mammaiian ceb, however, the biologkal 

activities of these isoforms in not distuiguishable in most in viîro assays (1 5 1). 

Although very iittie idionnation is known about the mechanim of Werentiai 

expression of TGF-6 isoforms, it has been shown that each isoform is regulated by a 

different mRNA promoter (1 5 1). Research has indicated that TGF-BI is 

predominately secreted by non-stimuiated murine macrophages with laser amounts of 

TGF-p2 and TGF-p3 present. It has dso been found that increased quantities of TGF- 

f3 are secreted by activated murine macrophages, however, TGF-B2 and TGF-p3 

arnounts reaain relatively unchangeci. Studies examinhg T lymphocytes activated by 

PMA in the presence of corticosteroids have also been shown to have an increase in 

secretion of TGF-Pl quantities. Thus, the red ts  of this study relating to the isofonn 

of TGF-fl present in the semples, TGF-pl, appears to agree with published literature 

(1 5 1). 

l t l  



The Cornplex Role of Norepineph~e in Trandorming Gmwth Factor+ 

Modulation by Trautsformed m d  Primug Cd Cultures 

Current literature has hypothesized that T helper 1 and T helper 2 cens 

Merentiaily express the p-adrenoceptor, and that the expression of this receptor does 

not M e r  with activation (99, 100, 104, 105). It has also been hypothesized through 

research that the P2-adrenoceptor of activated Th1 and Th2 ceils differentiaily 

modulates the production of cytokines as compareci to non-activateci Thl and Th2 

ceus (99, 100, 104, 105). Scientists have demonstrateci that exposure of activated Th2 

ceils subsets to &adrenoceptor agonists has no &kct on inducing Th2 cytokine 

production, dthough exposure of activated Th1 celis to f12-adrenoceptors decreases 

the production of aiany cytokines (99, 100, 104, 105). niese tindings ttierefbre can be 

interpreted to propose that Merential expression of the Pz-adrenoceptor on activated 

Thl and Th2 clones renders cytokine production by these clones diffaentiaiiy 

susceptible to the influence of the pz-adrenoceptor ligand (99, 100, 104, 105). 

Although tremendous amounts of published work have studied the P-adrenoceptor 

found on lymphocyte populations, very M e  research has focused on the potentid 

presence of an a-adrenoceptor (99, 100, 104, 105). Although çeveral studies have 

niggested that a-adrenergic egonias can modify lymphocyte hc t i oq  a- 

adremceptors as yet remah to be classined by ligand bindhg studies and therefore 

their possible existence remains a contmversid issue in neuroimmunology (99, 100, 

104, 105). 

The trarisformed populations, E L 4  and Jurkats presented a v q  distinct 

response to the addition of the adrenergic dmg treatments. NE increased TGF-B 

production through the $z-adrenoceptor, although the increase was not as great as 

was seen when the stimulus was only through the a-adrenoceptor. Although this 

result is wntradictory to the pubiished studies relating to the decreased production of 

cytokines by T ceiîs stimulated with j32-adrenoceptor agonists, no research has been 



performed on characterizing the production of TGF-p by T lymphocyte 

neuroimmunomoduiation (99, 100, 104, 105). Also since both of these cell lines did 

not receive an activation signal, there remains a question as to the possibility of NE 

mediating a direct &ect on T ceil production of TGF-$ by these transformed ceLi Iines. 

The results obtained in this research project also suggest that the murine 

splenocyte population which was stimulateci with CD3 + PMA exhibiteci a PZ- 

adrenoceptor &ect when NE was added since the production of the studied cytokine, 

TGF-B, was similarly decressed in the presence of TE, a f3z-adren~ceptor agonist. 

This is what is expected in a TM response since it is Imown, as previously stated, that 

activateci Th1 ceils exposed to a P2-adrenoceptor ligand WU decrease production of 

IL-2 (99, 100, 104, 105). Although an inbibitory response (Th1 response) to the 

presence of P2-adrenoceptors occuri'ed in the CD3 + PMA stimulateci population of 

murine splenocytes, this response was absent in the experiments perfonned with NE 

and non-stimulateci splenocyte populations. Without f i d e r  experimental probing, the 

reasoning for these Merences in conclusions between this research project and those 

previously pubiished are unknowe Some of the ciifferences may be due to the mUced 

popdation of B cds, macrophages and T cells in the nobstimulated murine 

splenocyte population and therefore the data rnay reflect a conglomerate of responses 

to norepinephrine; responses that are individdy in-distingtkhable. Since there was 

no clear activation signal for any of the lymphocyte populations in the non-stimulateci 

murine splenocyte samples, a rnixed response may have occurred and TGF-f3 

production by the mixed c d  population is not representative of NE modulatory 

effects on T ceIl populations alone. 

Fioally, research has examineci the presence of endogenous stores of NE in 

macrophage cells (177), howewer, no research has been pubiished regarding the same 

phenornenon in lymphocyte populations. In the macrophage shidies invoiving the 

endogenous stores of NE, it was concludexi that the fhimergic antagonist 



propranolol was able to augment the production of RIF, however, the a-adrenergic 

treatrnents of yohimbine and idazoxatl had an inhi'bitory &ect on TNFa production 

( 177). These results, therefore, suggest evidence for the extraneuronal accumulation 

of norepinephrine, however they do not define the physiological reasoning for this 

system (177). Thus, it is imperative that this hypothesis of endogenous norepinephrine 

be examineci in the lymphocyte populations as it may fiutha both the ideas of 

neuroinimunomodulation of cytokine production as weii as support the possibility that 

norepinephrine can be released endogenously by the immune system to regulate 

immune responses. 

Conciusions RcgYding Transforming Growth Factor-B Modulation by 

Norepinephrine 

in summary, the results of this research project propose that norepinephrine, a 

sympathetic nervous system neurotransmitter, can increase the production of TGF-p 

of two transfomeci ceIl iines and nonactivated murine splenocytes through both a- 

and P-adrenergic agomst treatments, with the a-adrenerpjc agonist treatment being a 

greater stimulant of TGF-P production. It was also wncluded that norepinephrine 

was also able to affect TGF-fi production by CD3 + PMA activated murine 

splenocytes through the fbadrenoceptor, and that this inhibition is most marked at 

subxmxiud concentrations of the catecholamine. 



THE MODULATION OF TUMOR NECROSIS FACTOR- AND 
TRANSFORMING GROWTH FACTOR-f3 BY 

NOREPINEPHRINE IN LIPOPOLYSACCHARlDE 
STIMULATED AND NON-STIMULATED MURINE ALVEOLAR 

MACROPHAGES 

Significant progress has been made in d e t e d g  that a variety of cytokines play 

valuable roles in pulmonary fibrosis, and m e n t  research continues to demonstrate the 

e f f a s  that the nervous system has on cytokine production. This chapter focuses on 

the possible interconnections betweea the immune and nervous systems within the 

respiratory system. Bronchoalveolar lavage was performed on six mice to coiîect 

alveolar macrophage samples. Aïveolar macrophages were subsequently stimulateci 

with LPS and adrenergic agonists a d o r  antagonists to determine the &éct of 

norepineph~e on the production of transforming growth factor-6 (TGF-P) and tumor 

necrosis factoru (TNFa). in  & study, norepinephrine significantly iduenced LPS- 

stirnulated alveolar macrophage production of both TGF-B and T N F a  over a two day 

t h e  course. The production of TGF-B was moduiated by norepinephrine through 

both the a- and fbadrenoceptors of the LPS stimulated murine alveolar macrophages. 

Stimulating the a-adrenoceptor with norepinephrine in combination with propranolol 

(NPR) renilted in an increased total TGF-B production, while a decrease in total TGF- 

j3 production resulted when the LPS stimulatecl alveolar macrophages were treated 

only with norepinephrine. A decrease in total TGF-f3 production was aiso observed 

when the Padrenoceptor was stimulateci with terbutaline or a combination of 

norepinephrine and phentolamine WH). The biological activity of the TGF-fil 

secreted by the alveolar macrophages suggests that LPS stimulation results in the 

production of active TGF-8, while a lack of LPS stimulation relates to increases in 

latent TGF-fi production. The production of TNFa by LPS stimdated murine 



alveolar macrophages was similady decreased in the presence of norepinephrine and 

also when norepinephrine was combineci with phentolaniine (N'PH). These r d t s  

suggest the modulation of TNFa and TGF-f3 by norephephrine through the p- 

adrenoceptors of alveolar macrophages. 

mTRODUCTION 

Within the fluid-lined epithelial surfaces of the respiratory tract lies a 

tremendous number of immune ceus, including alveolar macrophages (8 1, 146, 147, 

148). Since the discovery in 1 96 1 of a harvest method for these lung ceils through 

bronchoalveolar lavage, alveolar macrophages bave been extensively investigated (8 1, 

147, 148). Alveolar macrophages account for upto 95% of ceUs recovered by lavage 

in most species tested to date (8 1, 146, 147, 148, 149, 15 1). A signifiant number of 

immunocompetent lymphocytes, predominantly T celis, are present in the lavage fluid, 

and often low numbers of eosinophils and polymorphs can also be retrieved (26, 8 1, 

146, 147, 149). Although the respiratory system is constantly coming hto contact 

with Uispired antigens, as well as seifantigens, the methods which these ceils utiiize to 

deal both with foreign partidate and microorganisms rernains to be defined (8 1, 146, 

147, 149). 

The Alveolar Macrophage 

Alveolar macrophages are representative of large tissue macrophages with a 

weil developed vacuolar apparatus and a centrally located nucleus (26, 57.8 1, 149, 

150). Their origin is much debated, however, a consensus suggests that oniy two 

possible cell sources exist (8 1, 1 48). One hypothesis considers the ceEs arisiog h m  

peripherai blood monocytes that migrate into the h g ,  and the second idea irnplicates 

the development of local mononuclear phagocytes that replicate in the alveolus or 

interstitium (20, 57, 8 1, 146, 147, 1 50). At the end of their lifespan, 2 1-28 days, 



alveolar macrophage populations have been noted to move either into the lymphatics, 

or cross the alveolar epithelium and join the interstitiun (1 16, 147). 

Classically, the macrophage has been viewed chiefly a s  a phagocytic ce& and in 

the lung, ingestion of Uihaled inorganic m o l d e s  and microorganisms is one of the 

most important fhctions of the aiveolar macrophage (26.8 1, 146, 1 47, 1 52). This 

role of the alveolar macrophage, as a phagocyte, has been recordeci in numerous 

studies (146, 147, 148, 149). These published experhems illustrate that the aiveolar 

macrophage is capable of phagocytosing massive numbers of microorganisms. in fact, 

the other hown mechanisms of pulmonary defense such as clearance, utilinng the 

mucocililary elevator, are relatively Iùnited in immune defense as compared to the 

alveoiar macrophage (8 1, 146, 148, 149, 153). 

In response to immunologie stimuli, macrophages and lymphocytes react 

through a cornplex series of stimulatory and inhibitory signals (146, 149). With the 

exception of certain antigen-specifc B ceU responses, lymphocyte activation is 

dependent upon the release of mediators by macrophages and macrophage activation 

in tum, often depends on the secretion of specific lymphokines (146, 149). Foilowing 

antigen presentation or stimulation with factors, including lipopolysaccharide, 

macrophages produce interleukin-1 (IL- 1). tumor necrosis factor- (Ma) and 

transforming growth factor-b (TGF-p) (57, 157). It is weU established that this IL-1 

has many bctions, includ'mg a large number of non-lymphocyte target celis, 

triggering systemic defénse reactions to inféction like fever, increased hepatic 

production of acute phase proteins, and neutrophil recruïtment (57, 146, 149). The 

alveolar macrophage is also able to secrete a wide varîety of other cytokines, and 

recentiy much research has focuseci on the presence of abnomal levels of these 

cytokines in specific lung diseases, such as chronic lung disease of prematunty, 

sarcoidosis and IPF (140, 146, 149, 1 53). 



The complex role of the alveolar macrophage in mediating the immune 

response dows this ceil type to regulate the remodeling and repair process of the lung 

(78, 81, 149, 152). For exampie, there is increasing evidence to suggest that in the 

normal lung, alveolar macrophages release a factor which inhibits fibroblast growth 

(149). This unnamed factor has been demonstrated to increase fibroblast production 
* 

of PGEZ, a hown suppressor of fibroblast proliferation (57, 149, 157). In diseases of 

the lung that are characterized by pulmoaary fibrosis, alveolar macrophages are known 

to Seccete at least two mediators that when combineci promote fibroblast recniitment, 

attachent and proMeration (149). Normal macrophages produce iow levels of the 

£ira of these factors, fibronectin, and it has been demonstrated that this factor 

enhances the binding of partidate matter, especially invacihg microorganisrns (149). 

Alveolar Macrophages, Cytokines, and Pulmona y Fibrosis 

Pulmonary fibrosis is an irreversible accumulation of connective tissue in the 

interstitiurn ofthe Iungs (43, 57,81, 143, 151, 154, 155, 156, 161). Aithough 

research on animal models and studies of human lung fibrosis suggest the initiating 

events of this disease are due to a combination of pulmonary injury and the recruitment 

of macrophages to deal with the resulting inflammation - the pathogenesis of 

pulmonary fibrosis is not well understood (109, 143, 154, 155, 156, 157, 1 58). A 

number of well characterized cytokines, including TGF-f3, have been found in the 

injured Iung, a d o r  have been found to be produced by inflammatory cells rernoved 

fiom the lungs of these patients (8 1, 138, 143, 150, 154, 156, 157, 158, 159). In an 

animal model, studied by Khaiil and Greenberg (1 58), r ed t s  indicated that the 

increased levels of TGF-B were the result of alveolar macrophages. 

In the past several years, significant progress has been made in nxmy aspects 

of pulrnonary fibrosis research (42, 143, 1 56, 158, 160, 16 1). More specifidy, 

scientists have found that a variety of cytokines, like transfomiing g r o h  factor-fl and 



tumor necrosis factoru, play important roles in the complex process of fibrosis (42, 

8 1, 143, 1 56, 157, 1 59, 16 1, 162). Both of these cytokines have been demonstratecl 

to be produced at the sites of active fibrosis by activated innammatory ceils, including 

alveolar macrophages (42, 109, 129, 158, 163). A shidy of the individual cytokines in 

vitro has revealed that the cytokines have various roles in the regdation of the fibrotic 

process (42, 109, 129). Of the many cytokines, it appears that TGF-P is probabiy the 

most important cytokine in terms of the direct stimulation of lung matrix expression 

which typüies fibrosis (42, 160, 162). However, accumulating evidence indicates that 

the fibrosis process is more wmplex than any one cytokine cm explain, and suggests 

that other cytokines, such as TNF-a may orchestrate important roles in pulmonary 

diseases, such as idiopathic pulmonary fibrosis, sarcoidosis and tubercuiosis (42, 160, 

162). 

The study of tumor necrosis factors production by alveolar macrophages is a 

relatively new area of research (58, 1 50, 1 64). Turnor necrosis factora is involved in 

many lung diseases including pulmonary sarcoidosis and tuberdosis (1 64). Past 

studies have illustrated the ability of bronchoalveolar lavage macrophages to produce 

T N F u  only in response to stimulation with the E. coli endotowi lipopolysaccharide 

(57, 164). This indicates that T N F a  is produced by stimulateci alveolar macrophages, 

but not by naive macrophages (164). Further research examinhg the production of 

TNFa by patients with sarcoidosis and tuberdosis has indicated that pulmonary 

macrophages of these patients release significantly more TNF-a than those not 

infecteci with these illnesses (1 50, 164). 

Chronic lung disease (Cm) is a cornmon respiratory disorder of preterm 

infmts (58, 1 55, 163, 165). The lungs of these infants have mackedly increased 

fibroblast proliferation as weli as coilagen and fibroneain levels (155, 163, 165). 

Examinations of the bronchoalveolar fluid fiom these inf8tlfs suggest that L I ,  U-6, 

and IL-8 are present in higher levels than in c h i l h  who do not develop this disease; 



aithough it is believed that the initial fibrosis of the d i d  lungs in these patients is 

mediated by transformhg growth hctor-6 and tumor necrosis factoru (5 8, 1 5 5, 163, 

165). This finduig is related to the discovery that both active and latent levels of 

TGF-P as weli as total lwek of TNFa are increased in the pulmonary lavage fluid of 

ïnfânts who developed CLD ( 1 55, 165). At present, although there remains much 

speculation as to the reasom for the presence o f c ~ t a i n  cytokines in the diseased lungs 

of CLD ïnfànts, there are no firm hypotheses as to why some cytokines are present and 

not others. Furthemore, no hypotheses have been presented as to what, ifanything is 

triggering the release of these cytokines fiom alveohr immune tissues, including the 

alveolar macrophage (1 55, 165). 

Although much research has studied the involvement of cytokines present in 

the many diseases, including CLD, IPF and tuberculosis, very little effort has been 

spent on resolving the e f f i s  of various substances, like norepinephrine, on the levels 

or the presence of these cytokines (1 09, 1 55, 166, 167). Links between the nervous 

system and immune system have been established in-previous research, and throughout 

this research project, however, these connections have not b e n  examined in regards 

to the effect of catecholamines on the production of T N F a  and TGF-B by alveolar 

macrophages. It is important to detemine whether these neuroimmunological 

interconnections are present in the respiratory system. 

The tUiai objective of this research project, and topic for this chapter is the 

modulation of R J F a  and TGF-P production by LPS stimulateci and non-stimulateci 

murine aiveolar macrophages in response to the catecholamine, norepinepb.  



MATEIUALS AND METHODS 

MATERIALS 

A complete listing of the source and all types of media, s01utions, specific 

chernicals and equipment used in this thesis, outlined in the mahods section is attached 

as Appendix A. 

rnTBODS 

Animais. Male, CRI :CD- 1 (ICR)BR specific pathogen-f?ee mice were used 

between six weeks and six months of age. Mice were housed in groups of five on 

woodchip bedding and were provideci autoclaved food and water ad Libitum. The 

requirements of the University's Animal Care and Ethics Cornmittee were met for al1 

experimental procedures 

M u r k  bronch~~iveolm image and murine dveolcir macrophage co!lections. 

Each mouse was individdy euthanized with carbon dioxîde and bronchoalveolar 

lavage fluid was coliected as per previously described methods to be andyzed for 

either T N F a  or TGF-B concentrations after activation with LPS and a catecholamine 

as described below ( 15 1, 1 68). Alveolar macrophages were obtained by mulating 

the murine trachea, instiihg and retrieving syrhged 1 mL aliquots of sterile, warmed 

WMI-1640 supplemented with 5% heat inactivateci FBS. The entire lavage volume 

was centrifbged at 1000 RPM for 10 minutes at 4OC. and the ce11 pellet resuspended in 

RPMI-1640 supplemented with 10% FBS, 1 .O x 10-3 M sodium pyruvate, 2.0 x 1 CF3 

M L-glutamine, and 5 mg/mL gentamycin sulfate. 

The ceil wunt was adjusteci to 1 .O x 106 ceWmL and aliqouted at 100 pJJwefl 

of a 96 weli tissue culture treated microtitre plate. Therefore the final ce11 



concentration of each weii was 1 .O x 1 6  ceWwell. Cell viability, detefmined by 

exclusion of trypan blue, was > 95% in ail experiments. 

In vitro e f l e c ~  of catecholamznes on sttmi'uted d non-stirnuhted mrine 

afieolar macrophages. Stimulateci and non stimulated alveolar macrophages obtained 

nom bronchoalveolar lavage, as previously described, were dtured in the presence of 

n~repinephrine~ terbutaline, a ( 1: 1 ) norepheph~e-phentoiamine solution, or a ( 1 : 1 ) 

norepinephrin~propranolol solution at a concentration of 1@ M for 24 hrs and 48 

hrs. At each of the time course points, the conditioned media was collectai as 

described below. The alveolar macrophages which were stimtiiated were treated with 

1 5.6 pB/mL lipopolysaccharide (LPS) (Escherichia coli 0 1 1 1 : 84; Sigma Chenical 

Co.) at the t h e  of catecholamine addition (84, 169). 

M e r  aiiquoting the 1.0 x 105 ceWwell, the macrophages were allowed to 

adhere for a minimum of 2 houn. The plates were then washed twice with RPMI- 

1640 supplemented with 5% FBS and cultureci in 100 pL RPMI- 1640 with 10% FBS, 

1 .O x 10-3 M sodium pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/rnL gentamycin 

sulfate, with or without the LPS stimulant and one of the concentrations of the 

adrenergic drugs and incubated for a two day tirne course at 37OC, 95% COz. Over 

the two day time course, at 24 hr inte~als? sarnples of conditioned media were 

collected for cytokine wnpling. Those samples which were tested for TGF-P were 

collected in the presence of 1 pg/mL pepstatin, 0.5 p@mL aprotinin, and 0.5 pg/mL 

leupeptin in siliconized, sterile microfiige tubes and k e n  at -80°C until ready for 

TGF-P qumtifmtion and isofom characterization. Samples quantified for T N F a  

content were collected in sterile microfbge tubes and fiozen at -80° C until ready for 

TNFu quantification. A minimum of three mice were sacrinceci for study of TGF-P 

production and a minimum of three mice were sacr-ced for study of TNFa 

production 



TGF-flarray. The TGF-fl activity of the coilected conditioned media was 

determined by the in vitro A375 assay as descri'bed in Chapter 3, however, prior to the 

use of the A375 ceIl assay to quanti@ TGF-f! sarnples, the assay was calibrated with 

various concentrations of LPS, to detemine whether LPS would have any effect on 

the sensitivity of the assay (71). Four concentrations of LJS were selected and 

prepared in the media in which the standards of rTGF-fl were prepared. It is 

important that the LPS concentration be great enough to activate the ahreolar 

macrophages, however* it must not have any effect on the sensitivity of the TGF-$ 

assay or the A375 cells themselves. 

TGF+StatistimI QI#I&~~s. The data are expressed as total TGF-P content as 

well as % active and % latent of total TGF-P content. Values were compared using 

the Minitab Statistical Software for ANOVA- AU values are reporteci as the mean f 

the standard deviation and analyzed by Tukey's pairwise cornparison test (n=6). An 

alpha error of 0.05 was used to test for statistical signibnce. 

W F - a  aruly. The TNFa aaivity of the collected conditioned media was 

determined by the in vitro WEHI-13VAR assay as described in Chapter 2, however, 

prior to the use of the WEHI-13VAR ce1 assay to quantify T N F a  samples, the assay 

was calibrated with various concentrations of LPS, to detennuie whether LPS would 

have any effect on the sensitivity of the assay. Four concentrations of LPS were 

seiected and prepared in the media in which the standards of rTNF-a wodd be 

prepared. It is, again, important that the LPS concedon  be great enough to 

activate the alveolar macrophages, however, it mua not have any effect on the 

sensitivity of the TNFa assay or the WEHI-13VAR ceiis themselves (93). 



27VF-a Statisticai anafysis. The data are expressed as total TNFa content. 

Values are compared using the Minitab Statistical Software for ANOVA Ali values 

are reportai as the mean f the standard deviation and analyzed by Tukey's pairwise 

cornparison test (n=6). An alpha error of 0.05 was used to test for statistical 

significance. 

RESULTS 

Modification and Calibration of the WHI-13VAR Tamor Necrosis Factor* 

and A375 Trandorming Gmwth Factor-fi MTT Bioassays 

Efjects of Li'po&ysacchan'& on IUF-a cmd TGF+ Semitive aswys. To 

allow for detennination of the d e c t  of lipopolysaccharide on the WEHI- 13VAR and 

A375 assays for meastuement of TNFa and TGF-j3, respdvely, the assays were 

tested with two concentrations of LPS in conjunction with the previously dehed 

standard curve (Chapter 2 for TNFa and Chapter 3 for TGF-fl). Doses of LPS equd 

to, as weii as above and below, that suggested as best h u i a t o r  of macrophage 

activation were sampled with the T N F a  and TGF-B standard and were observed to 

have no significant &kt on the ability of the assays to quant@ the standard utiliring 

recombinant cytokines (Figure 1 and Figure 2). Aii levels of Les provided 

measurements of their respective cytokines gniilar to the wntrol media which 

contained no LPS. Ln üterature to date, the recu~ll~~lended dosage of  LPS to promote 

stimulation of macrophages is 15.6 pg/mL (94). This was therefore selected as the 

stimulation dose for di subsequent experiments involving LPS stimulation. 

Adrenergic AgonWt and Antagonist Treatments, LPS Stimulateci and Non- 

Stimulnted Murine Aïveoiar Macrophages and Tamor Necrosis Faetor-cz 

A rneasurement of the effécts of various adrenergic agonist and antagonist 

treatments on the production of RSFa were made over a two day t h e  course. The 



FIGURE 1. WEHI- 13 VAR celis (1 -5 x 1 d cells/rnL) were utilized to test whether 

LPS had an &kt on the rTNFu standard m e  previoudy estabIished (Chapter 2 - 
Figure 1). niree concentrations of LPS (3 1.2 u g M ,  15.6 u g / d  and 7.8 ug/mL) and 

a wntroI of O ug/mL LPS were added to the media in which the standards of rTNFa 

were to be prepared. Subsequedy dilutions of rTNFa ranging fiom 250 @mL to O 

ng/mL were prepared in these medias and added at a volume of 5WweiI. To each 

well, the solution of 0.02 ug/mL actinomycin was also added (50 UUweU) and der 

incubation the plate was read. The higher concentrations of TNFa produced low 

opticai deasity readings, while the low concentrations of TNFa produad high opticai 

density readings. The control media prqared without LPS showed no difference from 

the rnedias which wntained one of the three concentrations of LPS. Each point on the 

graph represents the mean of a triplicate, with the standard deviation of the mean 

represented by error bars. 

Legend: - O u g / d  LPS 

A -31.2ug/mLLPS 

V' -15.6ug/mLLPS 

II - 7.8 ug/mL LPS 



rTNF-a concentration (nghL) 



FIGURE 2. A375 cells (1.5 x 104 celldml) were utilized to test whether LPS had an 

e f f i  on the rTGF-f3 standard m e  previously estabLished (Chapter 3 - Figure 1). 

Three concentrations of LPS (3 1.2 ug/mL, 15.6 ug/mL and 7.8 uglmL) and a cuntroi 

of O ug/mL LPS were added to the media in which the standards of TGF-B were to be 

prepared. Subsequently dilutions of TGF-fi ranghg tiom 5000 pg/mL to O pg/mL 

were prepared in these medias and added at a volume of 100 Uwweil. The higher 

concentrations of TGF-fl produced low optid de- readings, while the low 

concentrations of TGF-P produced high optical density readings. The control media 

prepared without LPS showed no difference fiom the medias which containexi one of 

the three concentrations of LPS. Each point on the graph represents the mean of a 

triplicate, with the standard deviation of the mean represented by error bars. 

Legend: - O u g M  LPS 

A - 31.2 ug/mLLPS 

V - 15.6 U~/IIL LPS 

rn - 7.8 ug/mL LPS 





adrenergic treatments consisting of norepheph~e, terbutaline, a 1 : 1 norepinephrine- 

phentolamine solution and a 1 : 1 norepinephrine-proprawlolol solution were added at a 

concentration of 104 M and were utilized to determine whether a-agonists andlor B- 

agoaists could modulate the production of TNFa by non-stimuiated murine alveolar 

macrophages over a two &y t h e  course. The resuits of these a<penments are shown 

in Figure 3. Subsequemly, the addition of LPS (1 5.6 ug/mL) to the media in which the 

adrenergic agonists and antagonists were prepared was rneasured to determine the 

effects of the adrenergic agonists and antagonists on TNF-a production by LPS- 

stimulateci dveolar macrophages. These results are also iliustrated in Figure 3. 

From the results, it appears that norephephrine significady deaeases the 

production of TM-a by aiveolar macrophages stimulateci with LPS. This effect may 

be m d a t e d  tbrough the $-adrenoceptor of the alveolar macrophage since NE when 

wmbined with the a-adrenergic antagonist PH (N'PH), demonstrates an hcreases in 

the inhibitory effect, so that overall TNFa production is negligi'ble. Because PH is an 

a-adrenergic antagonist, it should block any effect of NE modulation through the a- 

adrenoceptor. Therefore it appears that when the treatment of NPH was appiied in 

combination with LPS, the P-adrenoceptor of the murine alveolar macrophage was 

still accessible by NE and thus NE was able to inhibit production of T N F a  by the 

murine alveolar macrophage. 

A Pz-adrenergic agonist, terbutaline, was sampled with the alveolar 

macrophages, however, it appears that this Bradrenoceptor a g o ~ s t  at a concentration 

of l fi M had no significant &ect on the production of TNFu by LPS stimulateci and 

non-stimulated aiveolar macrophages. Likely, either the concentration of TE was 

ineffective, or perhaps the P-adrenoceptor through which NE is modulating its effect is 

the Pi-adrenoceptor, not the ~2-adrenoceptor. Although TE has afEnity for both the 

pi- and the Bradrmoceptors, t possesses &mcy for the &-adrenoceptor (50). 



FIGURE 3. A cornparison of TNFa production over a two day time course by LPS 

stimuiated and non-stimuiated murine aiveolar macrophages treated with vanous 

adrenergic agonists and antagonists. The resuhs illustrate the mean of  the total TM-a 

production (n=3) for the experiment at 24 hrs (shaded bars) and 48 hrs (hatched bars). 

The standard deviation of the mean is represented by error bars. Treatment bars wtnch 

do not have the same letter as their respective tirne course media control treatment are 

noted to be statistidy different utilinng Tukey's Pairwise Cornparison. The 

determined ANOVA p-value for the 24 hr and 48 hr resuhs is displayed below, 

manged accordhg to adrenergic treatrnent. 

Adrenergic ANOVA pvaiue Adrenergic ANOVA p-value 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE s0.00 1 ~0.001 NPR 10.001 50. 0 i  
TE 10.00 1 10.00 1 NPH s0.00 1 50.00 1 

Adrenergic Treatment Abbreviations: 
NE: Norephephrine NPR: Norephephrine + Propranoloi 
TE: Terbuthe WH: Norepinephrhe + Phentolamine 

Adrenergic Treatment Concentrations: 

- 6 )  1 O(-6) M 
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The experimental results illustrate tbat the treatment of LPS + NPR had a 

stimulatory effect on the production of TNFa by the alveolar macrophages, and this 

effect appears to be sigdïcant. PR is an ~adrenoceptor antagonist, and therefore 

should block the abiiity of norepinephrine to bind to the P-adrenoceptor of the 

macrophage. Thaefore, it appeam that NE, when in wmbinstion with PR cm and 

wilI bind to the a-adrenoceptor of the macrophage. Since norepinephrine is noted to 

act through both the a- and Padrenoceptors of the macrophage, these observations 

are possible, and M e r  serve to illustrate the results obtained in these experiments. It 

appears that norepinephrine has a preference for the fi-adrenoceptor of the alveolar 

macrophage, and when in w m b i i o n  with the fkirenoceptor WU cause an 

inhibitory effect on the production of T N F u  When NE is able only to access the 

macrophage through the a-adrenoceptor, it appears to have a stimulatory &ect on 

TNFa production The adrenergic treatments applied without LPS to the murine 

alveolar macrophages had no siBiilfiant &ect on the production of TNFa as 

cornpared to the media controt. 

Evaluating the above data for total T N F a  production by alveolar 

macrophages over a two &y t h e  p e r d  using Tukey's pairwise cornparison illustrates 

that there are some reiiable merences between some adrenergic treatments, but not 

others (Figure 3). Finally, the addition of anti-TNFu a n t i i e s  to duplicate samples 

of conditioned media demonstrateci that the effécts illustrateci in Figure 3 were in part 

due to TNF-a, with the TNFa present in the wnditioned media behg neutralized by 

the a n t i ï y  confirming the specificity of the WEHI-13VA.R bioassay in detecting 

mu. 



Adrenergic Agonist and Antagona Treritments, LPS Stimulatecl and Non- 

Stimuiated Murine &+du Macrophages and Transfonning Gmwth Factor-$ 

A measurement of the Hects of various adrenergic agonist and antagonist 

treatments at a single concentration over a two day time penod was completed to 

determine their &kt on TGF-p production by murine alveolar macrophages. This 

was again done by utilizing either norepinephrine, terbutaline, a 1 : 1 norepinephrine 

phentolamine solution or a 1 : 1 wrepinephrine-propranolol solution. The dmgs were 

added to the alveolar macrophages at a concentration of lod M and meaSLUements 

were completed to determine whether a-agonists a d o r  Bagonists could modulate 

the production of total TGF-p by murine alveolar macrophages The results of these 

experiments over the t h e  course are s h o w  in Figure 4. Subsequently, the addition of 

LPS (15.6 ug/mL) to the media in which the adrenergic agonists and antagonists were 

prepared was measured to determine the effects of the adrenergic agonists and 

antagonists on total TGF-P production by LPS-sthulated alveo1ar macrophages. 

It is illustrateci at 24 hrq NE, TE and the 1 : 1 NPR treatment aU served to 

increase total TGF-8 production and the effea of NE is si@cant. It appears that the 

stimulatory effect of the adrenergic treatment might possibly be moduiated through the 

f3-adrenoceptor since both NE and TE when indhidually combined with LPS had 

similar & J S  on increasing total TGF-fl production. 

At 48 hrs, the r d t s  display that NE significantly decreases the production of 

total TGF-p by murine aiveolar macrophages stimulateci with LPS. This "hibitory 

& i  again appeers to be modulateci through the ~~adrenoceptor as treatments of the 

stimulateci alveolar macrophages with TE produced an men further inhi'bitory effect on 

total TGF-$ production. A h ,  when NE was combined with PH (N'PH) in a 1 : 1 ratio, 

the inhibitory effects are again signifiant, with the decreases in total TGF-fi 

production levels of this treatment similar to those observed with the TE treatment. 

Because PH is an a-adrenergic antagooist, it should block any &ed of NE 



FIGURE 4. A cornparison of total TGF-f3 production over a two day tirne course by 

LPS stimuiated and non-stimuiated murine ahreolar macrophages treated with various 

adrenergic agonists and antagonists. The r d t s  illustrate the mean of the total TGF-$ 

production ( ~ 3 )  for the experiment at 24 hrs (sIiaded bars) and 48 hrs (hatched bars). 

The standard deviation of the mean is represented by error bars. Treatment bars which 

do not have the same letter as their respective time course media -01 treatment are 

noted to be statisticaliy different utilizing Tukey's Pairwise Conparison The 

determineci M V A  pvalue for the 24 hr and 48 hr r d t s  is dispiayed below, 

arrangeci accordhg to adrenergic treatment. 

Adrenergic ANOVA pvalue Adrenergic ANOVA pvalue 
Treatment 24 hr 48hr Treatment 24 hr 48 hr 

NE r0.00 1 10.00 1 NPR ~0.00 1 10.001 
TE ~0.001 50.00 1 NPH ~0.00 1 ~0.001 
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modulation through the a-adrenoceptor, t h d o r e  it appears that when the treatment 

of NPH was added to the LPS stimulated population of alveolar macrophages the NE 

was stül able to inhibit total TGF-P production through the ~-edreaoceptor. 

The pz-adrmergic agonist terbutaline, as mentioned, inhibited the production 

of total TGF-fl production by stimuiated alveolar macrophages as compared to the 

LPS stimulated population. Further studies are likely necessary to characterize the 

adrenoceptor subtype responsiile for mediating this inhibitory response because 

although TE is recognized for its efficacy for the &adrenoceptor, it does have atFnity 

for both the BI- and f12-adrenoceptors (50). 

Examining the outcornes of the NPR treatment illustrates that NPR was able to 

augment signifidy the production of total TGF-P by LPS stimulated and non- 

stimulated murine alveolar macrophages. Since PR is a fbadrenergic antagonist, it 

shouid elhinate the B-adrenoceptor &kt of NE. This appears to have occurred, 

illustrating that exposure of NE to only the a-adrenoceptor increases the production 

of totai TGF-P by LPS stimuiated murine alveolar macrophages as compareci to the 

LPS control population 

The adrenergic agonist and antagonist treatments appear to have had 

significant effects on the production of active TGF-fl by the m u ~ e  alveolar 

macrophage samples over the two time course points (Figure 5). The peak production 

of active TGF-p by the media control sample of non-stimdated murine splenocytes 

occurred at 48 hrs, 

Evaluating the data for totai TGF-fl production by aiveolar macrophages over 

a two &y t h e  period ushg Tukey's pairwise cornparison illustrates that there are 

some s iwcant  Werences between some adrenergic treatments7 but not others 

(Figure 5 and 6). E d y 7  the addition of anti-TGF-Bi a n t i i e s  to duplicate samples 

of conditioned media demonstrateci that the &ects illustratecl in Figure 4 were due to 



FIGURE S. A cornparison of active TGF-f3 production over a day time course by 

LPS stimulateci and non-stimulatecl muriae alveolar macrophages treated with various 

adrenergic agonists and antagonists. The results illustrate the mean of the active TGF- 

fl production (n=3) for the experiment at 24 hrs (shaded bars) and 48 hrs (hatched 

bars). The standard deviation of the mean is represented by mor bars. Treatment 

bars which do not have the same letter as their respective time course media control 

treatment are noted to be statistically Werent utiluing Tukey's Pairwise Cornparison 

The determined ANOVA p-value for the 24 hr and 48 hr r d t s  is displayeci below, 

arranged accordhg to adrenergic treatment . 

Adrenergic ANOVA p-value Adrenergic AN0 VA p-value 
Treatment 24 hr 48 hr Treatment 24 hr 48 hr 

NE 10.00 1 10.002 NPR ~0.00 1 10.001 
TE 10.00 1 s0.00 1 NPH 50.00 1 ~0.001 
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TGF-PI, with alrnost ali TGF-P present in the conditioned media king aeuaalized by 

the antibody(ll9, 128, 133, 143, 151, 170). 

E f e c ~  of adrenergic agonist d antagonisi treatments on the prduction of 

biologieai& lutent and active EF-fl by US-dula ted  md no~~.stimuIated utveoIat 

macrophages. TGF-f3 was q d e d  both before and after activafion by acidincation 

because TGF-$ obtallied fiom most cels, includmg platelets and tissues is normelly 

not in a biologically active fom- The r d t s  of the acidification process of the total 

TGF-p obtained in the experiment (Figure 4) are displayed in Figures 6 as % latent 

(shaded bars) vernis % active (black bars) TGF-P. 

It is visible f?om the figures that alve01a.r macrophages activated with LPS or 

LPS + an adrenergic dnig had increased levels of active TGF-p, while dveolar 

macrophages stimulated solely with an adrenergic h g  or media had higher levels of 

latent TGF-P. This pattern is observeci over the two day ùme course and suggests that 

activateci ceils produce larger q d t i e s  of active TGF-B than those cells which were 

not-previously stimulateci with LPS. 

DISCUSSION 

Transforming growth factor+ and tumor necrosis f m o r a  are two important 

cytokines in disease (48, 1 59, 17 1). TNF-a, a mernber of the proimnammatory 

cytokines, is able to mediate many of the powerful idammatory respooses mounted 

by the body in the face of several different illnesses while TGF-f3 is important in 

tumour deveiopment, extracelular matrk protein synthesis and immunosuppression 

(48, 85). Because both of these cytokines play important roles in numerous diseases, 

the necessity of detamining their mechanisms of in vivo regulation is of fùndamental 

clinical importance (48, 85). 



FIGURE 6. The biologid activity of total TGF-p produced by LPS stirmilated and 

non-stllnulated murine alveolar macrophages neated with Vanous adrenergic agonists 

and antagonists. Based on the total TGF-f3 concentrations obtained through 

experimentation (Figure 4), caldations of % latent TGF-p (hatched bars) comparai 

to % active TGF-f3 (shaded bars) were completed. Figure 5A demonstrates the mean 

activity of the TGF-P in the samples wflected at the 24 hour thne point aad Figure SB 

- the mean activity at 48 hrs. 
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The results of this research project illustrate thaî through the sympathetic 

neurotransmitter norepinephrine, the produaion of both TGF-P and TNFa by LPS- 

induced aiveolar macrophages is inhiiited through f3-adrenoceptor modulation. These 

results are signifiant in both the manner &ch norepbephrine modulates the 

production of the two cytokines as weil as their effècts and potential effects on disease 

progression. 

The Modulation of Tumor Necmis Facto- Production by Lipopoiysacchuide 

Stimulrited and Non-Stimnlated Murine Gtveolar Macrophages with Adrenergic 

Agonist and AntigonWt Treatments 

The r e d t s  fkom this study illusrnite that norepinephrine is able to si@cantly 

decrease the production of TNFu by LPS-stimulated alveolar macrophages. 

Additionally, when added in a I : 1 ratio with phentolamine, norepinephrine produced 

an even M e r  decrease in TNF-a production suggesting involvement of the p- 

adrenoceptor of the murine alveolar macrophage. Subsequently when norepinephrine 

was added in a 1 : 1 ratio with propranolol, a sipifkant increase in T N F a  production 

was observed - again suggesting the possib'rlity of a fi-adrewceptor effect, and also 

potentiaily the involvement of the a-adrenoceptor. These hdings are supported by 

nwnerous research papers focusing on murine splenic populations (1 72, 173, 1 74, 

175). 

A number of studies have demonstrateci that activation of murine splenic 

macrophage $-adrenergic receptors results in the suppression of RJFa production 

(1 72, 173, 1 75). In fàct, previous data has shown that stimulation of the fb 

adrenoceptor inhibits the production of TNFa in response to LPS stimulation (169, 

1 72, 173, 175). Even though research has been published regardhg the stimulation of 

the B-adrenoceptor on macrophages to inhibit the production of TNFu, research has 



yet to characterize the p-adrenoceptor subclass to which norepinephrine is binding and 

thus provoking a response. 

In this experbent, the fdure of terbutaiine, a f3z-agonist, to inhibit TNFa 

production by stimulateci alveolar macrophages can thus be interpreted to mean that 

norepinephrine is having an inhitory e f f i  through the pl-drenoceptor of the 

alveolar macrophage. Terbutaliners lack of inhiition on TNFu production can ais0 

be explaineci either by the possible down-regdation of $-adrenoceptors by 

macrophages that is known to occur in the presence of B-agonists, or may be due to 

the inappropriate concentration of the drug in the experiments (169, 174, 176). Thus, 

in order to better determine the adrenoceptor through which NE is modulating it's 

&écts, more experiments with other f3-agonists and antagonists as weli as other a- 

agooists and antagonists are necessary- and these future experiments must be 

perforrned at various concentrations of the adrenergic drugs. 

Aithough previous studies, as weil as this study, have demonstrated that fi- 

adrenergic stimulation causes the inhibition of T N F a  production by spienic and 

alveolar macrophages, research has ùidicated that catecholamines can have a dual 

effkct on LPS-induced TNFa production, depending on whether a- or f3- 

adrenoceptors are stimulated 

(169, 174, 177). Many scientists including Splenger et al. have found that stimulation 

of the a2-adrenoceptor increases LPS induced macrophage TNF-a production (1 69, 

175, 177). This result iUustrates the abiiity of norepinephrine to bind to opposing 

receptors depending on the concentration of the neuroendocrine hormone and also the 

concentrations of the receptor population on the macrophage (169, 175). In the 

findings of mauy other laboratories, data have illustrated that norepinephrine 

modulates the production of TNFa in a dose dependent m8Illler (59,85, 175, 177). 

In fàct7 hi& doses of norepinephrine, greater than IO-' M have been noted to iahibit 

the production of T N F a  through the badrenoceptor, d e  low doses (iess than 10-8 



M) have been show to bind to the a-adrenoceptor and sub~eqllently increase the 

production of TNFa by activated macrophages (59, û4,85). Theoretidly, this 

increase in T N F a  production by stimulation of the a*-adrenoceptor site is most likely 

due to activation of protein kinase C, whiie the inbiiition of TNFa production is 

likely due to the welI-documented abdity of $-agonists to stimulate adenyiate cyclase 

activity and uius increase CAMP symhesis (59,84, 169, 175). In this Masters research 

project, a dose of norepinephrioe equal to 104 M in the presence of a B-adraergic 

antagonist was found to inhibit TNFu secretion by LPS stirnulated alveolar 

macrophages, and a dose of norepinephrine qua1 to 106 M in the presence of an a- 

adrenergic mtagomst was found to increase M a  secretion by this same c d  

population. 

In addressing the ciifferhg physiological effkts norepinephrine has depending 

on whether a- or B-adrenoceptors are stimulateci, one mua look to rnany scientific 

papers including Spengler et al. (46, 59, 1 77) for potentiai solutions (53, 59, 85, 169). 

Splenger et al. (46,59, 177) suggest that maaophage response depends not only on 

the receptor population of the macrophage, but also on the stores of endogenous 

norepinephrine within the c d  (59, 85, 169, 177). Spengler disaisses the potential 

ability of macrophages to modulate their production of T N F a  by autoregdatory 

mechanisms which involve endogenous norepineph~e (46, 157, 169, 177). It cm be 

concludeci through the work of Spengler that macrophages, when stimulateci by LPS, 

release their pooled norepinephrine and autoregulate their TNFa production (46, 

169). Therefore, his work suggests that ifceils have high stores of endogenous 

norepinephrine, their production of TNFa is kely to be greatiy inhibiteci when az- 

adrenergic agonists are used as stimulaots, and alternatively, those macrophages with 

low endogenous norepinephrim levels are M y  to produce greater amounts of TNFa 

when az-adrenergic agonists are again used for stimulation. From these previous 

obse~ations, endogenous catecholamines released after LPS treatment or during an 



immune response via stimulation of a fkdrenoceptor could be involved in vivo in the 

Uihiiition of TNFu secretion (59, 169, 1 74). 

Evidence in tbis project concludes that a-antagonists inhibit M a  production 

while fbantagonists are able to increase the production of TNFu when combinai with 

norepinephrine. Ahhough adrenoceptor type and concentration are major factors in 

T N F a  modulation by norepinephrine, it appears fkom this research project that 

norepinephrine may have a higher afnniSr for the p-adrenoceptor than the a- 

adrenoceptor. Thus, the availability of a f3-adrenoceptor for NE binding resuits in 

decreased production of TNFa by stimulated alvedar macrophages, and the ligand of 

norepinephrine to the a-receptor modulates the production of increased TNFu by 

stimuiated alveolar macrophages. This modulation of TNFa production agrees with 

the suggestion that in vivo, the sympathetic nervous system is involved in the fine 

tuning of LPS induced TNFa  production through the release of catecholamines (1 69, 

174, 175, 178). 

The Modulation of Total Trandorming Growth Factor-p Production by 

Lipopdysaccharide Stimulatecl and NonStimulated M u ~ e  Aiveolu 

Macrophages with Adrenergic Agonis and Antagonist Treatments 

Examining the effkcts of norepinephrine on the production of total TGF-B by 

dveolar macrophages is by far more contiising than the eEêcts observed on TNFu 

production. To date, no research has foaised on the area of alveolar macrophage 

production of TGF-P modulateci by norepinephrine. As with the T N F a  study, the 

observations regardhg the production of total TGF-p by Snmuiated dveolar 

macrophages are sllnilar - total TGF-P was secreted in large amounts in alveolar 

macrophages treated with only LPS, while aiveolar maaophages treated with LPS + 

NE secreted siBnifica~tiy lower amounts of total TGF-p. Again, the effect of 

norepkephrine on the inhibition of total TGF-8 secretion was enhanced when 



phentolamine was added in a 1 : 1 ratio with norepinephrine - and in a 1 : 1 solution 

with propranolol, wrepinephrine was able to increase the production of total TGF-B. 

These redts  suggest that norepinephriae, when acting through the a- or $- 

adrenoceptors of the alveolar macrophage, has an adrenoceptor specific &êct on total 

TGF-P production Because of these experimental results, previous studies regarding 

the concentratioa and type of adrenoceptor on the macrophage must again be 

examineci (59, 177, 179). 

The experimental data illustrate that when phentolamine was added in a 1 : 1 

combination with norepinephriee WH), total TGF-P production by LPS stimulateci 

alveolar macrophages was limiteci. In f e  it was more limiteci than when only the 

LPS + NE treatment was added. Examining the effects of an P-antagonist in 

combination with norepinephrine (NPR) shows an increased production of total TGF- 

f3. Thus, it appears that norepinephrine, when able to bind to an a-adrenoceptor, 

augments the production of total TGF-f3, but NE, binding to a P-adrenoceptor results 

in decreased total TGF-B production. When scamining the results obtained when 

ody the LPS + NE treatment was added to the alveolar macrophages, the r d t s  

indicate a P-adrenoceptor effect. In this expriment, NE shouid be able to access 

either the a-adrenoceptor or P-adrenoceptor Xthey both are present on the 

macrop~es .  Thus, it appears that norepinephruie has a pater afEnity for the p- 

adrenoceptor on LPS stimulateci macrophages, and when it is able to bind to the P- 
adrenoceptor, NE wiii serve to modulate a decreased production in total TGF-B. 

These red t s  also illustrate why the production Ievels of total TGF-8, when 

modulateci solely by NE, fkil between that observed when the norepinephrine and 

propranolol solution (NPR) and the norepinephrine and phentolamine solution (NPH) 

weie added to stimulateci alvmlar macrophages. Norepinephrine on it's own appears 

to have the potential to modulate a duai effect. When it binds to the macrophage 

through the adrenoceptors, a ligand with the a-adrenoceptor provides for increased 



total TGF-fl production whiie a ligand with the $-adrenoceptor limits total TGF-$ 

production. Therefore, it appears that there is an overiapping in the sigtiaiing 

response, and the dynamic sature of the norepkephrine response depends again on the 

concentration, isofomq and avaiiabiiity of macrophage adrenoceptor. 

It is also apparent that norepinephrine is able to modulate a decreased level of 

total TGF-0 through the f3-adrenoceptor, since the terbutaline treatment in this 

research project again displayed an overd decrease in total TGF-P production over 

the 72 hour time course. Since terbutaline is a badrenergic agomsf it is possible that 

norepineph~e is modulating this decrease in TGF-B production through the 

adrenoceptor. This hypothesis is also supported by the experimental data indicating 

that NE in combination with PH (NPH) fùrther decreased the secreted levels of total 

TGF-f3 by the LPS stimulateci murine alveolar macrophages. 

The data couected in this project may also suggest that the predominant 

adrenoceptor type on the aiveolar macrophage is the $-adrenoceptor. This hypothesis 

resdts fiom the result in which NE, when added to the stimulateci murine alveok 

macrophages produced an inhibition of both T N F a  and TGF-fl quantities. However, 

when NE was added in combination with each of the a- and B-antagonists, 

adrenoceptor-specific inaeases and decreases in T N F a  and TGF-B production were 

respectively detected. From the results utiliriog the B-adrenergic agonists, it appean 

then that either NE has an inaeased f i t y  for the B-adrenoceptor, or perhaps there is 

a iiigher probabilày of NE binding to these adrenoceptors due to their increased 

concentraîion on the macrophage. These preliminary hypotheses must be explore. in 

more detail. 



The BiologicaI Activity of Trandorming Growth Factor-p and Lsoform 

Idenmcation 

TGF-B is secreted by ceils in many isoforms, as well as in two biological forms 

- active and latent. Because of this, it was important in this research project to not 

only resolve the effkcts of norepinephrine on the modulation of TGF-p production, but 

t was also ùnperative to determine both the isofonn and biologicaf activity of the 

TGF-p present in the conditioned media 

The isofom of TGF-B secreted by the LPS stimulatecf and non-stimulated 

murine alveolar macrophage was found to be TGF-BI, because acperiments with d- 

trandonning growth &or-pl a n t i i e s  present in the conditioned media at the time 

of TGF-P assay were effectively able to neutralize most of the TGF-B present. Based 

on the pubiished research examinhg isoforms of TGF-f3 present in alveolar samples, 

this is, however, the expected result (128, 143, 15 1, 179). 

There are five known isoforms of TGF-p, however, only three of these have 

been reported to be found in mammalian cells. Research by Khalil and Greenberg, two 

the of prominent researchers in the field of idiopathic pulmomy research and TGF-p 

supports the hypothesis that non-stimulated murine alveolar macrophages primarily 

secrete TGF-B 1, although mail quantities of TGF-Pz and TGF-P3 are also present in 

hiaological studies (1 5 1). K M  and Greenberg have additionally noted that 

quantitia of TGF-PI are increased by activatecl murine macrophages, while TGF-P2 

and TGF-P3 isoform amounts r d  relatively unchangeci. The results relating to the 

isoform neutralization by anti-TGF-Bi anb'bodies in these research scperiments 

suggest that the prominent TGF-f3 isoform present was TGF-Pi, and thus agrees with 

previoudy pubtished literature (1 5 1). 

This research project ais0 iliustrated that murine alveolar macrophages 

stimuiated with LPS, or LPS plus an adrenergic treatment, had much higher 

produaion levels of the active fom of TGF-f3, whüe those murine alveolar 



macrophages stimulatecl with ody an adrenergic treatment produced greater quantities 

of latent TGF-8. These r d t s  suggest tbat LPS-stllnuiated murine alveolar 

macrophages produce iarger amounts of active TGF+ compareci to non-stimdated 

murine alveoIar macrophages, and these resuhs are important since only biologicaliy 

active TGF-P is able to participate in Unmune reactions. 

TGF-f3 is active biologically only when it has been activateci by low pH, 

proteolysis, or by the many unknown rnechanisms invohed in tumor deveiopment 

(1 19, 120, 126). Therefore, it is apparent, that the seadon of latent TGF-$ by ceils 

is an important rwatory mechanism since most ceils ubiquitousiy secrete TGF-p as 

weIi as express receptors for this cytokine. In this research project, the increased 

secretion of active TGF-B in response to norepinephrine is of cünical importance 

because in it's active form, TGF-B is known to participate in many immune responses, 

including the %rosis process of Idiopathic Puimonary Fibrosis. 

Conclusioos Regarding the Complu Role of  Norephephrine in the Moduiation 

of Tranaforming Growth Facto~B and Tumor Necrosis Facto- by 

Lipopolysaccharide Stimuiated and Non-Stimulated Murine Aivcdu 

Macrophages 

In this study, norepinephrine is able to augment significantly LPS-stimuiated 

alveolar macrophage production of both TGF-P and RJFa over a two day Mie 

course. The results of this project support the ability of norepinephrine to modulate 

the production of both TGF-f3 and TNF-a through the fbadrenuceptor of the LPS 

stimuiated murine alveolar macrophage. 

A significant decrease in the production of total TGF-p was modulateci by 

norepinephrine through the p-adrenoceptors of the LPS stimdated murine alveolar 

macrophages, white a signifiant increase in total TGF-p production was observed 

when fhdrenergic antagoMsts wae utilized in conjtmtïon with NE (NPR). The 



biologicai activity of the TGF-fl secreted by the alveolar macrophages suggests that 

LPS stimulation results in the production of active TGF-f!, while a lack of LPS 

stimulation relates to increases in latent TGF-$ production- 

The production of R J F a  by LPS stimulateci murine dveolar macrophages 

was si@cantly decreased in the presence of norepinephrine and also when 

norepinephriw was combined with phentoiamine WH), thus stlggesting that the 

modulation of RJFa production is through the B-adrenocepton of LPS stimulated 

murine alveolar macrophages. 

This alveolar macrophage shidy is ody in it's pretiminaiy stages, ince the 

nurnber of mice utiiized to wiiect tbis data was ody tbree for each cytokine. Thus, 

funher research is needed £ïrstly to detemine whether these effects are indeed 

significant in larger populations, and a much more in-depth chification of 

adrenoceptors and actions of norepinephrine on these rezeptors is ais0 needed. This 

could be done utilinng specinc a- and P-agonists, as weil as varying the5 respective 

concentrations to determine whether the modulation of norepinephrine varies with 

adrenergic dmg concentration. 



CUAPTER v: 
FINAL THOUGHTS 

In conclusion, the resuhs of this project suggest that the sympathetic nervous 

system can act to modulate the production of -or necrosis factor* and 

transforming growth factor-6 by lymphocytes a d  alveolar macrophages through the 

neurotransmitter norepinephrine. Although the interpretation of this research thesis 

suggests the mechanism of neuroimmunomoduIation is primarily through the B- 
adrenoceptor of the lymphocyte and alveolar macrophage, the adrenoceptor pathway 

stimulateci by norepinephrine, and thus the respective &kts are debatable, and is 

therefore the results are open to various interpretations. 

In CD3 + PMA activated murine splenocytes, NE was able to modulate a 

decrease in both T N F a  and TGF-$ production through the $-adrenoceptor, while 

inmeases in both cytokines are observed when a-adrenergic treatments are used to 

target the a-adrenocepton. These effects, although they are both statistically 

signifiant over a two day time course, only appear to be dose dependent when the P- 

adrenoceptor is targeted. fn the non-stimulateci murine splenocytes as well as in both 

t r a n s f o d  ce11 lines, TGF-P and TNFa production was augmented by both the a- 

adrenergic agonists and B-adrenergic agonists over the two day time course. Although 

only the fbadrenergic agonists had a dose dependent &ect on the production of 

cytokines, the a-adrenergic agonists were able to increase TGF-f3 and TNFa to larger 

quanthies than the B-adramgic treatments. The production of biologicdy active 

TGF-P was found predominately in the secretions of the CD3 + PMA stimulated 

popdation murine splenocytes as weli as the two transformeci ceil lines; the non- 

stimulateci murine splenocytes produced predomioately latent TGF-$. 

In this study, norephephrine was ais0 able to significantiy augment US- 

stimulated alveolar macrophage production of both TGF-P and TNFa over a two day 



time course. The r d t s  illustrate that when this modulation occurred through the & 

adrenoceptor of the LPS stimulateci murine aiveolar macrophage, a signincant 

decrease in the production of total TGF-fl was obsewed, while a signifiant increase in 

total TGF-$ production was observed when a f3-adrenergic axrtagonist was utilized in 

wnjunction with NE. The biologid activity ofthe TGF-p secreted by the alveolar 

macrophages suggests that LPS stimulation results in the production of active TGF-f3, 

while a lack of LPS stimulation relates to increased latent TGF-P production. 

One major drawback tbroughout this study was the heavy reliame on the MTT 

method for quantification of both TGF-fl and m u. Although this method of 

quantification is acceptable, t is imperative that the results of these experiments be 

verifïed for their accuracy utilipng another bioiogical assay, such as the ELIZA or 

radioirnmunoassay method. Utilking either of these classical rnethods to v e  the 

results of theses studies would strengthen the results of this project and would also 

prove that the messurecl cytokines - TGF-8 and TNFa - were indeed the cytokines 

moduiated by norepineph~e. 

Although the original study for this project was performed over a three day 

time course, only 24 h .  and 48 hr data is included in this thesis. Because, the haif lité 

of ail the agonist treatments is short, the possibility of these drugs having an effect at 

the 72 hr t h e  point is very unlikely, and thus it was felt that this data wuld be safely 

eliminated. It can also be postulated that 48 hr data obtained for this project may not 

be justified, again due to the short half lives of the adrenergic drugs, however, tbis data 

was included to examine the dects  of the various treatments on TNFa and TGF-f3 

production over time. 

Finally, in many of the experiments, the range of change for many of the results 

is quite small, and thus it is &cdt to determine, especiaUy fiom the studies 

performed, whether or aot these effixts are biologically signifiant. Thdore,  it ts 

imperative that more studies, especidy in vivo studies, are perf'ormed to examine if 



these small changes in cytokine production, modulateci by NE, are of biologicai 

significance. Also, although the results in this uiesis are consistent throughout, the 

cell hes were never tested for mycoplasma, and therefore before this data cao be 

accepted es true, a screening process of the various ceil lims must be performed to 

guarantee that t was in fict the tested cell lines and not mycoplasma providhg the 

observed conclusions. 

The preliminary results of this project illustrate the novel yet cornplex 

interactions which ocair between the nervous and immune systems. This study has 

dernonstratexi the modulation of lymphocyte and aiveola. macrophage derived TNFa 

and TGF-P by the adrenergic agonis norepinephe, and has thus defineci, although 

only in a rudimentary level, one of the many processes of neuroimmunomodulation 

known to play important roles in the pathogenesis of many immunologicaily mediated 

diseases, including idiopathic pulmonary fibrosis, tuberdosis, sarwidosis and chronic 

lung disease of the premature infaat. 



MlEDIA AND MATERIALS FOR TISSUE CUL= 

bmercaptoethanol(2-hydroxyethyl mercaptan) 
: Sigma Chemical Co. Cat.#M6250 
: F.W. 78.13 
: concentration utilized in culture media was 5.0 x 10-5 M 

gentamycin suiphate 
: Sigma Chemical Co. Cat.ffi3632 
: concentration ualized in ce11 culture media was 5 mg/rnL 

D-glucose, anhydrous 
: BDH Chemicais Cat,#B28450 
: F.W. 180.16 
: concentration u t i l i d  in celi culture media for WEHI I &var and A375 

was 4.5 gn 

L-glutamine 
: Sigma Chemical Co. Cat.#G125 1 
: F.W. 146.15 
: C5H10N203 
: concentration utilized in ce11 culture media was 2.0 x 10-3 M 

sodium p p v a t e  
: Sigma Chemical Co. Cat.#S8636 
: F.W. 110.04 
: concentration utiiized in ceil culture media was I .O x 10-3 M. 

trypsin-EDTA 
: Gibco Laboratones Cat.# 1 5400-054 
: 0.5% Trypsin, 5.3 mM EDTA.4Na 
: concentration utilù:ed for removing adherent celis nom tissue culture flasks 

1 : I O for WEHI- l6VAR 
1 :2 for A375 

- trypsin-EDT A was diluteci in RMPI- 1 64OPR 



TISSUE CULTüRE MEDIA 

RPMI- 1640 with L-glutarnine aod phenol red, without glucose and sodium 
bicarbonate 

: Gibco Labotatories Cat.#3 l8OO-û7 1 

For E L 4  Jukat and 145-2C11 cell hes: 
Complete culNe media: RPMI- 1640 with 1 Ph FES, 1 .O x 10-3 M sodium 

pyruvate, 2.0 x 1 0-3 M L-glutamine, 5 mg/mL 
gentamycin d a t e  

Experimental media: RPMI-1640 with 100/o FBS, 1.0 x 10-3 M sodium 
pyruvate, 2.0 x 1 O-3 M L-glutamine, 5 mg/mL 
gentamycin sulfate 

For A375 and WEHI- 13VAR ceil hes: 
Complete culNe media: RPMI- 1640 with 10?4 FBS, 1 .O x 10-3 M s o h  

pynivate, 2.0 x 1 0-3 M L-glutamine, 5 mg/mL 
gentamycin sulfate and 4.5 mglmL glucose 

Experimental media RPMI-1640 with 10?4 FBS, 1 .O x 10-3 M sodium 
pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL 
gentamycin sultàte and 4.5 mg/mL glucose 

TISSUE CUL- SERA 

Controlled Process S e m  Replacement- l (CPSR- 1 ) 
: Sigma Chemical Co. Cat.#C8905 

Newborn Caif Serum 
: Sigrna Chemicai Co. Cat.#N4637 

Serumax Fetd Bovine Senun 
: Sigma Chemical Co. CatH8894 

TISSUE CULTURE CONTAINERS 

24 wellslplate, rigid polystyrene plates, tissue culture treated 
: Sigma Chemicai Co. Cat.#M9655 

96 wells/plate, rigid polystyrene plates, tissue culture treated 
: Sigma Chemical Co. Cat.#M9780 



25 cm2 canted neck with plug cell culture flasks, tissue culture treated 
: Sigma Chemid  Co. CatK7064 

75 cm2 canted neck with screw top cell culture f lash tissue d t w e  treated 
: Sigma Chernical Co. Cat.KO427 

CYTOKINES 

turnor necrosis factor* 
: Peprotech Cat.#3 15-0 1 A 
: recombinant murine TNF-a 

anti-tumor necrosis fktor-a 
: Peprotech Cat.#500-P6A 
: anti-murine TNF-a 

transfonning growth fmor-6 
: R & D  
: Cat.#240-B 
: recombinant human TGF-P 

anti-transforming growth factor- f3 
: R & D  
: Cat.#AF-IOlNA 
: polyclonal neutraliring antibody 

CELL LINES 

EL-4 : T ceil, mouse (ATCC TIB39) 

J-URKAT : lymphoma, Jurkat derivative, human (ATCC CRL8 163) 

WEHI- t 3VAR : fibrosarcoma, rnouse (ATCC CRL2148) 

A375 : d g n a n t  melanoma, human (ATCC CRU6 19) 

145-2C11 : hybndoma, cultures secrete rnAl3 specific for murine CD3 epsilon 
chah 

: murine (ATCC CRL 1975) 



PEARMACOLOGIC REAGENTS 

L(-)-Norepinephrine bitartrate 
Sigma Chemical Co. Cat.#A95 12 
(-)-meren01 
al 9 a29 B agonis 
adrenergic neurotranmitter, vasoconstrictor 
bitartraîe sait 
F.W. 3 19.27 

1 lN03 *Cd606 

Terbutdine 
: Sigma Chemical Co. Cat.#T2528 
: (2-t-Butylarnino- 1-[3,5d&ydroxyp henyl]ethano 1) 
: P2 adrenoceptor agonïst 
- hernisulfate sdt 
: F.W. 274.3 
: C12HlgN03*I/2H2SOq 

UK14304 
: generous gifi of A. McNichoI, University of Manitoba 
: (5-bromo-N-(4,5-dihydro- 1 H-imidazol-2-yl)6-quinoxalinamine) 
: a2 agonist 
: F.W. 442.3 
: C11H1OBrN5 

Propranolol 
: Sigma Chernical Co. Cat.#P0884 
: (1 -[isopropyIamino]-3-[ 1 -naphthyloxy]-2-propan01) 
: p antagonist 
: hydrochloride 
: F.W. 295.8 
: C 1 6H2 1 N02*HCl 

Phentolamine 
: Sigma Chemical Co. Cat.#W547 
: (2-~-(m-hydroxyphenyl)-ptoluidinomethyl]-imîdazoiine 
: a antagonist 
: hydrochloride 
: F.W. 3 17.8 
: C17H19N30*HCl 



Methoxamine 
: Sigma Chernical Co. Cat.#M6524 
: (a-[ 1 -amnoethyi]-2,5dimethoxybenzyi alwhol) 
: al agonis 
: hydrochloride 
: F.W. 247.7 
: C11H17N03'HCI 

Lipopolysaccharide 
: Sigma Chemicai Co. Cat.#L4391 
: from E. coli 01 1134 
: stimulation index 12.2 @ 15.6 ug/mL LPS 

Aprotlliin 
: Sigma Chemical Co. Cat.#A3428 
: F.W. 6,500 
: dissolved in phosphate buffered saline 
: used at a final concentration o f  1 uglmL 
: inhibits: trypsin, chymotrypsin, kallikrein, plasmin 

Leupeptin 
: Sigma Chemical Co. Cat.#L2023 
: F.W. 475.6 
: dissolved in distilled, de-ionized water 
: used at a find concentration of 0.5 ughnL 
: inhibits: acid proteases 

Pepstatin A 
: Sigma Chernicd Co. Cat.#P4265 
: F.W. 685.9 
: dissolved in methmol 
: used at a final concentration of O S  u g / d  
: inhibits: acid proteases such as pepsin, renin, cathepsin D 

ammonium chloride : Fisher Scientific Cat . #A66 1 
: l w & I  
: F.W. 53.5 



ammonium sulphate : BDH Chernicals Cat.#ACS093 
(NHq)2S04 

: F.W. 132.14 

bovine serum albumin : Sigma Chernical Co. Cat.#A3350 
: Fraction V 
: 96-99% Albumin 

dimethyl sulfoxide : Fisher Scientific Cat .#D 128-500 
: [CH~IZSO 
: F.W. 78.13 

erythrocyte lysis b&er or tris-ammonium chloride b d e r  
: TRIZMA base (Tris~ydroxymethyl]aminomethane 
: Sigma Chernical Co. Cat.#T679 1 
: F.W. 121.5 
: Stock solution was 0.1 7M @ pH 7.65 
: buffer: 0.017 M Tris, 0.144 M NQCI @ pH2 

hepes : SigrnaChemical Co. Cat.#H9136 

hydrochloric acid : Sigma Chemical Co. Cat.#H7020 
: F.W. 36.46 
: HCI 

MTT : Sigma Chemical Co. Cat.#M5655 
: F.W. 414.3 
: (3 44,s -dimethylthiazoi-Z-y l] -2,5 dipheny1- 

tetrazoliurn bromide) 
: used at a final experimentai concentration of 5 mg/mL 

phosphate buffered saline (PB S) 
: 0.14 MNaC10.00015 M KH2PO4, 

0.0005 M NaHP04, 0.0004 KCI 
: pH 7.2 

potassium chlonde : Fisher Scienctific Cat.#P2 17 
: F.W. 74.56 
: KCl 

potassium phosphate monobasic 
: Aldrich Chemical Co. Cat.#22 130-9 
: F.W. 136.09 
: KH2PO4 



sigmacote 

sodium bicarbonate 

sodium chioride 

sodium hydroxide 

: SigrnaChernid Co. Cat.#SL-2 
: all glassware which came in contact with TGF-b received a 

preaating with sigmacote 

: Fisher ScientSc Cat.#S233 
: F.W. 84.01 
: NaHCq 

: Fisher ScientEc Cat.#S27 1 1 
: F.W. 58.44 
: NaCl 

: BDH Chemical Co. Cat.#ACS816 
: F.W. 40.00 
: NaOH 

sodium phosphate dibasic 
: J. T. Baker Chemical Co- Cat.#3824 
: F.W. 141.96 
: Na2HP04 

solution D : 500 uL Hepes + 200 uL SM NaOH) 

trypan blue: : Sigma Chernical Co. Cat.#T0776 
: F.W. 960.8 

C34H24N60 1 4SqN4 
: used for staining cells for counting and determinhg ceii 

viabiiity 

Cambridge Technology Inc. Plate reader comptuer compatible software 

Cambridge Technology Inc. Plate reader 750, Version 2.0 

Canadian Cabinets Flow Hood 

IEC Centrifiige 



GLOSSARY 

DefiMions of terms utilized throughout this thesis were obtained fiom two sources, each 
denoted by the use of a superscript. a denotes tenns whose denaitions were found in (98) 
and denotes dennitions obtained fkom (http://www.hti.Umichedddidoed/simpIe.h~). 

adrenaiectom~ the surgical removal of one or both adred glands 

adrenergic' relating to epinephrine, iî's release or action; acting üke 
adradine 

the binding strength between a single receptor site and a ligand 

a chemical substance capable ofcombining with a receptor on a 
cell and initiating a reaction or activity 

allogenicb denoting rnembers of the same species that differ genetidy 

antagonista a chernical substance capable of wmbining with a receptor on a 
dl and reducing the physiological activity of another 
chernical substance 

antibodyb a protein wnsisting of two identical heavy chahs and two 
identical tight chahs thai recognites a pttrticular epitope on an 
antigen and facilitates clearance of that antigen 

any substance that binds specificaiiy to an antibody or a T cell 
receptor 

antigen processing cellb any ceil that can pro- and present antigenic peptides 
in association with class II MHC molecules and deliver 
a costirnulatory si@ necessary for T ceil activation 

any of the lymphocytes that have antiidy m o l d e s  on the 
surfàce and comprise the anttkdy-secfeting plasma celis when 
mature; a lymphocyte that mahues in the bone marrow and 
expresses mernbranebound mtiidy. Following interaction 
with autigen, it differentiates into antiiody-~ec~eting plasma celis 
and memory celis 

Pz-microglobulinb invariant subunit that associates with the poiymorpbic a chah to 
fonn class 1 MHC molecules, it is not encoded by MHC genes 

carcinomab tumour arising fiom endodermal or ectodermat tissues 



catecholaminea any of various amines that ~ c t i i o n  as hormones or 
neurotransmitters or both; a substance that transmits nerve 
impulses across a synapse 

a large glycoprotein that is found on the surfâce of helper T cells 

ceil-membrane molecule used to differentiate human leukocyte 
subpopulations and identifieci by monoclonal d b o d y .  AU 
monoclonal antiiodies that react with the same membrane 
molecule are grouped into a cornmon cluster of dif%renti8tion, or 
CD 

a population of culturd tumor ceUs or normal ceiis that have been 
subjected to chernid or viraI transformation. Ceii lines can be 
propagated iadefinitely in culture. 

centrai nervous systema the portion of the vertebraîe nervous system 
wnsisting of the brain and the spinal wrd 

class I MHC rnoleculeb heterodimenc membrane proteins that consist of an 
a chain encodd in the MHC associated noncovalentiy with 
Prmiaoglobulin. They are expressed by nearly all 
nucleated celis and bction in antigen presentation to 
CD8+ T cells 

cIass II MHC molecdeb heterodimerk membrane proteins that consist of a 
nonwvalently associateci a and chain, both encodeci in 
the MHC. They are expressed by antigen-presetrting ceiis 
and hction to present antigen to  CD4+ T cels 

cytotoxicb 

endogenousa 

a cyciic mononucleotide of adenosine that is fomed fiom ATP and 
is responsible for the intracellular mediation of hormonal effects on 
various cellular processes; ais0 calied ademosine 3', 5' - 
monophosphate 

any of numerous semeteci, low molecular weight proteins that 
regulate the intensity and duration of the immune response by 
exerting a variety of eEects on lymphocytes and other immune 
cells 

havhg the ability to kiïl cells 

produced or synthesized within the organism or system 



certain Iipopolysacchmide wmponeats ofthe cell wall of gram- 
negative bacteria that are respoasible for -y of the pathogenic 
effects associated with these organisms 

introduced or produced outside the organîsm or system; 
specifidy not symh&ed withùi the organism or system 

a T cell that participates in an immune respoose by recognizing a 
foreign antigen and secreting lymphokines to activate T dl and B 
ce1 proliferation, that u d y  caRies CD4 m o l d a r  markers on 
its cell Surface 

f o d o n  and development of the red and white blood cells 

a clone of hybrid ceils formed by fusion of normal lymphocytes 
with myelorna ceh; it retains the properties of the normal ce1 to 
produce antiiodies or T ceU receptors but exhibits the immortal 
growth characteristic ofmyeloma c d s .  Hybridoaas are used to 
produce monoclonal atitibodies 

immune systema the bodily system that protects the body nom foreign substances, 
cells and tissues by producing the immune response and that 
includes especidy the thymus, spleen, lymph nodes, special 
deposits of lymphoid tissue, lymphocytes including the B ceus, T 
cells and antifbodies 

in vitre 

in vivo* 

Ieukocyteb 

any of a group of heat-stable soluble basic antiviral glycoproteins 
of low molecular weight that are produced usually by ceIls exposed 
to the action of a Wus, sometimes to the action of another 
intracellular parasite (as a bacterium), or experimentally to the 
action of some chemicals substances which help to regulate the 
immune response 

any of several compouads of low molecular weight that are 
produced by lymphocytes, macrophages, and monocytes and that 
hction especially in regulation of the immune system and 
especially cell-mediated immunity 

in an amficial environment outside the h g  organisrn 

within a living organisrn 

any blood ceIi that is not an erythioqte; white blood cell 



lyrnph nodeb 

1 ymp hokineb 

macrop hageb 

met astasi sa 

monoclonal antibodyb 

a s d  secondary lymphoid orgau thw contains lymphocytes, 
macrophages and dendntic cdls and serves as a site for filtration of 
foreign antigen and activation and proliferation of lymphocytes 

an agranuloqtic leukocyte that normally makes up a quarter of the 
white blood ceil count but increases in the presence of infectiow a 
mononuclear leukocyte that mediates humoral or ceil-mediated 
immunity 

a cytokine produced by activateci lymphocytes, especially helper T 
cells 

a large leukocyte derived fiom a monocyte that hctions in 
phagoqtosiq antigen processing and presentation, secretion of 
cytokines, and antibody-dependent cell-mediateci cytotoxicity 

major histocompatibility cornplex; a complex of gmes encoding 
dl-surface molecules that are required for antigen presentation to 
T cells and for rapid graft rejection. It is cal1 the H-2 complex in 
the mouse and the ELA cornplex in humaas 

change of position, state, or form, as a transfm of a disease- 
produchg agency f?om the site of disease to another part of the 
body, as a secondary metastatic growth of a malignant tumor 

any substance that nonspecifically induces DNA synthesis and cell 
division, especiaiiy that of lymphocytes. A cornmon mitogen is 
LPS. 

homogenous prqaration of antibody molecules, produced 
by a hybridoma, al1 of which exhiibit the same antigenic 
specificity 

liberating, activated by, or involving norepinephrine in the 
transmission of nerve impulses 
<noradrenergic nerve enduigs; noradrenergic nerve fibers> 

a catecholamine, that is the chemical means of transmission 
across synapses in postgangiionic neurons of the 
sympathetic nervous systern and in some parts of the 
central nervous systern, is a vasopressor hormone of the 
adrend medulla, and is a preçurror of epinephrine in its 
major biosynthetic p a b a y  



plat el& a d nuclear membrane-bound cytopiasmic structure derived 
from megakaryoqtes, which contains vasoactive substances and 
clotthg fkctors important in blood coagulation, inflammation and 
dergic reactions 

primary lymphoid organb 

secondary lymphoid organb 

organs in which lymphocyte precurson mature into 
antigenically committed, immunocompetent cells. in 
rrmmds, the bone marrow, and thymus are the primary 
lymphoid orgaos in which B-ceIi and T-ceU ma-tion 
occur, respedveiy. 

o r g m  and tissues in which mature, immunocompetent 
lymphocytes enwunter trapped antigens and are activateci 
into efféctor cells. In mammals, the lymph nodes and 
splem, and mucosai lymphoid tissue wnstitute the 
secondary lymphoid orgens 

secondary lymphoid organ where old erythrocytes are destroyecl 
and blood-borne antigens are trapped and presented to 
lymphocytes 

stem ceUb cell fiom which diffixentiated cells derive 

sympathectom~. the surgical interruption of a nerve pathway ia the sympathetic 
nervous system 

sympathetic nervous systema originaîes in the thoracic regions of the spinal cord; 
opposes physiologid effkcts of the 
parasympathetic: reduces digestive secretions; 
speeds the heart; contracts blood vesseis 

of relating to, or common to a system: as affecting the body 
generally, or by supplying those parts of the body that receive 
blood through the aorta rather than through the pulmonsry artery 

a lymphocyte that matures in the thymus and expresses a T cell 
receptor, CD3 and CD4 or CD8. Several distinct T cell 
subpopulations are recognized. 

antigen binding moleaile expressed on the surface of T cells and 
associated with CD3. It is a heterodimer consistllig of either en a 
ory chainor a y  or6 chah 



subpopufation of activateci CD4+ T ceils thaî secrete characteristic 
cytokines a d  h d o n  primarily in cd-mediated responses by 
promoting activation of macrophages 

Th2 subsetb subpopuiation of activateci C M +  T ceiis that secrete characteristic 
cytokines and fhction primarily in the humoral response 

thymus glandb a ductless gland in the throat, or in the neighbouring region, of 
nearly al1 vertebrates that produces lymphocytes and aids in 
producing immunity 

tumor necrosis f ac to~  a protein that is produced by monocytes and macrophages 
response especiaily to macrophages in response 
speciaüy to e n d o t o h  and that activates leukocytes and 
as -or activity 
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