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ABSTRACT

The involvement of the nervous system in modulating immune function comprises the
exciting field of neuroimmunology. Not only has it been proven that the nervous
system can participate in controlling immune function in a variety of illnesses and
diseases, but scientists have also demonstrated that the immune system is able to
regulate the nervous system. Extensive research has identified 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 brain, is
able to interact with postsynaptic receptors to mediate a diverse set of biological
responses when it is released from nerve endings. These receptors, as well as being
located on nervous system tissues, have also recently been found on cells of the
immune system, including macrophages and lymphocytes. Most research to date has
focused on the effects of norepinephrine on splenic macrophage function and these
studies have noted that norepinephrine is able to modulate a diverse set of immune
activities, depending upon the cellular targets and the concentration of this
catecholamine. Although researchers have illustrated that norepinephrine has an effect
on the modulation of tumor necrosis factor-a. (TNF-ot) and transforming growth
factor-8 (TGF-) in splenic macrophage populations, research has yet to determine the
effect of norepinephrine on the production of these cytokines by lymphocytes or by
LPS stimulated and non-stimulated murine alveolar macrophages. Utilizing four
lymphocyte cell systems, two transformed cell lines and both non-stimulated as well as
a CD3 + PMA stimulated murine splenocytes, it was concluded that norepinephrine
was able to significantly increase production of both cytokines by the first three cell
systems, but the modulatory effect of norepinephrine on the CD3 + PMA stimulated
splenocyte sample was significantly inhibitory. These effects of norepinephrine were
noted to reflect both the concentration and adrenoceptor target of the adrenergic drug.
The murine alveolar macrophage populations displayed similar results, with
norepinephrine again being able to modulate adrenoceptor-specific increases and
decreases in TNF-ot and TGF-$ production. The cytokines, both TNF-a and TGF-8,
were quantified throughout this research project using a non-radioactve MTT bioassay
method specifically designed in this Masters Project. The resuits of this experimental
research project are meaningful in elucidating the role of the nervous system in
immune function, but also relate more importantly to the involvement of
norepinephrine in cytokine moduiation in diseases, including idiopathic pulmonary
fibrosis, chronic lung disease and many forms of cancer.



CHAPTER [:
AN OVERVIEW

INTRODUCTION

Traditionally, the immune system has been regarded as an autonomous, self-
regulating collection of specialized cells and organs which have the ability to identify and
clear elements and microorganisms foreign to the host (1, 2, 3). In the early 1930s, the
first hint of a connection between the immune system and nervous system was established
when Hans Selye demonstrated that stress could potentiate both hypertrophy of the
adrenal glands and atrophy of the thymus (3). Moreover, Selye also illustrated 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 link between the immune system and stress may be
potentially mediated through the pituitary-adrenal endocrine axis (3).

More recently, in the early 1980s, evidence was published illustrating that complex
interactions occurred regularly between the brain and the immune system (2, 4, 5, 6, 7, 8).
Rinner examined the myriad of factors originating 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 psychoimmunology became recognized, and today has grown to become
a rapidly expanding field in modern biology.



THE IMMUNE SYSTEM AND NERVOUS SYSTEM — A RELATIONSHIP?
Interactions between the immune system and psychological states have been
recognized as both intricate and intriguing (9). Researchers have shown through various
psychosocial, biological and neurobiological studies that multiple channels of
communication exist between the central nervous system and the immune system (2, 6, 9,
10, 11, 12, 13). In fact, the cross-talk involving both systems has been largely established
through numerous experiments examining both the physical and chemical connections
between these two systems (2, 6, 9, 10, 12, 13, 14, 15, 16). It has been demonstrated
that both these systems use similar ligands and receptors to establish a physiological intra-
and interstem communication circuitry (2, 6, 13, 16, 17). This circuitry plays a relevant
and important role in maintaining homeostasis within the body (2, 6, 9, 10, 13, 15, 16, 18).
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 further physical and chemical links between these two systems
(6, 10, 11, 13, 17, 18, 19). Nerve terminals are concentrated, and in direct contact with
lymphocytes in zones of lymphoid tissues rich in T cells — including the thymus, and in the
bone marrow — where B cells develop (7, 10, 13, 18, 19, 20). The anatomical
compartmentalization of noradrenergic innervation in lymphoid organs suggests the
existence of sympathetic neural interactions, more specifically through the
neurotransmitter norepinephrine (NE) (7, 10, 13, 18, 19). Indeed, evidence for such
interactions came from work by Bishopric and Cohen (19) who discovered the expression
of high affinity 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
comprehensively documented by ligand binding studies completed by many scientists
including, Titinchi and Clark (4, 10, 13). These adrenoceptors, like their counterparts

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



by the nervous system, with their receptors being downregulated in the presence of
agonists, and upregulated in the presence of B-blockers (10, 13, 15).

It has been found that in vitro, adrenergic agonists can modulate all aspects of an
immune response, altering such functions as cytokine production, lymphocyte proliferation
and antibody secretion (10, 11, 13, 14, 16, 20, 21). In vivo, it has been observed that
chemical sympathectomy suppresses cell-mediated responses and may in fact enhance
antibody responses (10, 11, 13, 15, 20). Likewise, noradrenergic innervation of the spleen
and lymph nodes is diminished progressively during chronic stress, a time when cell-
mediated immune function is also suppressed (10, 13, 20, 21). In animal models of
autoimmune disease, sympathetic innervation is reduced prior to the onset of disease
symptoms, and chemical sympathectomy can exacerbate disease severity (10, 13, 20, 21).

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 findings illustrate the importance of the
sympathetic nervous system in modulating immune function under both normal and

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

THE IMMUNE CELL POPULATION

All the cells that participate in an immune response originate from a population of
cells known as stem cells (24, 25, 26). Stem cells are able to reproduce and give rise to
special cell populations like neutrophils, macrophages and lymphocytes (26).
Lymphocytes are the key cells of the immune system since they recognize and respond to
foreign antigens while macrophages are valuable both as phagocytic cells and for their role
in antigen presentation (25, 26).

The mononuclear-phagocytic (MP) system consists of a single population of cells
called macrophages (25, 26). Macrophages of the MP system are located in many
locations including the lungs, liver, spleen, lymph nodes, and blood (25, 26). They have a



variety of functions in these locations, some of which are phagocytosis, macrophage
activation, the generation of reactive nitrogen metabolites, and they serve as important
secretory cells (25, 26). Almost 100 types of proteins are secreted by macrophage cells
including enzymes, leukotrienes and cytokines (26). Of the cytokines, five are prominent
in the regulation of immune responses - these include interleukin-1, interleukin-12,
interleukin-6, tumor necrosis factor-a and transforming growth factor-g (25, 27).
Lymphocytes are extraordinarily complex cells, found in tissues and fluids
throughout the body, including the blood and such organs as the spleen, thymus and lymph
nodes (4, 26). The immune response primarily takes place in these areas where
lymphocytes are focused, therefore the blood and lymphoid organs prove important in
establishing an environment for efficient interactions between antigen, lymphocytes, and
antigen presenting cells — B cells and macrophages (25, 26). Lymphocytes are
characterized by surface receptors, surface proteins, their response to mitogens, and
developmental origin (4, 26, 28). Those cells that develop in the thymus are known as T
cells, whereas B cells mature in the bone marrow (25, 26). While B cells can recognize
antigen in body tissues and fluids, T cells can recognize only selected fragments of antigen
(25, 26, 28). There are two major divisions of T cells 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 I
molecule (26, 29). Exogenous antigen presented bound to a major histocompatibility
complex (MHC) molecule of the class II type is recognized by the second type of T cells -
- helper T cells (26, 29). The other characteristic defining these two groups of T cells is
the presence or absence of the accessory molecules, CD4 and CD8. T cells with CD8, but
lacking CD4, bind only to antigen presented on the surface of virus-infected or other
altered cells - recognizing the MHC class I molecule, while T cell populations with CD4,
but lacking CD8, will bind only to the MHC class II molecule on antigen presenting cells
(26, 29). These two molecules, CD4 and CD8, therefore form receptor complexes which



bind to conserved structures on the MHC molecules and thus have major roles in
regulating T-cell response (26, 29).

The T helper (Th) lymphocyte group can further be subdivided into T helper 1 and
T helper 2 subclasses based on cell function and patterns of cytokine production (29, 30,
31, 32). T Helper 1 (Tht) cells secrete predominantly interferon-y (IFN-y) and [L-2,
whereas T helper 2 (Th2) cells secrete mainly [L-4, [L-5 and IL-13 (29, 31, 32, 33, 34,
35). Thi cells are able to induce cellular mediated inflammation and tissue injury whereas
Th2 cells are prominent in the pathogenesis of allergic diseases (28, 29, 31, 32). The
cytokines which are present during the initiation of a T cell response also play a role in
detérmining the development of a particular subset of T helper lymphocytes (27, 28, 29,
32). Th2 cells develop when naive T cells are stimulated in the presence of [L-4 (29, 32).
Conversely, IL-12 is a critical factor driving the development of Thl cells (28, 29, 32).

CYTOKINES

In recent years, the understanding of the immune system 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 different 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 functions (2). Recent evidence has suggested that some
cytokines are able to activate elements of the hypothalamic-pituitary-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 number and wide variation of proteins that mediate signaling
between cells (22, 26, 39). Interleukins are cytokines that either enhance interactions
between leukocytes and other lymphocytes, or serve as cell growth stimulants (26). An



example of a cytokine is interleukin-1, secreted mainly by macrophages in response to a
wide variety of stimuli, including phagocytosis or direct contact with T lymphocytes (26,
39, 40). Interleukin-6 is secreted mainly by T cells and fibroblasts and has a variety of
major targets including B cells (26, 39, 40). IL-6 is able to promote IL-2 production and
also is capable of stimulating the differentiation of T cells (26). Tumor necrosis factors
are produced both by macrophages and T cells, and they have the ability to kill tumor cells
(26). Finally, transforming growth factor-f is produced by macrophages, T cells and B
cells and is involved in a variety of cellular processes including, proliferation,
differentiation, and immunoglobulin production (26, 36, 41, 42, 43, 44).

Cytokines not only play a major role in local tissue response to microbial invasion,
but they are also significant in the systemic effects of many diseases (26, 36, 45, 46).
Fever is one of the best examples of a neuroimmune response to disease (47). Cytokines,
such as I[L-1, IL-6 and TNF-a, function as the main mediators of fever acting locally at
the site of infection, and also circulating to the brain to modify body temperature and to
control central nervous system response (2, 36, 37, 35, 47). Other diseases, including
many cancerous tumors, are clinically recognized by abnormal levels of cytokines, and in
some cancers, cytokines are known to increase metastasis rate and disease progression

(46, 48, 49).

NOREPINEPHRINE — THE NEUROTRANSMITTER

There are numerous substances that are either suspected or known
neurotransmitters that can facilitate, inhibit or excite postsynaptic neurons (14, 50, 51).
Norepinephrine belongs to this class of compounds, and is thus known as a catecholamine
neurotransmitter (50, 51, 52). Catecholamines are a group of organic compounds that
contain both an amine group and a catechol nucleus (50, 51, 52).

Shortly after norepinephrine was recognized as a neurotransmitter substance of

adrenergic nerves in the peripheral nervous system, it was also classified a normal



constituent of the mammalian brain (23, 50, 51, 52). The relative distribution of
norepinephrine is quite similar in most mammalian species, with the highest concentration
being found in the hypothalamus and other areas of central sympathetic organization (50,
51, 52, 53, 54).

Norepinephrine, when released by nerve terminals of the sympathetic nervous
system, is able to interact with postsynaptic receptors to mediate many diverse biological
responses (4, 14, 50, 51). Once released, norepinephrine can stimulate either or both of
the surface B-adrenergic or a-adrenergic receptors on effector cells (50, 51). The $-
adrenoreceptor is coupled to the GTP-binding protein of the adenylate cyclase complex
and thus, gives rise to increased intracellular cyclic AMP (cAMP) (20, 25, 38, 55, 56, 57).
Phosphatidylinositol turnover and a rise in intracellular calcium levels is induced when a ;-
adrenoceptors are stimulated, while ct,-adrenoceptors are linked to the G1 subunit of the
adenylate cyclase complex (20, 25, 38, 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 reported (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
differentiation (20, 58, 60, 61). B-adrenoceptors are present on thymocytes early in
gestation and their intensity steadily increases with maturation; as yet, there remains no
further research on this phenomenon (20, 20, 60, 61).

As mentioned, B-adrenoceptor density varies among lymphocyte populations and
has been shown to fluctuate with activation by antigen (20, 50, 60, 61). For example,
splenic B cells express twice the number of B-adrenoceptors expressed by T cells,
although an explanation for this event has not yet surfaced (20, 50, 60, 61). In humans, T



helper cells have a low density of these receptors although the number of these receptors
has been noted to increase with stimulation (20, 50, 60, 61). This difference in f3-
adrenoceptor concentration expressed by T and B lymphocytes is likely related either to
the sparseness of innervation of B cell dependent follicles in the spleen, or may reflect
heterogeneity within the T or B lymphocyte populations (11, 20, 50, 60, 61). Another
interesting illustration regarding the concentration of B-adrenoreceptors reflects the
subpopulations of T cells -- namely T helper 1 cells and T helper 2 cells (20, 50, 60). It
has been found that resting Thl and Th2 cells differentially express the $-adrenoceptor;
B-adrenoceptors with high affinity have been detected on resting Thl cells, but have not
been found to be present on Th2 cells (20, 50, 60). In addition to this research by Sanders
and Street, it has been noted that Thl cells accumulate intercellular cAMP upon exposure
to B-adrenergic agonists whereas Th2 cells do not (20, 50, 60). This discovery alone may
provide a basis for the modulation of the Th cell subset by norepinephrine (20, 50, 60).
The adrenoceptor system involved in neuroimmunomodulation is a very complex
system involving four primary adrenoceptor subtypes — the a;-, oy, B1- and B,-
adrenoceptors. This subdivision of catecholamine receptors into alpha and beta receptors
was initially proposed in order to distinguish the different physiological responses elicited
by various organ systems after exposure to catecholamines (50, 60). Researchers studying
adrenoceptor-induced modulation of immune function have since determined the
adrenoceptor specific target of a series of adrenergic agonists and antagonists which
ultimately are utilized to identify the adrenoceptor subtype responsible for the
neuroimmunomodulation of a lymphocyte response. Currently, a variety of adrenergic
agonists and antagonists are known for their adrenoceptor specificity. Norepinephrine is
recognized as an a;-, ay-, B1-, By-adrenergic agonist while terbutaline, although it has
affinity for both - and B,-adrenoceptors on lymphocytes, has efficacy for primarily the
B,-adrenoceptor (50). To study the a-adrenoceptor effects of norepinephrine, two

adrenergic agonists are known to have a-adrenoceptor specific affinity - methoxamine



binds to the a-adrenergic adrenoceptor while UK14304 binds to the a,-adrenergic
adrenoceptor. Finally, adrenergic antagonists are used to block the various adrenoceptor
specific effects in neuroimmune experimental studies — propranolol serves as a -
adrenoceptor antagonist and phentolamine is recognized to block the a-adrenoceptor, thus

blocking a-adrenoceptor modulation.

THE EFFECTS OF STRESS ON IMMUNE SYSTEM FUNCTION

Stress induced by environmental and psychosocial factors has been conclusively
determined to suppress immune responses in humans (2, 7, 10, 23, 62, 63, 64, 65, 66).
Studies have illustrated that cutting the splenic nerve significantly decreases splenic
norepinephrine levels by 98-100% and essentially blocks the effects of stress (10, 23, 64,
66). From this research, not only is it apparent that norepinephrine levels are increased
during stressful situations, but numerous studies have documented that these physical,
chemical, or social stressors play an influential role in determining immunologic functions
(10, 23, 64).

There are various research papers examining the changes in immune-inflammatory
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 norepinephrine has diverse
activities, depending on the cellular target and the concentration of this catecholamine
available at the cellular, tissue, or systemic level (10, 53, 54, 64).

Most research to date has focused on the effects of norepinephrine on splenic
macrophage production of tumor necrosis factor-a and transforming growth factor-p with
little or no research focusing on the effects 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 receptors increases



the production of TNF-a and TGF-B, stimulation of B-adrenergic receptors has the
opposite effect, decreasing the secretion of both cytokines (10, 39, 54, 64). These
experiments have also illustrated that adrenergic antagonists, when added together with
lipopolysaccharide to splenic macrophages, induce a response opposite to that produced
by their respective agonist (10, 39). This suggests an important role for norepinephrine in
modulating cytokine production (10, 39, 64). As mentioned, very little work has been
completed on the effects of norepinephrine on lymphocytes and murine alveolar

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

THE MTT COLOURIMETRIC BIOASSAY

Measurement of surviving and/or proliferating mammalian cells is the main
requirement of most immunologic assays (68, 69, 70, 71, 72, 73, 74). In the past, this was
achieved predominantly through two methods — the utilization of 3! Chromium-labeled
protein measurement after cell lysis, or the measurement of radioactive [3H]thymidine or
[1251}iododeoxyuridine uptake during cell proliferation (68, 69, 70, 71, 72, 73, 74, 75).
Although both biological assays can be partially automated, neither can handle moderately
large numbers of samples nor can they be easily performed (68, 69, 70, 71, 72, 73, 74).
Furthermore, although viable cells can be measured utilizing the aforementioned
techniques as well as by staining (68), these methods are unable to quantify levels or
effects of physiological chemicals like cytokines with a high degree of accuracy (68, 69,
70, 71, 72, 73, 74). Mosmann, realizing the shortcomings of these methods, developed a
quantitative colourimetric assay for mammalian cell growth using a yellow tetrazolium salt
(MTT) (74).

MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) measures
only living cells since the conversion of this dye to its final product can only be
accomplished by active mitochondrial dehydrogenase enzymes (70, 71, 72, 73, 74, 75).
When the tetrazolium ring is cleaved by the active mitochondria of a mammalian cell, the
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final product is a soluble blue formazan crystal which can be quantified utilizing a
spectrophotometer (70, 71, 72, 73, 74, 75). Because the tetrazolium ring can only be
cleaved by active mitochondria, the reaction can therefore only occur in living cells (70,
71, 72, 73, 74, 75). Research has determined that the energy metabolism within a cell
reflects the amount of formazan generated, thus, a relationship between cell activity and
formazan product exists when utilizing the MTT bioassay; a comparison of cell activation
levels can be deduced from the amounts of formazan product produced (70, 71, 72, 73,
74, 75). Although the production of formazan from MTT is restricted by the activation
level of the assay cell line, in many situations, such as growth factor assays, optimum cell
lines can be pre-selected so as to maximize the formazan production and thus increase the
sensitivity of the assay (70, 71, 72, 73, 74, 75).

The cleavage of the MTT ring has various properties that are desirable for
assaying cell survival and proliferation (69, 70, 71, 72, 73, 74, 75). Not only is MTT
cleaved by all living, metabolically active cells, but it cannot be converted by erythrocytes
(70, 72, 73, 74, 75). At present, it appears that all cell types, excluding erythrocytes, are
able to reduce the MTT to a blue formazan product allowing for the use of this assay
technique in any assay in which living cells must be distinguished from dead cells, or a lack
of cells (70, 71, 72, 73, 74, 75). The assay can also be utilized with cytokine sensitive cell
lines to quantify the levels of specific cytokines in culture supernatants, for example [L-2
and IL-6 (69, 70, 71, 72, 73, 75).

The use of the MTT colourimetric bioassay to measure cell growth and survival,
performed in microtitre plates in conjunction with multichannel pipettors and an automatic
scanning spectrophotometer offers many advantages over the assay techniques of old (69,
70, 71, 72, 73, 74, 75). The MTT assay is relatively inexpensive, easily performed, can
process a vast quantity of samples in a limited time period and is capable of precise
quantification (69, 70, 71, 72, 73, 74, 75). It is also much safer to perform than the other

conventional assays because there is no requirement for radioactive compounds (69, 70,
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71, 72, 73, 74, 75). At present, an MTT assay to measure the effects of TNF-a has been
briefly outlined, however, no literature has defined a protocol for the preparation of an
MTT bioassay to measure the effects of TGF-f on cell proliferation (70, 71, 72, 74, 75).

THE OBJECTIVES

The objectives of this research project were numerous. One of the fundamental
objectives was the development and calibration of two functional, non-radioactive
bioassays which utilize the MTT colourimetric assay technique rather than the radioactive
bioassay to quantify TGF-8 and TNF-a.. Subsequently, the working assays were applied
to test the hypothesis that norepinephrine is able to modulate the production of TGF-§
and TNF-a by T lymphocyte and alveolar macrophage populations. The models to test
these hypotheses utilized transformed T lymphocyte cell lines, 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 TNF-a and TGF-f to the development and progression of such diseases as

idiopathic pulmonary fibrosis and various forms of cancer.
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CHAPTER II:

THE MODULATION OF TUMOR NECROSIS FACTOR-a BY
NOREPINEPHRINE IN TRANSFORMED AND PRIMARY CELL
CULTURES

Evidence of nervous system involvement in immune system function and regulation
has been documented and has furthermore been shown to play important roles in many
diseases like Idiopathic Pulmonary Fibrosis and cancer. This chapter investigates the
modulation of tumor necrosis factor-a (TNF-a) by norepinephrine in four cell
populations. Both transformed and primary cultures were stimulated with adrenergic
agonist and antagonist drugs, including norepinephrine, in an effort to determine the
effect and adrenoceptor target of norepinephrine in modulating TNF-a production by
lymphocytes. In this study, norepinephrine significantly augmented TNF-a production
by both the Jurkat and EL-4 cells lines and the non-stimulated murine splenocyte
population in a dose dependent manner over a two day time course. This increased
production of TNF-a was modulated through both the a- and B-adrenoceptors of the
various cell cultures. TNF-a production was significantly inhibited by norepinephrine
in the CD3 + PMA stimulated murine splenocyte culture through B-adrenoceptor
stimulation, however, a significant increase in TNF-a production was observed when
a-adrenoceptor modulation occusred. It is apparent from this research, through the
use of the various adrenergic agonist and antagonist treatments, that the effect of
norepinephrine on TNF-a production is dependent both on the adrenoceptor target
and the dosage of the adrenergic treatment.

INTRODUCTION
An Introduction to Tumor Necrosis Factor-a

Tumor necrosis factor-a (TNF-a) is one of the major cytokines released by T
cells, macrophages and monocytes (2, 77, 78, 79, 80, 81). TNF-aisa
nonglycosylated, 17 kDa protein whose production is triggered mainly in response to
Gram negative bacteria (2, 80, 81, 82). It can function both as a mediator of
inflammation or as a growth factor (2, 81, 82). TNF-a can also be produced in
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response to bacterial toxins, lipopolysaccharides, tumor cells and viruses -- in fact,
research has illustrated that interferon-y can even enhance TNF-a secretion (2, 26,
77). Interestingly, TNF-« is an integral 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 receptors for TNF-a have recently been defined by researchers (26, 80).
These receptors are located on virtually all cell types and a soluble form of these
receptors is found in both blood serum and urine (2, 26). Although all receptors
specific for TNF-a bind the molecule with high affinity, each receptor type mediates a
distinct TNF activity including, cytoxicity, margination, migration, and antiviral action.
TNF-a is not only able to participate in immune defense through direct interactions,
but it is also able to mediate the production of other cell mediators like interleukin-1
and interleukin-6. As a result, TNF-a can serve as a growth stimulator for fibroblasts
as well as play important physiological roles in regulating the growth of normal cells
(2, 26). At present, the physiological role of the soluble TNF receptor is not well
characterized, although it is expected that the soluble receptor out-competes the cell
surface receptor and thus serves to inhibit the biological activity of TNF (83).

TNF-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 TNF-a is an important mediator of endotoxic shock and has been
implicated in multiple organ failure due to Gram-negative sepsis (2, 80, 84, 85). TNF-
a has also been shown to have a role in diseases of the respiratory system, like
idiopathic pulmonary fibrosis, chronic lung disease of the infant, tuberculosis and
sarcoidosis (2, 42). Patients with these respiratory diseases have been shown to not
only have a marked increase in TNF-« levels, but have also a more severe disease
progression, often culminating in death (2, 42). TNF-a is also being studied as a

major participant in the cachexia of patients suffering with AIDS and cancer (2, 42).
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FIGURE 1. The origins and targets of Tumor Necrosis Factor-a (26).
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Because TNF-at can participate in a wide variety of immunological effects in many
disease and sicknesses, not only is it important to understand the function TNF-a
mediates in immune defenses, but it is imperative that the endogenous mechanisms that

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

The T Helper Cell Response and Tumor Necrosis Factor-a

The interaction of resting T cells with antigen and cytokines results in their
activation, proliferation and differentiation (28, 35, 86). This activation often results
in the release of the T cells' cytokines which can affect both the growth and
differentiation of T cells themselves, as well as B cells and other cells involved 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 immune responses (26, 28, 35, 86).
CD4+ effector Th cells have been divided into two distinct subsets based on these
cytokines -- Thl cells are recognized as T cells which produce IL-2 and [FN-y while
Th2 cells produce IL-4, IL-5, IL-6, IL-10 and [L-13; both subsets of T cells can
secrete a number of cytokines including IL-3, GM-CSF and TNF (28, 35, 86, 87, 88,
89). The differential cytokine production by these effector T helper cells essentially
regulates the nature of most immune responses with Th1 cells functioning primarily in
cell-mediated immune responses while Th2 cells function primarily in humoral immune
responses (28, 86, 89). Although Thl and Th2 cell 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).
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Norepinephrine and Tumeor Necrosis Factor-a — A Relationship?

One potential physiological mechanism that may influence cytokine production
by CD4+ T helper cells involves the release of norepinephrine by the sympathetic
nervous system (50, 89). Published data have illustrated a role for norepinephrine in
immune regulation and modulation (21, 50, 89). Norepinephrine-containing nerve
terminals enter many lymphoid organs, and therefore T cells which reside within the
lymphoid sheath entertain contact with this neurotransmitter. These T cells have been
shown experimentally to preferentially express the B5-adrenergic receptor (50, 89). It
has also been discovered that following immunization, norepinephrine is released from
these nerve terminals to stimulate the B2-adrenoceptor on lymphocytes (21, 50, 89).
This stimulation of the B-adrenoceptor causes an increase in the intracellular
concentration of cCAMP (89, 112).

While previous research has examined the effects of norepinephrine on the
production of [L-2 and interferon-y by T helper cells, research has yet to be performed
on the involvement of norepinephrine in the production of TNF-a by T lymphocytes
(50, 89. 82). To date, it has been reported that exposure of Th1 clones to -
adrenergic agonists before activation inhibits production of [L-2 and [FN-y, but does
not affect the production of the Th2 cytokines — IL-4 or IL-10 (50, 89). The
mechanism responsible for these effects is thought to include a differential level of Bo-
adrenoceptor expression on resting effector Th cell subsets, as opposed to a
differential level of responsiveness of the subsets to cAMP (50, 89). It has been
experimentally concluded that while Th1 cells express a detectable level of the -
adrenoceptor, no Thl cells do (89). Moreover, the activation of helper T cells induces
a change in the number and type of surface molecules and therefore it has been
proposed that a similar activation-induced change may occur in the concentration of

f3>-adrenoceptor expression by this T cell subset (89).
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Although 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 celis remains unclear (90). Furthermore, although much research
has been performed on the effects of norepinephrine on macrophage produced TNF-a,
work has yet to be published on the effects of norepinephrine regarding the modulation
of TNF-a production by T cells. The experiments and data displayed in this chapter

will examine the modulation of TNF-a production by various T lymphocyte cultures.

An MTT Assay for Tumor Necrosis Factor-a

Bioassaying tumor necrosis factor-a in biological fluid is widespread and
fundamentally relies on a stable cell line sensitive to TNF-a action (76, 91). The
bioassaying of TNF-a is particularly desirable, both because of its involvement in
various pathological and inflammatory responses and also because of the many disease
conditions where total bioactivity is of concern due to cytokines, including, but not
limited to TNF-at (76, 91). Several systems for a TNF-a bioassay have appeared and
been reviewed in the literature, but often the stability of the cell lines is limited -- four
months is often the maximum length for which these systems have been found reliable
(76, 91). Presently, the accepted bioassay method for TNF-a utilizes the WEHI-
13VAR cell line which was obtained after serial passages of the WEHI 164 clone 13,
the original bioassay cell line for TNF-a (76, 91, 92). Current results have indicated
that the WEHI-13VAR cell line, when used in conjunction with actinomycin, serves as
a stable and sensitive cell line for TNF-a detection and quantification. Although the
role of actinomycin in provoking the sensitivity of these cells towards TNF-a is not
understood, it is believed that actinomycin may stabilize the reaction of the cells to the
cytotoxic action of TNF-a and thus may serve to increase the sensitivity of the

classical assays (76, 91).
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The WEHI-13VAR assay for TNF-a is based on the cytotoxic effects of TNF-
« (83). The established protocol for the WEHI-13V AR bioassay currently relies on
the use of MTT dye which is capable of measuring only living cells since the
conversion of this yellow dye to its final product can only be accomplished by active
mitochondrial dehydrogenase enzymes (74). When combined with the MTT method,
the TNF-a content of a sample can be determined by comparing the conversion of the
blue formazan product of the sample to a standard curve utilizing rTNF-ct. Thus, the
amount of formazan product is directly related to the cell viability after TNF-a sample
addition (74, 91). Finally, although this bioassay can be used to measure TNF, it is
unable to differentiate between TNF-a and TNF-B and therefore specific monoclonal
antibodies for TNF-a must be added to duplicate samples in order to verify that the
cytokine having the effect is in fact TNF-a (76, 91).

MATERIALS AND METHODS

MATERIALS
A complete listing of the source and all types of media, solutions, specific
chemicals and equipment used in this thesis, outlined in the methods section is attached

as Appendix A.

METHODS

Transformed murine EL-4 T cells and human Jurkat lymphoma cell
collections. Both EL-4 (ATCC TIB39) and Jurkat (ATCC CRL8163) cell lines were
continuously cultured in individual 25 cm? flasks (Fisher Scientific) in RPMI-1640
(Gibco Laboratories) supplemented with 10% FBS (Sigma Chemical Co.), 1.0 x 10-3
M sodium pyruvate (Sigma Chemical Co.), 2.0 X 10-3 M L-glutamine (Sigma
Chemical Co.), and 5 mg/mL gentamycin sulfate (Sigma Chemical Co.). Each
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experimental flask and plate prepared for supernatant collection consisted of only one
cell line, and each experiment was tested for only one cytokine - tumor necrosis
factor-a..

Cells were removed from their respective culture flasks and centrifuged for ten
minutes at 1000 RPM at 4°C. The supernatant was decanted and the cell pellet was
resuspended at a final concentration of 1.0 x 109 cells/mL in RPMI-1640
supplemented with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 X 103 M L-
glutamine, and S mg/mL gentamycin sulfate. Subsequently, 495 pL of the cell solution
was added to each well of a 24-well tissue culture treated microtitre plate (Fisher
Scientific). The final cell concentration of each well was thus approximately 5.0 x 105
cells/well. Cell viability, determined by exclusion of trypan blue, was >95% in all

experiments.

In vitro effects of catecholamines on transformed murine EL-4 T cells and
human Jurkat lymphoma cell collections. Transformed T cells obtained from cell
culture methods, as previously described, were cultured in the presence of
norepinephrine (Sigma Chemical Co.), terbutaline (Sigma Chemical Co.), UK14304
(A. McNichol, University of Manitoba), methoxamine (Sigma Chemical Co.),
phentolamine (Sigma Chemical Co.), propranolol (Sigma Chemical Co.), media (Gibco
Laboratories) a 1:1 solution of norepinephrine-propranolol, or a 1:1 norepinephrine-
phentolamine solution at one of three concentrations (104 M, 10-6M and 10-8 M) for
24 hrs and 48 hrs. At each of the time course points, the conditioned media was
collected as described below. The pharmacologic reagents were prepared at 10-fold
higher concentrations in RPMI-1640 supplemented with 10% FBS, 1.0 x 10-3 M
sodium pyruvate, 2.0 X 10-3 M L-glutamine, and 5 mg/mL gentamycin sulfate and
added to the 24-well tissue culture plates prepared with lymphocytes at a volume of §

ul/well.
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After aliquoting the cells and the pharmacologic reagents, the plates were
allowed to incubate for a two day time course at 37°C, 95% CO,. Samples of
conditioned media were collected following 24 and 48 hrs of incubation, and stored at
-80°C until ready for TNF-a quantification (93). These experiments were performed

on each cell line a minimum of six times.

Animals. Male, CR1:CD-1 (ICR)Br specific pathogen-free 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 autoclaved food and water ad
libitum. The requirements of the University's Animal Care and Ethics Committee were
met for all experimental procedures. A minimum of six mice were sampled over the

course of each of the murine splenocyte experiments.

Mourine Spleen Harvest and Culture. Mice were individually euthanized with
carbon dioxide and the spleen was removed aseptically and placed in sterile RPMI-
1640 supplemented with 10% FBS. Single cell suspensions were recovered from the
spleen by disaggregating them on a stainless steel, sterile mesh and adding RPMI-1640
supplemented with 10% FBS. The cell suspension was washed by centrifugation for
10 minutes at 1000 RPM at 4°C and the pellet was subsequently resuspended in a
small volume of RPMI-1640 supplemented with 10% FBS prior to the lysis of
erythrocytes with 0.017 M tris-ammonium chloride buffer (Sigma Chemical Co.).
Cells were again washed after the lysis of red blood cells, as previously described, and
resuspended at a final concentration of 1.0 x 100 cells/mL in RPMI-1640
supplemented with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 X 103 M L-

glutamine, and 5 mg/mL gentamycin sulfate.
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Preparation of Monoclonal Antibody. Hybridoma 145-2C11 (ATCC CRL
1975) was cultured in RPMI-1640 supplemented with 10% FBS, 1.0 x 10-3 M sodium
pyruvate, 2.0 X 10-3 M L-glutamine, and 5 mg/mL gentamycin sulfate. The
supernatant was collected regularly and stored at 4°C; all hybridoma cells were
removed by centrifugation prior to storage. Saturated ammonium sulphate was added
to the antibody solution until 40-45% saturation was achieved. The precipitate was
allowed to form overnight at 4°C. The 40-45% saturated ammonium sulphate slurry
was resuspended and subsequently centrifuged at 10000 xG for 5 minutes. The
precipitate was purified against 200 volumes of 0.15 M NaCl, changing the fluid 3
times at 4°C. The mAb was sterilized by filtration through 0.22 pm filters (Nalgene)

and stored for future use, at 4°C.

Activation of murine T lymphocyte population via CD3 + PMA. The optimal
concentration of 145-2C11 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 Scientific) with 145-2C11 monoclonal
antibody has also been previously described (94). Briefly, 96-well tissue culture
treated plates were coated with 145-2C11 monoclonal antibody at 33 pg/mL in sterile
PBS at 100 uL/well. To achieve coating, the 145-2C11 monoclonal antibody was
incubated in plates overnight at 4°C. Unbound monoclonal antibody was removed
before experimentation by washing the plates three times with RPMI-1640
supplemented with 5% FBS. Murine spleen cells, prepared as previously described,
were then added to the mAb-coated plates at 1.0 x 10° cells/mL in RPMI-1640
supplemented with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 X 103 M L-
glutamine, 5 mg/mL gentamycin suifate and 10 ng/mL phorbol myristate acetate
(PMA) (Sigma Chemical Co.) using 100 uL cells/well. A set of plates, which served
as control plates were also prepared. These plates contained only PBS for the
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ovemight incubation and subsequently had only murine splenocytes added to them in

combination with an adrenergic reagent, as described below.

In vitro effects of catecholamines on CD3 + PMA activated and non-activated
murine splenic cells. Splenic cells obtained from spleen harvest procedures as
previously described (95) were cultured in the presence or absence of CD3 mAb and
PMA plus one of norepinephrine, terbutaline, UK14304, methoxamine, phentolamine,
propranolol, a 1:1 solution of norepinephrine-propranolol, or a 1:1 norepinephrine-
phentolamine solution at three concentrations (104, 106 and 10-8) for 24 hrs and 48
hrs. From each mouse spleen, the total cell volume was divided so that one series of
samples was run without stimulation (no PMA or CD3), and one set was run with
stimulation (both PMA and CD3 were present). At each of the two time course
points, the conditioned media was collected as described below. The pharmacologic
reagents were prepared at 10-fold higher concentrations in RPMI-1640 supplemented
with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 X 10-3 M L-glutamine, and 5
mg/mL gentamycin sulfate and added to the murine spleen cell suspensions
immediately before their addition to the CD3-coated tissue culture plates.

After aliquoting the cells and the pharmacologic reagents, the plates were
allowed to incubate for a two day time course at 37°C, 95% CO,. Samples of
conditioned media were collected following 24 and 48 hrs of incubation and stored at -
80°C until ready for TNF-a quantification. As mentioned, a minimum of six mice
were sampled for the unstimulated splenocyte experiments, and a further minimum of

six mice were utilized in the CD3 + PMA stimulated murine splenocyte experiments.

ITNF-a assay. A bioassay sensitive for TNF-a activity was used to determine
the concentration of TNF-a in the collected conditioned media. The WEHI-13VAR

cytotoxicity assay, based on a previously reported procedure with some modifications
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was utilized (76, 91, 96), and TNF-a content of the supermatants was measured and
expressed as ng/mL. WEHI-13VAR cells were used to assay the previously collected
samples for TNF-c (76, 91). Briefly, subconfluent WEHI-13VAR cells were washed,
trypsinized and washed again with RPMI-1640 supplemented with 5% FBS. The
collected cell solution was centrifuged and the cell pellet resuspended in RPMI-1640
supplemented with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 x 10-3 M L-
glutamine, 5 mg/mL gentamycin sulfate and 4.5 mg/mL glucose and plated at a
concentration of 1.5 x 104 cells/100 uL in a 96 well microtitre plate. The cells were
allowed to adhere overnight, for approximately 15 hrs. Post-incubation, the medium
was removed utilizing a multichannel pipettor, and 50 pL of the collected conditioned
media samples was added in the presence or absence of anti-TNF-a antibodies
(Peprotech). To this, 50 ul of a 0.2 ug/mL Actinomycin D (Sigma Chemical Co.)
solution was added. Each of the wells contained a final total volume of 100 pL (76,
91, 96).

After 18 hrs of further incubation at 37°C, 95% CO», 25 pL of a 5 mg/mL
MTT (Sigma Chemical Co.) solution was added to each well and the plate was
allowed to further incubate at 37°C, 95% CO» for six hours (74). The contents of the
wells were then carefully removed by gently inverting and blotting the microtitre plate
(74). Finally after 100 uL/well of a stop solution of acidified SDS was added to each
well, the plate was vigorously shaken for 25 minutes, following which the absorbance
was read in a 750 Cambridge plate reader at 590 nm (74). The activity of the TNF-a
in the samples was calculated using an rTNF-a (Peprotech) standard prepared at the
same time as the experimental samples (76, 91).

Prior to the use of the WEHI-13VAR assay for quantifying TNF-a, the assay
was calibrated for use. The cell number which would give maximal OD readings at

590 nm was selected, and a standard of rTNF-ct was defined to be utilized each time
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the assay was run. This pre-defined standard from O ng/mL rTNF-a to 250 ng/mL
was used to verify the sensitivity of the assay throughout the experiments (76, 91).

Also prior to the use of the WEHI-13VAR assay for quantifying TNF-a, the
adrenergic drug treatments were added to the WEHI-13VAR cells after their first
incubation to determine whether or not the adrenergic drug treatments had an effect
on the WEHI-13VAR cells. Post incubation of the cells after the initial plating, the
medium was removed utilizing a multichannel pipettor and 50 pL of each adrenergic
treatment at the maximum experimental concentration (104 M) was added.
Subsequently, S0 puL of a 0.2 pg/mL Actinomycin D solution was added and following
the second incubation, the plates were read and a comparison of the optical density
readings were made to WEHI-13VAR cells which did not receive an adrenergic drug.
It is imperative that the WEHI-13VAR cells be sensitive only to TNF-a content and
not to the adrenergic drug treatment.

When the assay was utilized to quantify TNF-a in collected supernatant
samples, the samples were dividied so that triplicate repeats could be performed. After
obtaining all data, the mean of the data was determined as well as a calculation of the

standard deviation of the mean.

ITNF-a Statistical Analysis. The data are expressed as total TNF-a content
(ng/mL). Values are compared using the Minitab Statistical Software for ANOVA.
All values are reported as the mean + the standard deviation and analyzed by Tukey's

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

significance.



RESULTS

The Tumor Necrosis Factor-a MTT Bioassay and Calibration

Effects of cell number on formazan production by WEHI-13VAR murine
fibrosarcoma cells in combination with a rTNF-a. standard. To allow for
determination of the effect of cell number on MTT conversion to blue formazan, five
concentrations of WEHI-13VAR cells were selected for pre-testing with a shortened
rTNF-a standard. The cell number ranged from 1.0 x 104 cells/mL to 1.0 x 106
cells/mL. A short standard of rTNF-c¢ was prepared ranging from O ng/mL to 50
ng/mL and was added to the pre-incubated cells. After incubation, the plates were
read and a comparison of the optical density readings was made. It is important for
there to be a wide range in OD readings between the maximal rTNF-a concentration
and the 0 ng/mL rTNF-a concentration to provide a high level of sensitivity for the
assay. This wide range was present with the cell concentration of 1.5 x 105 cells/mL,
therefore, a cell concentration of 1.5 x 103 cells/mL was chosen for subsequent TNF-a

assay procedures (Figure 2).

Effects of adrenergic agonist and antagonist treatments on the WEHI-13VAR
cell line. To allow for determination of the effect of the adrenergic agonist and
antagonist treatments on the WEHI-13VAR cell line, all adrenergic drug treatments
were co-incubated at their maximum concentration (10~ M) with the WEHI-13VAR
cell line at the same point where sample addition would occur in the TNF-a assay
procedure. The results from this experiment are illustrated in Figure 3. The results
display that none of the adrenergic treatments had an effect on the WEHI-13VAR cell
line as each of the treatments had a similar optical density value to WEHI-13VAR cells

cultured in the absence of an adrenergic treatment.
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FIGURE 2. A TNF-«a standard curve utilizing WEHI-13VAR cells at 2 concentration
of 1.5 x 105 cells/mL. A short standard from 0 ng/mL to 50 ng/mL rTNF- was
prepared and sampled with five concentrations of WEHI-13VAR cells. The varying
concentrations of WEHI-13VAR cells displayed different optical density readings over
the same rTNF-a standard. The samples containing the WEHI-13VAR at a
concentration of 1.5 x 105 cells/mL gave the greatest difference in optical density
readings over the 0 ng/mL to the 50 ng/mL rTNF-a concentrations. The rTNF-a
standard curve obtained for this cell concentration utilizing the defined standard is
displayed. Each point on the graph represents the mean of a triplicate and is shown

with error bars noting the standard deviation of the mean.
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FIGURE 3. Effects of adrenergic agonist and antagonist treatments on the WEHI-
13VAR cell line. The adrenergic agonist and antagonist treatments were added to the
WEHI-13VAR cell line after the first overnight incubation to test the effects of the
various adrenergic treatments on the WEHI-13VAR cells. This addition of adrenergic
treatments took place at the same time point as the addition of conditioned media
samples would occur in the TNF-a assay procedure. The different adrenergic
treatments did not have any significant effect on the optical density readings as
compared to WEHI-13VAR cells treated only with media. Each point on the graph
represents the mean of a triplicate and is shown with error bars noting the standard

deviation of the mean.
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Adrenergic Agonist and Antagonist Treatments, Jurkat Cells and Tumor
Necrosis Factor-a

The production of TNF-a by Jurkat cells in response to adrenergic agonists
and antagonists (NE, TE, ME, UK, PR, PH, NPR, NPH and media) was tested over a
concentration range of 104, 106, 108 M. Samples of conditioned media were
collected over a two day time course and assayed for TNF-c. The resuits of these
experiments are displayed in Figure 4 — 24 hr data is illustrated with solid bars, while
the 48 hr data is represented by the hatched bars.

From the obtained experimental results, it is observed that NE can significantly
increase the production of TNF-a by Jurkat cells. Since NE can act through both a-
and B-adrenoceptors, and because cells 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 B,-adrenoceptor of the Jurkats was directly stimulated with
TE, TNF-a production by the Jurkat cells was significantly increased. Furthermore,
when the ability of NE to act through the a-adrenoceptor was blocked with PH (NPH
treatment), the production of TNF-a was again significantly augmented through the B-
adrenoceptor. These combined results thus suggest that NE can significantly increase
TNF-a. production through the B-adrenoceptor of the Jurkat cell.

Subsequently, an investigation into the a-adrenoceptor effect of NE was
performed utilizing ME and UK, o;- and oy-adrenergic agonists, respectively. By
directly stimulating the aj-adrenoceptor with ME, TNF-a production was significantly
increased. Likewise, when the ay-adrenoceptor was stimulated with UK, TNF-a
production was also significantly increased. When the Jurkat cells were treated with
the NPR treatment, the B-adrenoceptor should have been blocked by PR, and
therefore NE would only have access to the a-adrenoceptor. In the results obtained
from the NPR adrenergic treatments, TNF-a production was again significantly
increased. This group of results, examining the effects of a-adrenoceptor modulation
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FIGURE 4. A comparison of mean total TNF-a production over a two day time
course by Jurkat cells treated with various adrenergic agonists and antagonists.
Utilizing ANOVA, the means of the total TNF-a production for the experiment at 24
hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance;
an experimental size of n=6 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.082 <0.001
TE <0.001 <0.001 PH <0.019 <0.003
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001

Adrenergic Treatment Abbreviations:

NE: Norepinephrine PR:  Propranolol

TE: Terbutaline PH: Phentolamine

ME: Methoxamine NPR: Norepinephrine + Propranolol
UK: UKI14304 NPH: Norepinephrine + Phentolamine

Adrenergic Treatment Conczntrations:
(-4): 10(4)M (-6): 10(-6)M (-8): 10(-8) M
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by UK, ME and NPR treatments, suggests that NE can significantly increase TNF-a
production through the a-adrenoceptor of the Jurkat cell.

In summary, these results suggest that NE can act through either the a- or B-
adrenoceptor, with some preference perhaps for the B-adrenoceptor since the effects
of NE were similar to those observed when the Jurkats were stimulated with TE. The
effect of NE also appears to be dose dependent in regards to B-adreroceptor
modulation of TNF-c production, with higher concentrations of NE resulting in
greater quantities of TNF-a being produced. It is also apparent that NE can act
through both subsets of a-adrenoceptors to modulate increased TNF-a, however this
effect does not appear to depend solely on the concentration of the a-adrenergic
treatment.

Evaluating the above data for total TNF-a production by Jurkat cells over the
two day time period using Tukey's pairwise comparison illustrates that there are
significant differences between the media control treatment and some adrenergic
treatments, but not others. The addition of anti-TNF-a antibodies to duplicate
samples of conditioned media demonstrated that the effects illustrated throughout the
experiments were due to TNF-a and thus proved that the WEHI-13VAR assay was
able to measure the quantities of TNF-a secreted by the Jurkat cells.

Adrenergic Agonist and Antagonist Treatments, EL-4 Cells and Tumor Necrosis
Factor-a

The production of TNF-a by EL-4 cells in response to the adrenergic agonists
and antagonists was also tested over the concentration range of 104, 106, 103 M.
Samples of conditioned media were collected over a two day time course and assayed
for TNF-a.. The results of these experiments are displayed in Figure 5 — 24 hr data is
illustrated with solid bars, while the 48 hr data is represented by the hatched bars.
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FIGURE 5. A comparison of mean total TNF-a production over a two day time

course by EL-4 cells treated with various adrenergic agonists and antagonists.

Utilizing ANOVA, the means of the total TNF-a production for the experiment at 24

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

an experimental size of n=6 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 different utilizing Tukey's Pairwise

Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001
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It is illustrated from preliminary observations that NE can signficantly increase
the production of TNF-a by EL-4 cells. Again, because of NE's dual ability to act
through both a- and B-adrenoceptors, it was necessary to determine the effects of the
individual adrenoceptors in response to NE. When utilizing TE to stimulate the B,-
adrenoceptor of the EL-4s, TNF-a production was significantly increased.
Subsequently, when the a-adrenoceptor was blocked by PH in the NPH treatment, the
production of TNF-a was again observed to be significant through the B-
adrenoceptor. This combined set of results suggest that NE, when acting through the
B-adrenoceptor of the EL-4 cell line, can significantly increase TNF-a. production.

Further investigations regarding the a-adrenoceptor effects of NE on E1.-4
production of TNF-a were performed utilizing ME and UK. When the o ;-
adrenoceptor was stimulated with ME, TNF-a production was significantly increased.
In a similar manner, when UK was utilized to stimulate the ay-adrenoceptor, TNF-a
production was also significantly increased. When the ability of NE to access the -
adrenoceptor of the EL-4 cell was eliminated through the use of PR (the NPR
treatment), NE continued to significantly increase TNF-a production. These
combined results, examining the effects of a-adrenoceptor modulation, suggest that
NE can increase the production of TNF-a significantly through the a-adrenoceptor of
the EL-4 cell.

Finally, the effect of each of the adrenergic antagonists alone on the production
of TNF-a by EL-4 cells was determined. From these results, it appears that both PR
and PH treatments were individually able to significantly increase TNF-c production
by the EL-4 cell 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-a.. It appears that
there again may be some preference by NE for the B-adrenoceptor since the effects of
NE were similar to those observed when the EL-4s were stimulated with TE. The
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effect of NE on B-adrenoceptor modulation of TNF-a production also appears to be
dose dependent with maximum production of TNF-a occurring at the maximum
concentration of NE. It is also apparent when examining the experimental resuits that
NE can modulate increased TNF-a production through the a-adrenoceptor, however
this effect does not necessarily relate to the concentration of the a-adrenergic drug.
Evaluating the above data for total TNF-a production by EL-4 cells over the
two day time period using Tukey's pairwise comparison illustrates that there are
significant differences between the media control treatment and some adrenergic
treatments, but not others. The addition of anti-TINF-a antibodies to duplicate
samples of conditioned media demonstrated that the effects illustrated throughout the
experiments were due to TNF-a and thus proved that the WEHI-13VAR assay was

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

Adrenergic Agonist and Antagonist Treatments, Non-Stimulated Murine
Splenocytes and Tumeor Necrosis Factor-a

The production of TNF-a by non-stimulated murine spienocytes in response to
adrenergic agonist and antagonist treatments was also tested over the concentration
range of 104, 106, 10-8 M. Samples of the conditioned media were collected over a
two day time course and assayed for TNF-a.. The results of these experiments are
displayed in Figure 6 -- 24 hr data is illustrated with solid bars, while the 48 hr data is
represented by the hatched bars.

Many of the treatments of adrenergic agonists and antagonists had statistically
significant effects on the production of TNF-at. It is illustrated that NE had a
significant effect on the production of TNF-a by non-stimulated murine splenocyte
populations, and the resuits display that the individual a- and B-adrenergic treatments
had the same a- and -adrenoceptor specific effects previously observed in the
transformed cell lines -- with stimulation of either adrenoceptor resulting in an increase
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FIGURE 6. A comparison of mean total TNF-a production over a two day time

course by non-stimulated murine splenocytes treated with various adrenergic agonists
and antagonists. Utilizing ANOVA, the means of the total TNF-c production for the
experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed
for signficance; an experimental size of n=6 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 different utilizing Tukey's Pairwise

Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.007 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001
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in TNF-o production. Although all adrenergic treatments had significant effects, the
overall increase in TNF-a production is not tremendous when compared to the media
control.

Evaluating the above data for total TNF-a production by non-stimulated
murine splenocytes over the two day time period using Tukey's pairwise comparison
illustrates that there are significant differences between the media control treatment
and some adrenergic treatments, but not others. The addition of anti-TNF-a
antibodies to duplicate of conditioned media demonstrated that the effects illustrated
throughout these experiments were due to TNF-a and thus proved that the WEHI-
13VAR assay was able to measure the quantities of TNF-a secreted by the murine

spleen cells.

Adrenergic Agonist and Antagonist Treatments, CD3 + PMA Stimulated
Murine Splenocytes and Tumeor Necrosis Factor-a

The production of TNF-a by CD3 + PMA stimulated murine splenocytes in
response to the adrenergic agonist and antagonist treatments was also examined over
the concentration range of 104, 10-6, 108 M. Samples of the conditioned media
were collected over a two day time course and assayed for TNF-o.. The results of
these experiments are displayed in Figure 7 — 24 hr data is illustrated with solid bars,
while the 48 hr data is represented by the hatched bars.

From preliminary observations, it is easy to again conclude that NE had
significant effects on modulating the production of TNF-a by CD3 + PMA stimulated
lymphocytes, as the production of total TNF-a was significantly inhibited when the
splenocytes were co-cultured with NE and CD3 + PMA. Upon examination of the
results utilizing the a-adrenergic agonists ME and UK, it is observed that both a-
adrenoceptor treatments were individually able to significantly increase the production

of TNF-a through their respective adrenoceptor targets. When the CD3 + PMA
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FIGURE 7. A comparison of mean total TNF-a production over a two day time

course by CD3 + PMA stimulated murine splenocytes treated with various adrenergic
agonists and antagonists. Utilizing ANOVA, the means of the total TNF-a production

for the experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically
analyzed for signficance; an experimental size of n=6 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 different

utilizing Tukey's Pairwise Comparison. The determined ANOVA p-value for the 24 hr

and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001
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stimulated splenocytes were treated with NPR, the B-adrenoceptor was blocked by PR
and therefore the significant increases in TNF-a production observed, likely occurred
through a-adrenoceptor modulation.

Subsequent experiments studying the effects of B-adrenoceptor modulation on
TNF-a production by CD3 + PMA stimulated splenocytes illustrated that the B,-
adrenergic agonist terbutaline had significant inhibitory effects on the production of
TNF-a. The effect of B-adrenoceptor inhibition on TNF-a production was also
observed when NE was added in combination with PH (NPH). Thus from these
results, it is apparent that NE can also target the -adrenoceptor of the CD3 + PMA
stimulated splenocyte to inhibit TNF-a production.

In summary, it is again apparent through these experiments that NE can
modulate dose dependent effects on TNF-a production by CD3 + PMA stimulated
murine splenocytes through the B-adrenoceptor, with the maximum total TNF-a
production occurring at the maximum NE concentration. It is also apparent that NE
can target the a-adrenoceptor to significantly increase TNF-a production by the
stimulated murine splenocytes, however, these increases in TNF-a production do not
necessarily reflect the dosage of the adrenergic treatment.

Evaluating the above data for total TNF-a production by CD3 + PMA
stimulated murine splenocytes over the two day time period using Tukey's pairwise
comparison illustrates that there are significant differences between the media control
treatment and some adrenergic treatments, but not others. The addition of anti-TNF-a
antibodies to duplicate samples of conditioned media again demonstrated that the
effects illustrated throughout these experiments were due to TNF-a and thus proved
that the WEHI-13VAR assay was able to measure the quantities of TNF-a secreted by
the CD3 + PMA stimulated murine spleen cells.



DISCUSSION

The sympathetic nervous system is activated by both physiological and
psychological stressors (99, 100, 101). 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 function (98, 100, 101). This present research project was undertaken to
determine the effects of norepinephrine on the production of TNF-a by two different
cells lines, as well as by CD3 + PMA stimulated and non-stimulated murine
splenocytes.

In previous murine splenic macrophage studies involving norepinephrine, it has
been reported that norepinephrine is able to significantly increase as well as decrease
TNF-a and TGF- production. This effect has been found to depend both on
adrenoceptor concentration and also on the concentration of NE. The significance of
these findings are many, including the hypothesis that NE is able to affect the
production of cytokines by lymphocytes through both a- and 8-adrenoceptor

modulation.

The B-adrenoceptor, Norepinephrine and Tumor Necrosis Factor-a Modulation

The results of this project illustrate that norepinephrine is able to significantly
affect the production of TNF-o by the two transformed cell lines and murine
splenocytes. Both of the transformed cell lines as well as the non-stimulated murine
splenocytes produced significantly more TNF-« in the presence of NE while CD3 +
PMA stimulated murine splenocytes produced significantly less TNF-a. when co-
cultured with NE.

Further studies utilizing the B,-adrenergic agonist, terbutaline, illustrated very
similar dose dependent effects to those observed with NE, notably, TE was able to
significantly increase production of TNF-a to similar quantities in both populations of
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transformed T cells. Even though the results utilizing the TE treatments were
statistically conclusive, further studies are needed to establish if in fact the B,-
adrenoceptor subtype was responsible for mediating the observed response, since TE
has affinity for both 8; and B,-adrenoceptors, but efficacy for the B,-adrenoceptor
(50).

The murine splenocytes which were treated only with an adrenergic agonist in
the absence of CD3 + PMA stimulation displayed a significant increase in overall TNF-
a production, however the production of TNF-a was not tremendously enhanced as
compared to the control samples cultured only in media. The treatments of TE and
NE again appear to have had similar concentration-dependent stimulatory effects on
TNF-a production, thus it was concluded that the effect of norepinephrine modulation
on TNF-a production by non-stimulated murine splenocytes was through the -
adrenoceptor and furthermore, the effect reflected the concentration of the agonist
treatment.

In the CD3 + PMA stimulated murine splenocyte population, norepinephrine
continued to have a modulatory effect on the production of TNF-a, although this
effect was inhibitory rather than stimulatory. When both CD3 + PMA and the
adrenergic agonist treatments were co-cultured with the murine splenocytes, NE and
TE both similarly and significantly inhibited TNF-a production, and this inhibition
accordingly appears to be dose dependent. Due to the similar nature of the observed
effects of NE and TE, it was again concluded that NE was able to modulate a decrease
in total TNF-a production through the B-adrenoceptor of the CD3 + PMA stimuiated

murine splenocyte.

The a-adrenoceptor, Norepinephrine and Tumor Necrosis Factor-a Modulation
When NE was added to the various cell samples, significant effects on TNF-a

production were noted to occur through the B-adrenoceptor. However, because
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norepinephrine can bind to either or both the a- and - adrenergic receptors, it was
necessary to determine what effect, if any, NE was modulating through the a-
adrenoceptors. These experiments utilizing ME and UK (a ;- and ay-adrenoceptor
agonists, respectively) illustrate that production of TNF-a is significantly increased by
all four cell samples through a-adrenoceptor modulation.

Both of the transformed cell lines had significant increases in TNF-a
production when co-cultured with either of the a-adrenergic agonists and in fact, the
quantities of TNF-a produced by the Jurkat and EL-4 cell lines stimulated with ME or
UK are much greater than those obtained when the cell lines were treated with either
NE or TE. From these results, it is apparent that not only can norepinephrine
modulate TNF-a production through the a- or B-adrenoceptor, but also that the
quantity of TNF-a produced depends upon the adrenoceptor target.

When examining the effects of the a-adrenoceptor agonist treatments on the
production of TNF-a by non-stimulated and CD3 + PMA stimulated murine
splenocytes, it is evident that UK and ME are individually able to significantly
increase the production of TNF-a. In the non-stimulated population of murine
splenocytes, TNF-a was again found to be significantly increased as compared to the
media control population, however, TNF-a quantities were not tremendously

enhanced above the baseline level.

The Adrenergic Antagonists, Norepinephrine and Tumor Necrosis Factor-a
Modulation

Because of the adrenoceptor-dependent effects of NE, concurrent to the
experiments with NE, TE, ME and UK, experiments studying the effect of NE in the
presence of adrenergic antagonists were also performed. PH, an a-adrenergic
antagonist, and PR, a B-antagonist were co-cultured with NE in a 1:1 ratio with the
transformed and primary cell cultures. Since PR is a B-blocker it should eliminate any
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effect of NE through the 8-adrenoceptor, likewise since PH is an a-blocker, it should
remove the modulatory effects of NE through the a-adrenoceptor.

In the populations of stimulated murine spleen cells, treatments of NPR had
significant effects on the production of TNF-a as compared to the CD3 + PMA
control treatment. This result suggests that NE is able to modulate a stimulatory
effect on TNF-a production through the a-adrenoceptor, even when the B-
adrenoceptor is not available. These resuits are confirmed by the increased TNF-a
production observed when the same cell population was treated with the a-adrenergic
agonists — ME and UK. When the adrenergic treatment of NPH was co-cultured with
the CD3 + PMA stimulated murine splenocytes, a significant decrease in TNF-a
production was observed. Thus, it is apparent that NE modulates an inhibitory effect
on TNF-a production when accessing only the f-adrenoceptor. This conclusion is
again supported by the inhibition of TNF-a production which was observed when the
TE was co-cultured with the CD3 + PMA stimulated murine splenocytes.

The collected data for the two transformed cell lines and non-stimulated
murine splenocyte population also illustrates that NE when combined with either of
the a.- or B-adrenergic agonists was able to mediate similar effects to those observed
with the adrenoceptor specific treatments of ME, UK and TE. In all three cultures,
NE in combination with PH or PR produced a significant increase in TNF-a
production, thus demonstrating that NE was able to modulate an effect even when the
a- or B-adrenoceptors were respectively blocked.

When the antagonist treatments of PR and PH were individually added to the
four cultures of cells, TNF-a production was significantly modulated. The addition of
the treatments of PH and PR both produced a significant increases in TNF-a
production by the EL-4 line as well as by the CD3 + PMA stimulated and non-
stimulated murine splenocyte populations —- the PR treatments did not have conclusive
results in modulating TNF-a production by the Jurkat cell line, however, the PH
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treatments all significantly decreased the production of TNF-a in refation to cells
treated with only media. These individual PR and PH treatments were intended only
as drug controls, utilized to assure that the antagonists were not themselves having an
effect on TNF-a production by the cell cultures. However, in the results, it is
apparent that both antagonists were able to significantly modulate the production of
total TNF-a.. It is possible that the cells were releasing endogenous stores of NE, and
when they were subsequently treated with an adrenergic blocker, the effect of the
endogenous NE was modulated through the adrenoceptor which was not blocked by

an adrenergic antagonist.

The Complex Role of Norepinephrine in Tumor Necrosis Factor-a Modulation
by Transformed and Primary Cell Cultures

Very little research has focused to date on elucidating the role which NE plays
in modulating the T cell response. In fact, this topic remains relatively unexplored in
the literature, with little or no information being available to evaluate the results of this
study. Therefore, only rudimentary hypotheses regarding the mechanisms through
which the neurotransmitter norepinephrine functions to modulate the T cell immune
response can be articulated.

Adrenergic receptors have typically been classified into four different types
which show distinct patterns of selectivity to adrenergic agonists and antagonists (100,
103, 104, 105). At present, the four recognized receptors consist of the oy, a, B;
and B, subtypes (99, 100). Initially the presence of adrenergic receptors on cells was
inferred from the effects of adrenergic agonists on cell function (99, 100). Gradually,
as a variety of adrenergic agonists and antagonists became available, adrenergic
receptors were additionally classified 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).
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It has been suggested in the available literature that T helper 1 and T helper 2
cells differentially express the B-adrenoceptor, and that the concentration of this
receptor on these two T cell subsets does not change with activation (99, 100, 105).
However, it has also been hypothesized that the 8,-adrenoceptor of activated Thl and
Th2 cells differentially modulates the production of cytokines as compared to non-
activated Thl and Th2 cells (100, 104, 105). Research has demonstrated that
exposure of activated Th2 cell subsets to B,-adrenoceptor agonists should induce no
change in Th2 cell cytokine production, although exposure of activated Th1 cells to
B,-adrenoceptors decreases the production of some cytokines, including IL-2 (99,
100, 104). These previous experimental findings, therefore propose that differential
expression of the 3,-adrenoceptor by activated Thl and Th2 clones renders cytokine
production by these clones differentially susceptible to the influence of the 8,-
adrenoceptor ligand (99, 100, 104). Extremely little work has been presented
regarding the potential existence of a-adrenoceptors on lymphocytes, although many
studies have suggested that a-adrenergic agonists can modify T lymphocyte function
(99, 104, 105). At present, the presence of a-adrenoceptors on T lymphocytes
remains to be confirmed by ligand binding studies and thus remains a controversial
topic in neuroimmunology (99, 100, 105).

Tumor necrosis factor-a is produced by T helper cells and is in fact produced
by both the Thl and Th2 subsets (89, 99, 105). The results obtained in this research
project suggest that the murine splenocyte population which was stimulated with CD3
+ PMA exhibited a By-adrenoceptor effect when NE was added, since the production
of TNF-a was decreased. This is what is expected according to previously published
research in a Thl response since it is known, as previously stated, that activated Thl
cells exposed to a 3,-adrenoceptor ligand will decrease their production of cytokines
(89, 99, 100). Therefore it appears that f,-adrenoceptor agonists also have the same

effect of inhibiting secretion of TNF-a. by mixed murine splenocytes when co-
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stimulated with NE and CD3 + PMA. Although an inhibitory response was present
when utilizing a stimulated population of murine splenocytes, this response was
contrary to that seen in the experiments performed with NE and non-stimulated
splenocyte populations. Since there was no clear activation signal for any of the
lymphocyte populations in the non-stimulated murine splenocyte sample, either a
mixed response by the populations occurred to cause the increase in TNF-a
production, or perhaps a population other than the T lymphocytes was undergoing an
immune response to an unknown antigen.

The T cell lines, Jurkats and EL-4s, presented a very clear response to the
addition of the adrenergic drug treatments. NE increased TNF-a production through
the B-adrenoceptor, although the increase was not as great as was seen when the
stimulus was through only the a-adrenoceptor. Although thesc B-adrenoceptor effects
are contradictory to the previously published studies (89, 99, 100) relating to the
decreased production of TNF-a by primary cuiture T cells stimulated with f,-
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 lines, it remains possible that both cell lines, due to their transformed
lineage express an abundance of B-adrenoceptors and/or a-adrenoceptors and
therefore their responses are not characteristic of primary culture tissues. Also, if a
high concentration of - and a-adrenoceptors are available, the modulatory effects of
NE could be exacerbated, and furthermore, a mixed adrenoceptor response could be
resulting in increased production of TNF-a.. Without further study characterizing the
effects of the a- and/or B-adrenoceptors, the deviations from previous research will
remain, however the data accumulated in this research project overwhelmingly
indicates that either an a- or B-adrenoceptor response results in increased TNF-a
production by EL-4 and Jurkat cells, and this response occurs regardless of prior

antigen stimulation.
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Finally, this research project unexpectedly illustrated that PH and PR had
significant modulatory effects on TNF-a production. Although this was not the
anticipated effect of these control treatments, it remains plausible that these four cell
types were able to secrete endogenous NE. At present, no research has been
published regarding this phenomenon in lymphocyte populations, however, Spengler et
al. (177) have studied this effect in macrophages. In this research by Spengler, it was
noted that the B-adrenergic antagonist propranolol was able to augment the
production of TNF-a, however, the a-adrenergic treatments of yohimbine and
idazoxan had an inhibitory effect on TNF-a production (177). These results thus
support the findings of extraneuronal accumulation of norepinephrine, however they
do not determine the physiological reasoning for this system (177). Therefore, for the
neuroimmunomodulation of TNF-a 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 role 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 Tumeor Necrosis Factor-a Modulation by
Norepinephrine

In conclusion, the results of this project suggest that the sympathetic nervous
system can act to inhibit T cell production of TNF-a by CD3 + PMA activated murine
splenocytes through the B-adrenoceptor, and that this inhibition is most marked at
submaximal concentrations of the catecholamine. It was also found that two
transformed T cell lines produced increased amounts of TNF-a. through both a- and
B-adrenergic treatments, with the a-adrenergic treatment being a greater overall
stimulator of TNF-a production. Although the latter result is contradictory to current

published research regarding B-adrenoceptor inhibition of cytokine production, the
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collected results from both the transformed and primary cultures indicate that the
modulatory effects of norepinephrine depend not only on the presence of a- and/or -
adrenoceptors on lymphocytes, but that the resultant TNF-a production also reflects

the concentration of the -adrenergic drug.
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CHAPTER IIT:

THE MODULATION OF TRANSFORMING GROWTH FACTOR-
B BY NOREPINEPHRINE IN TRANSFORMED AND PRIMARY
CELL CUTURES

Extensive research illustrating the interconnectedness of the nervous system and
immune system through catecholamines has been demonstrated to play very important
roles in many diseases like [diopathic Pulmonary Fibrosis and cancer. This chapter
focuses on determining the involvement of norepinephrine in the modulation of
transforming growth factor-B (TGF-$) by four lymphocyte populations. T
lymphocytes, from both transformed and primary cultures, were stimulated with
adrenergic agonists and antagonists, including norepinephrine, and measurements were
made to determine the effect and adrenoceptor target of norepinephrine in modulating
TGF-B production. It was demonstrated that norepinephrine significantly augmented
total TGF-P production by the non-stimulated murine splenocytes and both Jurkat and
EL-4 cells lines in a dose dependent manner over a two day time course. This
increased TGF-f production was modulated through both the a- and B-adrenoceptors
of the lymphocytes. Inthe CD3 + PMA stimulated murine splenocyte population, the
production of TGF-B was significantly inhibited by norepinephrine through B-
adrenoceptor modulation, however, a significant increase in total TGF-f production
was observed when a-adrenoceptor modulation occurred. When an analysis of the
biological activity of the total TGF-3 quantities was completed for all cell lines, it was
determined that the CD3 + PMA stimulated murine splenocytes as well as the Jurkats
and EL-4s produced mainly active TGF-p while the non-stimulated murine splenocytes
produced predominately latent TGF-B. It is apparent through the use of various
adrenergic agonist and antagonist treatments in this research project that the effect of
norepinephrine on TGF-f production by T lymphocytes is dependent on both the
adrenoceptor target and the dosage of the adrenergic treatment.

INTRODUCTION
An Introduction to Transforming Growth Factor-B

Often when cytokines are discovered, their original activity represents merely
the tip of the iceberg (106, 107, 108). This was and continues to remain the case with
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transforming growth factor-B. Not only is TGF-f able to participate in growth
regulation, but it is also involved in many biological processes including, inflammation,
host defense, tissue development and repair, immunoregulation and tumorigenesis (48,
106, 107, 109, 110, 111, 112). Transforming growth factor beta is an excellent
example of a stable, muitifunctional polypeptide growth factor involved in a multitude
of immune reactions (108, 111, 113, 114, 115). The complex involvement of TGF-
in the immune 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-$ (109, 111, 116).

Transforming growth factor-f can act either as an inhibitory or stimulatory
molecule (107, 108, 111, 112). As a stimulatory molecule, TGF-B induces fibroblast
proliferation, neutrophil chemotaxis as well as increased production of extracellular
matrices (109, 110, 111). Its inhibitory effects include the inhibition of [L-1 receptor
expression, suppression of the respiratory burst and a variety of cytotoxic effects
directed towards activated macrophages (114, 118). TGF- is also able to limit the
immune function in inflammatory responses (112, 114, 117). The far ranging and
diverse effects of TGF-3 are thought to be a reflection of its many diverse
physiological roles (111, 112, 117). Extensive literature has suggested that TGF-
plays a critical role in mediating a number of biological responses — and that the
response elicited depends not only on the binding of TGF-B, but also on the amount of
TGF-$ available, the state of development or differentiation of the cell, as well as
other cytokines which may be present (48, 108, 112).

Transforming growth factor-8 is one of many members of a large group of
growth, differentiation and morphogenesis cytokines (118, 119, 120, 121, 122). This
group of cytokines not only includes the TGF-8 group, but also includes the activins
and inhibins — regulators of pituitary, gonadal and placental hormone production (118,
121, 122, 123). The members of this family of polypeptides share a common
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homodimeric or heterodimeric structure and the biological similarity of this group
within a vast span of vertebrate organisms underscores the high degree of evolutionary
conservation of this cytokine (111, 124, 125). In fact, the conservation of amino acid
sequences of TGF- has been noted to be almost 100% between different mammalian
species (42, 121, 124, 125).

Transforming growth factor- is expressed and released by many cell types
including: T cells, activated macrophages, platelets and B cells (42, 106, 122, 126).
The TGF-$ molecule consists of two 12 kDa disulfide linked polypeptide dimers and
each highly conserved chain consists of approximately 112 amino acids (118, 124,
126, 127). At present, transforming growth factor-p has been found in five forms in
mammals (118, 124, 126, 127). Of these five isoforms, TGF-8{, TGF-B, and TGF-
B3 are highly homologous (125, 126, 128). Each TGF-B isoform contains an amino-
terminal hydrophobic signal sequence which maintains the molecule in a latent state
until the molecule is needed intracellularly, or serves to block the receptor-ligand
interaction so that translocation into the lumen of the endoplasmic reticulum is halted
(120, 126, 129). Preceded by a sequence of four basic amino acids, the bioactive
domain of TGF-B, is located at the carboxy-terminus of the latent molecule (108, 120,
126, 129). Although pH and proteolysis can activate TGF-B in vitro, physiological
activation of latent TGF-f by tumors is not completely defined, however a possible
involvement of proteinases such as plasmin and cathepsin D has been suggested (108,
119, 120, 126). Once the 25 kDa molecule has been disassociated and is biologically
active it can interact with TGF-f receptors identified on numerous cell types (120,
126, 130, 131).

Receptors for TGF- have previously been identified as cell surface
glycoproteins that exhibit high affinity and specificity toward the TGF-p molecule
(132, 133, 134). Receptors are expressed ubiquitously, however in low concentrations

by most normal and transformed mammalian cell types, and are able to discriminate
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FIGURE 1. The ongins and targets of Transforming Growth Factor-3.
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between the various TGF-B isoforms (111, 134). Depending on cell type and function,
there may be as few as 200 or as many as 100,000 TGF-f receptors per cell; analysis
of the receptor binding data for a variety of cell types illustrates that cells with fewer
receptors are able to bind TGF-$ with a much higher affinity than cells with increased
receptor concentrations (130, 132, 133, 134). These findings demonstrate that small
amounts of TGF-B can have far reaching effects, suggesting that there are multiple
cellular responses to TGF-f and thus accordingly there appear to be multiple pathways
for signal transduction (132, 133, 134). While specific receptors have been found on
almost all mammalian cells examined, the effect of TGF-$ varies depending on ceil
type and growth conditions (111, 132, 134).

There is extensive literature suggesting that TGF-§ plays a critical role in the
mediation of a number of biological responses (48). One of the most characterized
involvements of TGF-B in disease is within a group of fibrotic diseases recognized as
the chronic pulmonary diseases (110, 118, 135). Chronic Pulmonary Fibrosis is
characterized by fibrotic lung processes (118, 135) resulting from chronic infections
and non-infectious inflammations (118, 135). Idiopathic Pulmonary Fibrosis (IPF) is
one of the many chronic pulmonary fibrosis diseases, and is characterized by
connective tissue deposition within the terminal air spaces of the lungs (118, 135,
136). The fatal result of this disease is due primarily to the overexpression of TGF-
by immune cells of these patients which is associated with increased collagen
deposition (110). Thus, TGF-§ plays an important if not primary role in the
pathogenesis of IPF (110, 136).

TGF-f also appears to be a fundamental regulator of cell behaviour including
tumour cells (43, 48, 137) with the nature of the response dependent on the cell type,
growth conditions, the state of cell differentiation and the presence of other growth
factors (111, 134). Elevated levels of this cytokine, as well as enhanced secretion of
TGF-f have been observed in a number of human tumours, and it has been noted that
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TGF-B is capable of promoting the invasion and metastasis of many cancers including,
fibrosarcomas and mammary adrenocarcinomas (48, 137). Interestingly, TGF-B has a
number of therapeutic benefits including the topical or systematic application of TGF-
B for the healing of wounds, cartilage and bone repair, the suppression of
inappropriate immune responses in autoimmune diseases, reversing or limiting
transplant rejection as well as moderating the ischemic damage following heart attacks
(123, 128, 138, 139).

The T Helper Cell Response and Transforming Growth Factor-f

With direct stimulation, most immune cells are able to secrete a variety of
cytokines (26, 35, 86). These cytokines, acting as mediators, are able to both enhance
interactions between immune cells and also serve as growth stimulators (26, 28, 86,
139). Transforming growth factor-f is produced by macrophages, T cells and B cells
(26).

CD4+ effector Th cells are divided into two distinct subsets based on these
cytokines — Thl cells are recognized as T cells which produce IL-2 and [FN-y while
Th2 cells produce IL-4, IL-5, [L-6, IL-10 and IL-13; both subsets of T cells can
secrete a number of cytokines including IL-3, GM-CSF and TNF and TGF-§ (28, 35,
86, 87, 88, 89). The cytokine production of these effector T helper cells essentially
regulates the nature of most immune responses (28, 86, 87). Thl cells are involved
primarily in cell-mediated immune responses while Th2 cells function primarily in
humoral immune responses (28, 86, 89). Although Thl and Th2 cell 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).
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Norepinephrine and Transforming Growth Factor-f§ — A Relationship?

While previous evidence suggests a role for norepinephrine in immune
regulation and modulation, little work has been performed studying this interaction as
it relates to TGF-B (21, 89. 139). Because of the physical evidence of sympathetic
innervation of lymphoid organs, and the close proximity these nerve terminals share
with T cells, it seems plausible that norepinephrine could have an effect on T cell
function (21, 89). It has been reported that norepinephrine, following immunization,
stimulates the B,-adrenoceptor on lymphocytes and that this stimulation in turn causes
an increase in intracellular concentration of cCAMP (21, 89). Thus it is possible that
norepinephrine can modulate the By-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-f3 receptor binding
(83). These findings also indicate that for some cells, TGF-f receptor expression is
hormonally controlled (83). With the extensive literature suggesting that TGF-f plays
a critical role in the mediation of a number of biological responses, it is obvious that its
synthesis, secretion, activation and clearance must be tightly regulated and that defects
in this regulation have potential for causing pathological conditions (83, 140). This
chapter will focus on the role of norepinephrine in the modulation of TGF-f by T cells,
both from transformed cultures and murine splenocyte samples.

An MTT Assay for Transforming Growth Factor-8

Because of the diverse spectrum of biological activities of TGF-B, a relatively
wide choice of parameters for measuring TGF- also exists (71, 96). Most commonly,
TGF-B is quantified using a bioassay in which cell proliferation is either stimulated or
inhibited (76, 91). These assays are effective, however, their reliability depends on the
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TGF-B sensitive cell line chosen (76, 91). In addition, the assay must be stable over
long periods of time and this is frequently a problem for the TGF-f assay as often cells
lose their TGF-f3 sensitivity after continuous passage (76, 91).

Currently, although a dye-based TGF-8 bioassay may be used, the most
common method for quantifying this cytokine is through the uptake of radioactive
[3H]thymidine by the Mv1Lu cell line (71, 75, 114, 141, 142). However, the use of
radioactive methods is expensive, time consuming and also proves difficult when
processing a large number of samples (75, 138, 141). This research project utilized the
MTT tetrazolium dye to quantify TGF-@ inhibition of the A375 human malignant
melanoma cell line (ATCC CRL1619). Using the procedures outlined for the
[3H]thymidine technique and Mv1Lu cell line as guidelines, the methods were
modified, the cell line was changed, and the measurement method switched from a
radioactive isotope to a tetrazolium dye (74). The result is an easy, quick, reliable
method to measure TGF-B without concern for radioactive material usage (74).

The A375 assay for TGF-f3 is based on the cytotoxic effects of TGF-§ on the
A375 human malignant melanoma cell line. A37S viability is extremely limited in the
presence of high concentrations of TGF- and is relatively unaffected in the presence
of low TGF-$ concentrations. Utilizing MTT in combination with the A375 assay of
TGF-B allows for the TGF-B content of the sample to be determined by comparing the
conversion of the blue formazan product of the sample to a standard curve utilizing
rTGF-B (74). Thus, the amount of formazan product is directly related to the cell
viability after TGF-f sample addition, since only living cells can convert this yellow
dye to its final product (74). Although this bioassay can be used to quantify TGF-B, it
is unable to differentiate among the five isoforms. Therefore, in order to distinguish
among isoforms, isoform-specific TGF-f antibodies must be added to duplicate
samples to verify which isoform of TGF-f actually present.
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MATERIALS AND METHODS

MATERIALS
A complete listing of the source and all types of media, solutions, specific
chemicals and equipment used in this thesis, outlined in the methods section is attached

as Appendix A.

METHODS

The methods utilized to perform the experiments studied in this chapter are as
outlined in Chapter 2 with the exceptions noted below. The cytokine that was studied
in this chapter was transforming growth factor-f3.

Collection of Conditioned Media. After aliqouting the cells and the
pharmacological reagents, the plates were allowed to incubate for a two day time
course at 37°C, 95% CO,, and at each of the two 24 hour intervals, collections of the
conditioned media were made. Samples were collected in the presence of 1 ug/mL
pepstatin, 0.5 pg/ml. aprotinin and 0.5 pg/mL leupeptin in sterile, siliconized
microfuge tubes and frozen at -80°C until ready for TGF-p quantification (94). These
experiments were performed on each cell line and murine cultures a minimum of six

times.

TGF-Bassay. The TGF-B activity of the collected conditioned media was
determined by the in vitro A375 assay based on a previously outlined procedure (71,
141, 142) with modifications and was expressed as total pg/mL for neutralized
acidified conditioned media. A determination of % active versus % latent TGF-$ was
made through acidification of the conditioned media. Briefly, subconfluent A375 cells
were used to assay the samples for TGF-B activity. Cells were washed, trypsinized
and washed again with RPMI-1640 supplemented with 5% FBS. The collected cell
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solution was centrifuged and the cell pellet resuspended in RPMI-1640 with 10% FBS,
1.0 x 10-3 M sodium pyruvate, 2.0 X 10-3 M L-glutamine, 5 mg/mL gentamycin
sulfate and 4.5 mg/mL glucose and plated at a concentration of 1.5 x 103 cells/100 uL
in a 96 well microtitre plate. Either neutral conditioned media, or conditioned media
that was acidified and subsequently neutralized in the presence or absence of anti-
TGF-$, antibodies was added at 100 uL/well, so that each of the wells contained a
final total volume of 200 uL (119, 128, 143). Acidification of the neutral conditioned
media was performed as described below.

After 90hrs of incubation at 37°C, 95% CO», 25 pL of a 5 mg/mL MTT
solution was added to each well and the plate was allowed to further incubate at 37°C,
95% CO for six hours (69, 70, 73, 74, 97, 144). The contents of the wells were then
carefully removed by gently inverting and blotting the microtitre plate (70, 73, 74).
Subsequently, after 100 uL/well of a stop solution of acidified SDS was added to each
well, the plate was vigorously shaken for 25 minutes, and finally the absorbance was
read in a 750 Cambridge plate reader at 590 nm (70, 72, 73, 74). The activity of the
TGF-B in the samples was calculated using an rTGF-p standard (R&D) prepared at
the same time as the experimental samples.

Prior to the use of the A375 assay for the measurement of TGF-B, the assay
was calibrated (71). The cell number which would give maximal OD readings at 590
nm was selected, and a standard of rTGF-3 was defined to be utilized each time the
assay was run;, this pre-defined standard from 5000 pg/mL rTGF-f to 0 pg/mL TGF-
B was used to verify the sensitivity of the assay throughout the experiments (71).

Also prior to the use of the A375 bioassay for quantifying TGF-§, the
adrenergic drug treatments were added to the A375 cell line to determine whether or
not the adrenergic drug treatments had an effect on the A375 cells. After plating the
A375 cells, 100 pL of each adrenergic drug treatment at the maximum experimental

concentration (104 M) was added. The plates were allowed to incubate, read, and a
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comparison of the optical density readings were made to A375 cells which received no
adrenergic drug treatment. It is imperative that the A375 cells be sensitive only to the
TGF-B content of the sample and not to the adrenergic drug treatment.

When the assay was utilized to quantify TGF-B in collected supernatant
samples, the samples were dividied so that triplicate repeats could be performed. After
obtaining all data, the mean of the data was determined as well as a calculation of the

standard deviation of the mean.

Acidification and Neutralization of TGF-8 conditioned media samples. Both
neutralized and acidified/neutralized samples must be run to quantify TGF- levels
since TGF-B has two isoforms - a biologically active and a biologically latent form.
Samples were divided and placed in siliconized microfuge tubes. To the sample which
was to be acidified and therefore quantify total TGF-$ (both latent and active TGF-$),
10 pL of a 1.8 N HCl was added per 400 uL of sample (141). The sample was mixed
well and allowed to stand for 5 minutes. Promptly at five minutes, 16 uL of solution
D per 400 pL sample (Appendix A) was added, the sample was again mixed well and
subsequently added to the A375 cells (141). The sample which was to quantify active
TGF-B was added without acidification to the A37S5 cells. After the quantification of
TGF-B using the A375 cells, the active TGF-B quantity was subtracted from the total
TGF-B levels to give the amount of latent TGF- present (141).

TGF-B Statistical analysis. The data are expressed as total TGF-f content as
well as % active and % latent of total TGF-f content. Values were compared using
the Minitab Statistical Software for ANOVA. All values are reported as the mean +
the standard deviation and analyzed by analyzed by Tukey's pairwise comparison test
(n=6). An alpha error of 0.05 was used to test for statistical significance.



RESULTS
The Transforming Growth Factor-B MTT Bioassay and Calibration

Effects of cell number on formazan production by A375 cells, a human
malignant melanoma cell line in combination with a rTGF-p standard. To determine
the effect of cell number on MTT conversion to blue formazan, five concentrations of
A375 cells were selected for pre-testing with a shortened rTGF-8 standard. The cell
number ranged from the highest concentration of 1.0 x 109 cells/mL to the lowest
concentration of 1.0 x 104 cells/mL. A short standard of rTGF-B was prepared
ranging from 0 pg/mL to 5000 pg/mL and was added to the cells to incubate for 96
hours. Following a further incubation with MTT dye, the plates were read and a
comparison of the optical density readings was made. A wide range between the
optical density readings of the maximal rTGF- concentration and the 0 pg/mL rTGF-
B is important so as to provide a high level of sensitivity for the assay; this wide range
was present when the cell concentration of 1.5 x 104 cells/mL was utilized, therefore

this cell concentration was chosen for subsequent TGF-f assay procedures (Figure 2) .

Effects of adrenergic agonist and antagonist treatments on the A375 cell line.
To determine the effect of the adrenergic agonist and antagonist treatments on the
A375 cell line, all adrenergic agonists and antagonists were co-incubated at their
maximum concentration (10~ M) with the A375 cell line at the same point where
sample addition would occur in the TGF-f assay procedure. The resuits from this
experiment are illustrated in Figure 3. The results demonstrate that the adrenergic
treatments did not have an effect on the A375 cell line as compared to A375 cells
treated in the absence of an adrenergic treatment, as all optical density readings are
similar.
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FIGURE 2. A TGF-B standard curve utilizing A375 cells at a concentration of 1.5 x
104 cells/mL. A short standard from 0 ng/mL to 2500 pg/mL rTGF-§ was prepared
and sampled with five concentrations of A375 cells. The varying concentrations of
A375 cells displayed different optical density readings over the same rTGF-f standard.
The samples containing the A375 at a concentration of 1.5 x 105 cells/mL gave the
greatest difference in optical density readings over the 0 ng/mL to the 50 ng/mL
rTGF-8 concentrations. The rTGF- standard curve obtained for this cell
concentration utilizing the defined standard is displayed. Each point on the graph
represents the mean of a triplicate and is shown with error bars noting the standard

deviation of the mean.
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FIGURE 3. Effects of adrenergic agonist and antagonist treatments on the A375 cell
line. The adrenergic agonist and antagonist treatments were added to the A375 cell
line after the first overnight incubation to test the effects of the various adrenergic
treatments on the A375 cells. This addition of adrenergic treatments took place at the
same time point as the addition of conditioned media samples would occur in the TGF-
P assay procedure. The different adrenergic treatments did not have any significant
effect on the optical density readings as compared to A375 cells treated only with
media (p<0.001). Each point on the graph represents the mean of a triplicate and is

shown with error bars noting the standard deviation of the mean.
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Adrenergic Agonist and Antagonist Treatments, Jurkat Cells and Transforming
Growth Factor-f

The production of TGF- by Jurkat cells in response to adrenergic agonists
and antagonists was measured over a two day time course over a concentration range
of 104, 106, 1083 M. Samples of conditioned media were collected over a two day
time course and assayed for TGF-f. The results of these experiments are displayed in
Figure 4 -- 24 hr data is illustrated with solid bars, while the 48 hr data is represented
by the hatched bars.

In the experimental results, it is noted that NE can increase significantly the
production of total TGF-3 by Jurkat cells. Since NE can act through both a- and B-
adrenoceptor types, and because cells of the immune system are known to have both
types of these receptors, the effects of the individual adrenoceptors in response to NE
was examined with the adrenoceptor specific agonists and antagonists; TE, ME, UK,
PR and PH. When the $,-adrenoceptor of the Jurkats was directly stimulated with
TE, total TGF-B production by the Jurkat cells was significantly increased.
Furthermore, when the ability of NE to target the a-adrenoceptor was eliminated with
PH (NPH treatment), total TGF-8 production was again significantly augmented. The
results of the TE and NPH treatments, when combined, suggest that NE can
significantly increase total TGF-8 production through the B-adrenoceptor of the Jurkat
cell line.

Subsequently, an investigation of the a-adrenoceptor effects of NE was
performed utilizing ME and UK, o ;- and a,- adrenergic agonists, respectively. By
directly stimulating the a|-adrenoceptor with ME, a significant increase in total TGF-
B production was observed. Similarly, the ay-adrenoceptor when stimulated with UK,
also produced a significant increase in total TGF-B production. When utilizing the
NPR treatments, NE modulated a significant increase in total TGF-g production, and
this effect should have been through the a-adrenoceptor, as the f-adrenoceptor was
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FIGURE 4. A comparison of mean total TGF-$ production over a two day time
course by Jurkat cells treated with various adrenergic agonists and antagonists.
Utilizing ANOVA, the means of the total TGF-B production for the experiment at 24
hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance;
an experimental size of n=6 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.005
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001

Adrenergic Treatment Abbreviations:

NE: Norepinephrine PR:  Propranolol

TE: Terbutaline PH: Phentolamine

ME: Methoxamine NPR: Norepinephrine + Propranolol
UK: UKl14304 NPH: Norepinephrine + Phentolamine

Adrenergic Treatment Concentrations:
(-4): 10(-4)M (-6): 10(-6)M (-8): 10(-8) M
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FIGURE 5. A comparison of mean active TGF-f production over a two day time
course by Jurkat cells treated with various adrenergic agonists and antagonists.
Utilizing ANOVA, the means of the active TGF-B production for the experiment at 24
hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance;

an experimental size of n=6 was used to obtain each time course point. [n 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.304 <0.001
TE <0.001 <0.001 PH <0.111 <0.001
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001
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blocked by the PR. Examining the results of the UK, ME and NPR treatments as a
group, suggests that NE can significantly increase total TGF-p production through the
a-adrenoceptor of the Jurkat cell.

The effects of each of the adrenergic antagonists on total TGF-f production
were also determined through the use of individual PR and PH treatments. These
results illustrate that both PH and PR were individually able to increase significantly
the production of total TGF-B by Jurkat cells at 24 and 48 hrs.

In summary, these results suggest that NE can target both the a- and B-
adrenoceptor to increase significantly the production of total TGF-f3. The resuits
illustrate that NE may have some preference for the B-adrenoceptor, as the effects of
NE on total TGF-B production were similar to those observed with the TE treatments.
NE, when targeting the B-adrenoceptor also appears to modulate a dose dependent
effect with higher concentrations of NE producing greater quantities of total TGF-g.
The results also illustrate that NE can act through either the a;- and a,-adrenoceptor
subsets to modulate increased total TGF-B production, however, this effect does not
appear to relate solely to the concentration of the adrenergic treatment.

Through an examination of the effects produced by the various adrenergic
treatments on active TGF-B production by the Jurkat cells (Figure 5), it was observed
that active TGF-f production by the Jurkat cell line was significantly increased over
the two time course points by most adrenergic treatments.

Evaluating the above data for total TNF-a production by Jurkat cells over the
two day time period using Tukey's pairwise comparison illustrates that there are
significant differences between the media control treatment and some adrenergic
treatments, but not others (Figure 4 and Figure 5, respectively). The addition of anti-
TGF-B antibodies to duplicate samples of conditioned media demonstrated that the
effects illustrated throughout the experiments were due to TGF-3; and thus the A375
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assay was able to measure the quantities of TGF-f secreted by the Jurkat cells (119,
128, 133, 151, 170).

Effects of adrenergic agonist and antagonist treatments on the production of
biologically latent and active TGF-p by Jurkat cells. TGF-p was quantified both
before and after activation by acidification because TGF- obtained from most cells,
including platelets and tissues is not normally in a biologically active form (141). The
results of the acidification process for the total TGF-B secreted by the Jurkat cells
(Figure 4) are displayed as means in Figure 6A and B for the 24 hr data and the 48 hr
data, as % latent TGF-§ (hatched bars) versus % active TGF-f (black bars)
respectively. Itis visible through the results that predominantly all TGF-3 secreted by

Jurkat cells was in an active form.

Adrenergic Agonist and Antagonist Treatments, EL-4 Cells and Transforming
Growth Factor-f

The production of TGF-f by EL-4 cells in response to NE, TE, ME, UK, PR,
PH, NPR and NPH was also tested over the concentration range of 104, 106, 108 M.
Samples of conditioned media were collected over a two day time course and assayed
for TGF-B. The results of these experiments are displayed in Figure 7 for total TGF-$
and Figure 8 for active TGF-8. In each of these figures, the 24 hr data is illustrated
with solid bars, while the 48 hr data is represented by the hatched bars.

From these preliminary results, it can be observed that NE can significantly
increase the production of total TGF-8 by EL-4 cells. Again, because of NE's dual
ability to act through both a- and B-adrenoceptors, the effects of the individual
adrenoceptors in response to NE were measured. Targeting the B,-adrenoceptor of
the EL-4s with the TE treatments produced a significant increase in total TGF-8
production. When the a-adrenoceptor was subsequently blocked with PH in the NPH
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FIGURE 6. The biological activity of TGF-B produced by Jurkat cells treated with
various adrenergic agonists and antagoinsts. Based on the total TGF-B concentrations
obtained through experimentation (Figure 3), calculations of % latent TGF-$ (hatched
bars) compared to % active TGF- (shaded bars) were completed. Figure 5A
demonstrates the mean activity of the TGF-B in the samples collected at the 24 hour

time point and Figure 5B — the mean activity at 48 hrs.
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FIGURE 7. A comparison of mean total TGF-$ production over a two day time

course by EL-4 cells treated with various adrenergic agonists and antagonists.

Utilizing ANOVA, the means of the total TGF-f production for the experiment at 24
hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance;

an experimental size of n=6 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 different utilizing Tukey's Pairwise

Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001




TGF-B (pg/mL)

24

20 —

16

12

24

e

Y
N2

£ Nad

«°

20

16 —

» N
\?3'\ v\e‘\h

D
¢ &p\"‘

A )
RGP

&

LN e
&

b

N

& O
‘,3'&\ -

aZ

&5

\&\ &o\b

Treatment

TGF- (pg/mL | I m
g/mL) GF-8 (pg/mL) GF-f (pg/mL
- )

TGF-B (pg/mL)

24

20 —

16 —g

o*\»

e“-\b\

o"‘@

&

»N
I

&
<

H
o

&

»
-

\,G\ K3
& ‘«\x\ ‘5@"
Treatment




treatment, the production of total TGF-f was again observed to be significantly
increased. This combined set of results proposes that NE can significantly increase
total TGF-B production when accessing the EL-4 cell through the B-adrenoceptor.

Further studies with the ME and UK treatments examined the specific o—
adrenoceptor effects of NE on modulating total TGF-p production. Stimulating the
aj-adrenoceptor with ME resulted in a significant increase in total TGF-B production.
Likewise, when UK was utilized to stimulate the ot;-adrenoceptor, total TGF-8
production was again significantly increased. When the ability of NE to target the B-
adrenoceptor of the EL-4 cell was eliminated through the use of PR (the NPR
treatment), NE was able to significantly increase the total TGF-f production. These
results, examining the effects of a-adrenoceptor modulation by UK, ME and NPR,
suggest that NE is able to increase total TGF-B production significantly through the a-
adrenoceptor of the EL-4 cell.

Finally, the individual effects of each of the adrenergic antagonists on the
production of TGF-p by EL-4 cells was studied . From these results, it is noted that
PR and PH treatments were individually able to significantly increase the production of
total TGF-B by the EL-4 cell line at 48 hrs, but not at the 24 hr time course point.

In conclusion, the data suggests that NE can target either the a- and §-
adrenoceptor of the EL-4 cell line to modulate an increase in total TGF-$ production.
It again appears that NE may have preference for the -adrenoceptor since the effects
of NE on EL-4 total TGF-8 production were similar to those observed with the TE
treatments; this effect also appears to be dose dependent with increased TGF-8
quantities produced at the higher adrenergic drug concentrations. It was also noted
that NE can modulate increased total TGF-f production through the a-adrenoceptor,
however, these effects do not necessarily reflect the concentration of the adrenergic

drug.
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The adrenergic agonist and antagonist treatments appear to have had some
significant effects on active TGF-B production by the EL-4 cells (Figure 7). It is again
observed that active TGF-B production was significantly increased at the 24 and 48
hour time periods by most adrenergic treatments.

Evaluating the above data for total TNF-a production by EL-4 cells over the
two day time period using Tukey’s pairwise comparison illustrates that there are
significant differences between the media control treatment and some adrenergic
treatments, but not others (Figure 7 and Figure 8, respectively). The addition of anti-
TGF-B; antibodies to duplicate samples of conditioned media demonstrated that the
effects illustrated throughout the experiments were due to TGF-B; and thus the A375

assay was able to measure the quantities of TGF- secreted by the EL-4 cells.

Effects of adrenergic agonist and antagonist treatments on the production of
biologically latent and active TGF-p by EL-4 cells. TGF-$ was again quantified both
before and after activation by acidification. The results of the acidification process of
the total TGF-f3 obtained in Figure 6 are observed in Figure 9 -- A and B for the 24
and 48 hr time course respectively. The results are displayed as % latent TGF-8
(shaded bars) versus % active TGF-B (black bars). It is again visible through the
results that predominantly all TGF-P secreted by the EL-4 cells was in an active form.

Adrenergic Agonist and Antagonist Treatments, Non-Stimulated Murine
Splenocytes and Transforming Growth Factor-f

The production of TGF-§ by non-stimulated murine splenocytes in response to
the adrenergic agonist and antagonist treatments was also tested over the
concentration range of 104, 106, 10-8 M. Samples of the conditioned media were
collected over a two day time course and assayed for TGF-B. The results of these
experiments are displayed in Figure 10 for total TGF-B and Figure 11 for active TGF-
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FIGURE 8. A comparison of mean active TGF-$ production over a two day time
course by EL-4 cells treated with various adrenergic agonists and antagonists.

Utilizing ANOVA, the means of the active TGF-8 production for the experiment at 24
hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed for signficance;
an experimental size of n=6 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.007 <0.001
ME <0.001 <0.001 NPR <0.001 <0.001
UK <0.001 <0.001 NPH <0.001 <0.001
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FIGURE 9. The biological activity of the TGF-f produced by EL-4 cells treated with
various adrenergic agonists and antagoinsts. Based on the total TGF-B concentrations
obtained through experimentation (Figure 6), calculations of % latent TGF- (hatched
bars) compared to % active TGF-§ (shaded bars) were completed. Figure SA
demonstrates the mean activity of the TGF-f in the samples collected at the 24 hour

time point, Figure 5B — the mean activity at 48 hrs.
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FIGURE 10. A comparison of mean total TGF-f production over a two day time
course by non-stimulated murine splenocytes treated with various adrenergic agonists
and antagonists. Utilizing ANOVA, the means of the total TGF-f production for the
experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed
for signficance; an experimental size of n=6 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.001 <0.014 NPR <0.015 <0.019
UK <0.001 <0.001 NPH <0.001 <0.001
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B. In each of these figures, the 24 hr data is illustrated with solid bars, while the 48 hr
data is represented by the hatched bars.

All of the various adrenergic agonist and antagonist treatments had effects on
the production of total TGF- at 24 and 48 hrs. It is however, illustrated that NE had
a significant effect on the production of total TGF-B by non-stimulated murine
splenocyte populations over the two time course points, and the results also display
that the individual a.- and B-adrenergic treatments had the same o- and B-adrenoceptor
specific effects previously observed in the transformed cell lines - with stimulation of
either adrenoceptor resulting in an increase in total TGF-f§ production. Although
many of the adrenergic treatments had significant effects on total TGF-f production
over both time course points, these increases in total TGF-§ are not tremendous.

The adrenergic agonist and antagonist treatments appear to have had no
significant effect on the production of active TGF-§ by the non-stimulated murine
splenocytes over the two time course points (Figure 11), although significant increases
in active TGF-f production were observed for the UK and NPH treatments.

Evaluating the above data for total TNF-a production by non-stimulated
murine splenocytes over the two day time period using Tukey's pairwise comparison
illustrates that there are significant differences between the media control treatment
and some adrenergic treatments, but not others. (Figure 10 and Figure 11,
respectively). The addition of anti-TGF-B, antibodies to duplicate samples of
conditioned media demonstrated that the effects illustrated throughout the
experiments were due to TGF-B; and thus the A375 assay was able to measure the

quantities of TGF-p secreted by the murine splenocytes.

Effects of adrenergic agonist and antagonist treatments on the production of
biologically latent and active TGF-8 by non-stimulated murine splenocytes. TGF-f

was again quantified both before and after activation by acidification to measure %
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FIGURE 11. A comparison of mean active TGF-f production over a two day time
course by non-stimulated murine splenocytes treated with various adrenergic agonists
and antagonists. Utilizing ANOVA, the means of the active TGF-8 production for the
experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically analyzed
for signficance; an experimental size of n=6 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 different utilizing Tukey's Pairwise
Comparison. The determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.799 <0.945 PR <0.857 <0.874
TE <0.819 <0.842 PH <0.814 <0.947
ME <0.815 <0.998 NPR <0.846 <0.952
UK <0.927 <0.814 NPH <0.558 <0.870
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FIGURE 12. The biological activity of the TGF-B produced by non-activated murine
splenocytes treated with various adrenergic agonists and antagoinsts. Based on the
total TGF-B concentrations obtained through experimentation (Figure 9), calculations
of % latent TGF-P (hatched bars) compared to % active TGF-B (shaded bars) were
completed. Figure SA demonstrates the mean activity of the TGF-f in the samples
collected at the 24 hour time point, Figure 5B — the mean activity at 48 hrs.
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latent versus % active TGF-B. The results of this acidification process of the total
TGF- obtained in Figures 9 are observed in Figure 12 — A and B for the 24 and 48 hr
time course respectively, as % latent TGF-f (shaded bars) versus % active TGF-B
(black bars). It is interesting to note that predominantly all TGF- secreted by the

non-activated murine splenocytes was in a latent form.

Adrenergic Agonist and Antagonist Treatments, CD3 + PMA Stimulated
Murine Splenocytes and Transforming Growth Factor-8

The production of TGF-§ by CD3 + PMA stimulated murine splenocytes in
response to the adrenergic agonist and antagonist treatments was also examined over
the concentration range of 104, 106, 108 M. Samples of the conditioned media
were collected over a two day time course and assayed for TGF-B. The results of
these experiments are displayed in Figure 13 for total TGF- and Figure 14 for active
TGF-B. In each of these figures, the 24 hr data is illustrated with solid bars, while the
48 hr data is represented by the hatched bars.

From preliminary observations, it can be concluded that NE had a significant
effect on modulating the production of total TGF-8 by CD3 + PMA stimulated
lymphocytes at the 24 hr time interval as the production of total TGF-$ was
significantly inhibited when the splenocytes were co-cultured with NE and CD3 +
PMA. The results utilizing the o-adrenergic agonists ME and UK, illustrate that
neither a-agonist had a conclusive, significant effect on total TGF-8 production. In
the CD3 + PMA stimulated splenocytes treated with NPR, NE was able to target only
the a-adrenoceptor to modulate TGF-B production. From these results, NPR
treatments in conjunction with the CD3 + PMA stimulated murine splenocytes, it is
observable that there was no significant increase in total TGF-B production. Thus,
from the results obtained utilizing ME, UK and NPR, it can be concluded that a-
adrenoceptor modulation did not significantly increase total TGF-B production.
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FIGURE 13. A comparison of mean total TGF-B production over a two day time
course by CD3 + PMA stimulated murine splenocytes treated with various adrenergic
agonists and antagonists. Utilizing ANOVA, the means of the total TGF-f production
for the experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were statistically
analyzed for signficance; an experimental size of n=6 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 different
utilizing Tukey's Pairwise Comparison. The determined ANOVA p-value for the 24 hr
and 48 hr results 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 <0.001 <0.110 PR <0.001 <0.006
TE <0.001 <0.074 PH <0.001 <0.004
ME <0.141 <0.814 NPR <0.138 <0.203
UK <0.014 <0.697 NPH <0.138 <0.049
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Ensuing experiments examining the effect of f-adrenoceptor modulation on
TGF-B production by CD3 + PMA stimulated splenocytes illustrated that the -
adrenergic agonist TE did not have consistent, significant inhibitory effects. The effect
of B-adrenoceptor inhibition on total TGF-B production was however observed when
NE was added in combination with PH (NPH). From these mixed results utilizing the
TE and NPH treatments, it is difficult to conclusively determine if NE can target the 8-
adrenoceptor of the CD3 + PMA stimulated splenocyte to inhibit total TGF-
production.

In conclusion, the relationship between NE modulation and TGF-$ production
is difficult to determine. Although, TGF-B production was decreased by some
adrenergic treatments over some of the time course points, no consistent effects are
observed and thus a complete, interpretable determination of the effects of NE in
modulating total TGF-B production by CD3 + PMA stimulated murine splenocytes is
impossible.

Examining the results of the various adrenergic treatments on active TGF-3
production by the CD3 + PMA stimulated murine splenocytes over the two time
course points (Figure 14), again illustrates that many of the adrenergic drugs did not
have consistent or conclusive effects on the modulation of active TGF-§ production.
The treatments of NE, TE, PR, PH and NPH were all able to significantly inhibit the
production of active TGF-f3 at 24 and 48 hrs, suggesting that 3-adrenoceptor and not
a-adrenoceptor modulation has an affect on TGF-B production by CD3 + PMA
stimulate murine splenocytes.

Evaluating the above data for total TNF-a production by CD3 + PMA
stimulated murine splenocytes over the two day time period using Tukey's pairwise
comparison illustrates that there are significant differences between the media control
treatment and some adrenergic treatments, but not others. (Figure i3 and Figure 14,

respectively). The addition of anti-TGF-f antibodies to duplicate sampies of
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FIGURE 14. A comparison of mean active TGF-B production over a two day time
course by CD3 + PMA stimulated murine splenocytes treated with various adrenergic
agonists and antagonists. Utilizing ANOVA, the means of the active TGF-8
production for the experiment at 24 hrs (black bars) and 48 hrs (hatched bars) were
statistically analyzed for signficance; an experimental size of n=6 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
different utilizing Tukey's Pairwise Comparison. The determined ANOVA p-value for
the 24 hr and 48 hr results 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 <0.001 <0.001 PR <0.001 <0.001
TE <0.001 <0.001 PH <0.001 <0.001
ME <0.806 <0.591 NPR <0.520 <0.550

UK <0.324 <0.610 NPH <0.001 <0.001
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conditioned media demonstrated that the effects illustrated throughout the
experiments were due to TGF-B, and thus the A375 assay was able to measure the
quantities of TGF-f secreted by the CD3 + PMA stimulated murine splenocytes (119,
128, 143).

Effects of adrenergic agonist and antagonist treatments on the production of
biological latent and active TGF-8 by CD3 + PMA stimulated murine splenocytes.
Total TGF-B was again quantified both before and after activation by acidification.
The results of this acidification process of the total TGF-B obtained in Figures 13 can
be observed in Figure 15 -- A and B for the 24 and 48 hr time course respectively, as
% latent TGF-$ (shaded bars) versus % active TGF-P (black bars). It is again visible
through the results that predominantly all TGF-f secreted by the activated murine

splenocytes was in an active form.

DISCUSSION

In previously reported studies involving NE and murine splenic macrophages,
it was reported that NE was able to both increase and decrease the levels of total
TGF-B and TNF-a.. Because norepinephrine is both an a.- and -adrenergic agonist, it
is able to modulate a variety of immunological effects through both the a- and p-
adrenoceptors found on most lymphocytes. These findings, which demonstrate that
norepinephrine partakes in immune cell modulation, are significant because they
illustrate that not only does NE have a role in modulating cytokine production, but
perhaps more interestingly -- the modulatory effects of norepinephrine are dependent
upon the adrenoceptor target.
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FIGURE 15. The biological activity of the TGF-$ produced by CD3 + PMA
stimulated murine splenocytes treated with various adrenergic agonists and
antagoinsts. Based on the total TGF-f concentrations obtained through
experimentation (Figure 12), calculations of % latent TGF-§ (hatched bars) compared
to % active TGF-$ (shaded bars) were completed. Figure SA demonstrates the mean
activity of the TGF-B in the samples collected at the 24 hour time point, Figure 5B -

the mean activity at 48 hrs.
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The B-adrenoceptor, Norepinephrine and Transforming Growth Factor-8
Modulation

The modulatory effects of norepinephrine on the production of TGF-f§ were
studied utilizing a variety of adrenergic drugs including norepinephrine and terbutaline.
The results obtained illustrate that norepinephrine is able to significantly increase the
production of total TGF-B by both transformed cell lines, EL4s and Jurkats, as well
as by the non-stimulated murine splenocyte population, while the CD3 + PMA
stimulated murine splenocyte population produced significantly less TGF-p in the
presence of norepinephrine. Since NE was found to significantly enhance the
production of total TGF-B, and because it is known that norepinephrine is able to
target both adrenoceptor subtypes, a study of the adrenoceptor through which NE was
modulating it's effect was undertaken.

Subsequent studies utilizing the 8,-adrenergic agonist, terbutaline, illustrated
similar effects to those observed with the NE treatments, notably, TE was able to
significantly increase total TGF-f production to similar quantities in both populations
of transformed T cells. Although this effect likely occurred because of TE's efficacy
for the B,-adrenoceptor, firture studies will be needed to further characterize the B-
adrenoceptor responsible for this response, since TE has affinity for both §, and B,-
adrenoceptors (50). Notably, the results of the treatments of NE and TE on these
transformed cultures are similar in their magnitude of response as well their apparent
dose dependent effects, thus it was concluded that NE modulates an increase in total
TGF-$ production through the B-adrenoceptor of the these cell lines.

In the non-stimulated murine splenocyte populations, the three concentrations
of NE had an observable effect on total TGF-f production. In comparing the murine
splenocyte populations treated with an adrenergic drugs to cells treated with only
media, it was concluded that the adrenergic drug treatments had significant effects on
total TGF-B production at 48 hrs and 72 hrs, but no effect at 24 hrs after commencing

107



incubation. TE was again able to elicit similar stimulatory increases in total TGF-B
production as were seen with the NE treatments, and thus it was reasoned that the
modulation of TGF-B by TE and NE was through the B-adrenoceptor of the non-
stimulated murine splenocyte and was related to the concentration of the treatment.

When both the stimulatory treatment of CD3 + PMA and the adrenergic
treatments were co-cultured with the murine splenocytes, NE and TE both
significantly decreased total TGF-B production, and this inhibition additionally appears
to be related to the concentration of the adrenergic drug. The effects of the NE and
TE treatments were thus concluded to be mediated by B,-adrenoceptor modulation
since both TE and NE again had similar effects on total TGF-f production by the CD3
+ PMA stimulated murine splenocyte population.

The a-Adrenoceptor, Norepinephrine and Transforming Growth Factor-B
Modulation

Although it was concluded that NE could modulate the production of TGF-
by all four cell cuitures through the B-adrenoceptor, norepinephrine is recognized for
it's ability to bind to both the a- and - adrenoceptor of lymphocytes. Because of this,
an attempt was made to determine the effect of a-adrenoceptor modulation on total
TGF-B production. To study the effect of NE on the a-adrenoceptor subtypes,
studies were performed utilizing the a; and ay-adrenergic agonists ME and UK,
respectively. These experiments illustrate conclusively that ME and UK treatments
were also able to significantly affect the production of total TGF-f by all four

lymphocyte populations.
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The Adrenergic Antagonists, Norepinephrine and Transforming Growth Factor-
B Modulation

Concurrent to the experiments with NE, TE, ME or UK on the four
populations of cells, experiments studying the effect of NE in the presence of
adrenergic antagonists were also performed. PH, an a-adrenergic antagonist and PR,
a B-adrenergic antagonist were co-cultured with NE in a 1:1 ratio at three different
concentrations with each of the different cell types and again the collected
supernatants were assayed for TGF-B. Because of their adrenoceptor blocking
abilities, both PH and PR treatments should eliminate the effect of NE through the a-
and B-adrenoceptor, respectively.

In the popuiation of non-activated murine spleen cells, the NPR and NPH
treatments had no observable differences in the production of total TGF-f 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 — insignificant
increases in total TGF-B production as compared to the CD3 + PMA stimulated
control population were observed, although the overall production of TGF-f8 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 significant
decrease in TGF-3 production was observed compared to the cells which received
only the CD3 + PMA treatments, although as compared to the media control this
production appears again significantly increased. Thus, from these results it is again
observable that the outcome of NE modulation on TGF-B production depends upon
which adrenoceptor is targeted by NE.

The experimental results of the NE treatments in the presence of either PR or
PH display significant increases in total TGF-f by both EL-4 and Jurkat cultures.
Aithough the production of TGF- by the NPR treatment was greater than by the
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NPH treatments, both of these treatments produced significant increases in total TGF-
B production, thus demonstrating that even when the a- and B-adrenoceptors were
blocked with NPH and NPR, respectively, NE was still able to modulate a response.
The results which were obtained through the use of the antagonist treatments
alone, also present interesting concepts in relation to the modulation of TGF-8
production by NE. The addition of the treatments of PH and PR both produced
significant increases in TGF-B production by the EL-4 and Jurkat cell lines as well as
by the CD3 + PMA stimulated and non-stimulated murine splenocyte populations.
The treatments of the antagonist blockers were meant originally as a control to
determine the individual effects of PH and PR on TGF-§ production by the cell
cultures. However, in the results, it appears that either they were individually able to
mediate the production of total TGF-, or perhaps each of the studied cell types was
able to secrete endogenous NE. Thus, it remains plausible that if the cells were
releasing endogenous stores of NE, and the cells 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 final hypothesis of
modulation of cytokine production by endogenous norepinephrine will need to be

examined in future research

The Biological Activity of Transforming Growth Factor-§ and Isoform
Identification

Because TGF-B is produced in two biological forms and many isoforms, it was
imperative to determine both the effects of the adrenergic treatments on % latent
versus % active TGF-B and on TGF-§ isoform secretion. From the experimental
results, it is indicated that predominantly all TGF-8 produced by the Jurkats, EL-4s
and CD3 + PMA stimulated murine splenocytes was released in an active form, while

the TGF-P released by the non-stimulated murine splenocytes was in a latent form.
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The significance of these findings are potentially important to both disease process and
disease outcome.

TGF-B is only biologically active when it has been activated by proteolysis, pH
or by the many unknown mechanisms involved in tumor development (108, 111, 119,
120, 126). Thus it appears that the secretion of latent TGF-8 by cells is an important
regulatory mechanism since most cells ubiquitously express both TGF-§ and it's
receptors. In this research project, the increased secretion of TGF-$ in an active form
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-$;
isotype through the use of anti-transforming growth factor-f; antibodies. Most of the
TGF-B present in the samples was neutralized by this isoform; reviews of the literature
on TGF-B isoforms suggest that this is what is expected (128, 143, 149, 151). There
are three known isoforms of TGF-f found in mammalian cells, however, the biological
activities of these isoforms in not distinguishable in most in vitro assays (151).
Although very little information is known about the mechanism of differential
expression of TGF-f3 isoforms, it has been shown that each isoform is regulated by a
different mRNA promoter (151). Research has indicated that TGF-B, is
predominately secreted by non-stimulated murine macrophages with lesser amounts of
TGF-B, and TGF-f3 present. It has also been found that increased quantities of TGF-
B, are secreted by activated murine macrophages, however, TGF-$, and TGF-
amounts remain relatively unchanged. Studies examining T lymphocytes activated by
PMA in the presence of corticosteroids have also been shown to have an increase in
secretion of TGF-f quantities. Thus, the resuits of this study relating to the isoform
of TGF-B present in the samples, TGF-$;, appears to agree with published literature
(151).
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The Complex Role of Norepinephrine in Transforming Growth Factor-
Modulation by Transformed and Primary Cell Cultures

Current literature has hypothesized that T helper 1 and T helper 2 cells
differentially express the B-adrenoceptor, and that the expression of this receptor does
not differ with activation (99, 100, 104, 105). It has also been hypothesized through
research that the B,-adrenoceptor of activated Th1 and Th2 cells differentially
modulates the production of cytokines as compared to non-activated Thl and Th2
cells (99, 100, 104, 105). Scientists have demonstrated that exposure of activated Th2
cells subsets to B,-adrenoceptor agonists has no effect on inducing Th2 cytokine
production, although exposure of activated Th1 cells to B,-adrenoceptors decreases
the production of many cytokines (99, 100, 104, 105). These findings therefore can be
interpreted to propose that differential expression of the B,-adrenoceptor on activated
Th1 and Th2 clones renders cytokine production by these clones differentially
susceptible to the influence of the 8,-adrenoceptor ligand (99, 100, 104, 105).
Although tremendous amounts of published work have studied the B-adrenoceptor
found on lymphocyte populations, very little research has focused on the potential
presence of an a-adrenoceptor (99, 100, 104, 105). Although several studies have
suggested that o-adrenergic agonists can modify lymphocyte function, a-
adrenoceptors as yet remain to be classified by ligand binding studies and therefore
their possible existence remains a controversial issue in neuroimmunology (99, 100,
104, 105).

The transformed populations, EL-4s and Jurkats presented a very distinct
response to the addition of the adrenergic drug treatments. NE increased TGF-
production through the ,-adrenoceptor, although the increase was not as great as
was seen when the stimulus was only through the a-adrenoceptor. Although this
result is contradictory to the published studies relating to the decreased production of
cytokines by T cells stimulated with B,-adrenoceptor agonists, no research has been
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performed on characterizing the production of TGF-$ by T lymphocyte
neuroimmunomodulation (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 effect on T cell production of TGF-B by these transformed cell lines.

The results obtained in this research project also suggest that the murine
splenocyte population which was stimulated with CD3 + PMA exhibited a §,-
adrenoceptor effect when NE was added since the production of the studied cytokine,
TGF-B, was similarly decreased in the presence of TE, a B,-adrenoceptor agonist.
This is what is expected in a Thl response since it is known, as previously stated, that
activated Th1 cells exposed to a B,-adrenoceptor ligand will decrease production of
IL-2 (99, 100, 104, 105). Although an inhibitory response (Th1 response) to the
presence of y-adrenoceptors occurred in the CD3 + PMA stimulated population of
murine splenocytes, this response was absent in the experiments performed with NE
and non-stimulated splenocyte populations. Without further experimental probing, the
reasoning for these differences in conclusions between this research project and those
previously published are unknown. Some of the differences may be due to the mixed
population of B cells, macrophages and T cells in the non-stimulated murine
splenocyte population and therefore the data may reflect a conglomerate of responses
to norepinephrine; responses that are individually in-distinguishable. Since there was
no clear activation signal for any of the lymphocyte populations in the non-stimulated
murine splenocyte samples, a mixed response may have occurred and TGF-$8
production by the mixed cell population is not representative of NE modulatory
effects on T cell populations alone.

Finally, research has examined the presence of endogenous stores of NE in
macrophage cells (177), however, no research has been published regarding the same
phenomenon in lymphocyte populations. In the macrophage studies involving the
endogenous stores of NE, it was concluded that the B-adrenergic antagonist
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propranolol was able to augment the production of TNF, however, the o-adrenergic
treatments of yohimbine and idazoxan had an inhibitory effect on TNF-a 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 examined in the lymphocyte populations as it may further both the ideas of
neuroimmunomodulation of cytokine production as well as support the possibility that
norepinephrine can be released endogenously by the immune system to regulate

immune responses.

Conclusions Regarding 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-8
of two transformed cell lines and non-activated murine splenocytes through both a-
and B-adrenergic agonist treatments, with the a-adrenergic agonist treatment being a
greater stimulant of TGF-f3 production. It was also concluded that norepinephrine
was also able to affect TGF-8 production by CD3 + PMA activated murine
splenocytes through the B-adrenoceptor, and that this inhibition is most marked at

submaximal concentrations of the catecholamine.
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CHAPTERIV:

THE MODULATION OF TUMOR NECROSIS FACTOR-a AND
TRANSFORMING GROWTH FACTOR-$ BY
NOREPINEPHRINE IN LIPOPOLYSACCHARIDE
STIMULATED AND NON-STIMULATED MURINE ALVEOLAR
MACROPHAGES

Significant progress has been made in determining that a variety of cytokines play
valuable roles in pulmonary fibrosis, and current research continues to demonstrate the
effects that the nervous system has on cytokine production. This chapter focuses on
the possible interconnections between the immune and nervous systems within the
respiratory system. Bronchoalveolar lavage was performed on six mice to collect
alveolar macrophage samples. Alveolar macrophages were subsequently stimulated
with LPS and adrenergic agonists and/or antagonists to determine the effect of
norepinephrine on the production of transforming growth factor-g (TGF-B) and tumor
necrosis factor-o (TNF-at). In this study, norepinephrine significantly influenced LPS-
stimulated alveolar macrophage production of both TGF-f and TNF-a over a two day
time course. The production of TGF-$ was modulated by norepinephrine through
both the a- and B-adrenoceptors of the LPS stimulated murine alveolar macrophages.
Stimulating the a-adrenoceptor with norepinephrine in combination with propranolol
(NPR) resulted in an increased total TGF-f production, while a decrease in total TGF-
8 production resulted when the LPS stimulated alveolar macrophages were treated
only with norepinephrine. A decrease in total TGF-8 production was also observed
when the B-adrenoceptor was stimulated with terbutaline or a combination of
norepinephrine and phentolamine (NPH). The biological activity of the TGF-$
secreted by the alveolar macrophages suggests that LPS stimulation results in the
production of active TGF-, while a lack of LPS stimulation relates to increases in

latent TGF-B production. The production of TNF-a by LPS stimulated murine
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alveolar macrophages was similarly decreased in the presence of norepinephrine and
also when norepinephrine was combined with phentolamine (NPH). These resuits
suggest the modulation of TNF-a and TGF-f by norepinephrine through the B-

adrenoceptors of alveolar macrophages.

INTRODUCTION

Within the fluid-lined epithelial surfaces of the respiratory tract lies a
tremendous number of immune cells, including alveolar macrophages (81, 146, 147,
148). Since the discovery in 1961 of a harvest method for these lung cells through
bronchoalveolar lavage, alveolar macrophages have been extensively investigated (81,
147, 148). Alveolar macrophages account for upto 95% of cells recovered by lavage
in most species tested to date (81, 146, 147, 148, 149, 151). A significant number of
immunocompetent lymphocytes, predominantly T cells, are present in the lavage fluid,
and often low numbers of eosinophils and polymorphs can also be retrieved (26, 81,
146, 147, 149). Although the respiratory system is constantly coming into contact
with inspired antigens, as well as self antigens, the methods which these cells utilize to
deal both with foreign particulate and microorganisms remains to be defined (81, 146,
147, 149).

The Alveolar Macrophage

Alveolar macrophages are representative of large tissue macrophages with a
well developed vacuolar apparatus and a centrally located nucleus (26, 57, 81, 149,
150). Their origin is much debated, however, a consensus suggests that only two
possible cell sources exist (81, 148). One hypothesis considers the cells arising from
peripheral blood monocytes that migrate into the lung, and the second idea implicates
the development of local mononuclear phagocytes that replicate in the alveolus or

interstitium (20, 57, 81, 146, 147, 150). At the end of their lifespan, 21-28 days,
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alveolar macrophage populations have been noted to move either into the lymphatics,
or cross the alveolar epithelium and join the interstitium (116, 147).

Classically, the macrophage has been viewed chiefly as a phagocytic cell, and in
the lung, ingestion of inhaled inorganic molecules and microorganisms is one of the
most important functions of the alveolar macrophage (26, 81, 146, 147, 152). This
role of the alveolar macrophage, as a phagocyte, has been recorded in numerous
studies (146, 147, 148, 149). These published experiments illustrate that the alveolar
macrophage is capable of phagocytosing massive numbers of microorganisms. In fact,
the other known mechanisms of pulmonary defense such as clearance, utilizing the
mucocililary elevator, are relatively limited in inmune defense as compared to the
alveolar macrophage (81, 146, 148, 149, 153).

In response to immunologic stimuli, macrophages and lymphocytes react
through a complex series of stimulatory and inhibitory signals (146, 149). With the
exception of certain antigen-specific B cell responses, lymphocyte activation is
dependent upon the release of mediators by macrophages and macrophage activation
in turn, often depends on the secretion of specific lymphokines (146, 149). Following
antigen presentation or stimulation with factors, including lipopolysaccharide,
macrophages produce interleukin-1 (IL-1), tumor necrosis factor-oe (TNF-a) and
transforming growth factor-B (TGF-$) (57, 157). It is well established that this IL-1
has many functions, including a large number of non-lymphocyte target cells,
triggering systemic defense reactions to infection like fever, increased hepatic
production of acute phase proteins, and neutrophil recruitment (57, 146, 149). The
alveolar macrophage is also able to secrete a wide variety of other cytokines, and
recently much research has focused on the presence of abnormal levels of these
cytokines in specific lung diseases, such as chronic lung disease of prematurity,

sarcoidosis and IPF (140, 146, 149, 153).
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The complex role of the alveolar macrophage in mediating the immune
response allows this cell type to regulate the remodeling and repair process of the lung
(78, 81, 149, 152). For example, 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 detqonstmted to increase fibroblast production
of PGE2, a known suppressor of fibroblast proliferation (57, 149, 157). In diseases of
the lung that are characterized by pulmonary fibrosis, alveolar macrophages are known
to secrete at least two mediators that when combined promote fibroblast recruitment,
attachment and proliferation (149). Normal macrophages produce low levels of the
first of these factors, fibronectin, and it has been demonstrated that this factor

enhances the binding of particulate matter, especially invading microorganisms (149).

Alveolar Macrophages, Cytokines, and Pulmonary Fibrosis

Pulmonary fibrosis is an irreversible accumulation of connective tissue in the
interstitium of the lungs (43, 57, 81, 143, 151, 154, 155, 156, 161). Although
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, 158). A
number of well characterized cytokines, including TGF-$, have been found in the
injured lung, and/or have been found to be produced by inflammatory cells removed
from the lungs of these patients (81, 138, 143, 150, 154, 156, 157, 158, 159). Inan
animal model, studied by Khalil and Greenberg (158), results 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 many aspects
of pulmonary fibrosis research (42, 143, 156, 158, 160, 161). More specifically,
scientists have found that a variety of cytokines, like transforming growth factor-B and
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tumor necrosis factor-a, play important roles in the complex process of fibrosis (42,
81, 143, 156, 157, 159, 161, 162). Both of these cytokines have been demonstrated
to be produced at the sites of active fibrosis by activated inflammatory cells, including
alveolar macrophages (42, 109, 129, 158, 163). A study of the individual cytokines in
vitro has revealed that the cytokines have various roles in the regulation of the fibrotic
process (42, 109, 129). Of the many cytokines, it appears that TGF-f is probably the
most important cytokine in terms of the direct stimulation of lung matrix expression
which typifies fibrosis (42, 160, 162). However, accumulating evidence indicates that
the fibrosis process is more complex than any one cytokine can explain, and suggests
that other cytokines, such as TNF-a. may orchestrate important roles in pulmonary
diseases, such as idiopathic pulmonary fibrosis, sarcoidosis and tuberculosis (42, 160,
162).

The study of tumor necrosis factor-a production by alveolar macrophages is a
relatively new area of research (58, 150, 164). Tumor necrosis factor-a is involved in
many lung diseases including pulmonary sarcoidosis and tuberculosis (164). Past
studies have illustrated the ability of bronchoalveolar lavage macrophages to produce
TNF-a only in response to stimulation with the E. coli endotoxin lipopolysaccharide
(57, 164). This indicates that TNF-c is produced by stimulated alveolar macrophages,
but not by naive macrophages (164). Further research examining the production of
TNF-a by patients with sarcoidosis and tuberculosis has indicated that pulmonary
macrophages of these patients release significantly more TNF-a than those not
infected with these illnesses (150, 164).

Chronic lung disease (CLD) is a common respiratory disorder of preterm
infants (58, 155, 163, 165). The lungs of these infants have markedly increased
fibroblast proliferation as well as collagen and fibronectin levels (155, 163, 165).
Examinations of the bronchoalveolar fluid from these infants suggest that IL-1, IL-6,

and IL-8 are present in higher levels than in children who do not develop this disease;
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although it is believed that the initial fibrosis of the diseased lungs in these patients is
mediated by transforming growth factor-f and tumor necrosis factor-a {58, 155, 163,
165). This finding is related to the discovery that both active and latent levels of
TGF-f as well as total levels of TNF-a are increased in the pulmonary lavage fluid of
infants who developed CLD (155, 165). At present, although there remains much
speculation as to the reasons for the presence of certain cytokines in the diseased lungs
of CLD infants, there are no firm hypotheses as to why some cytokines are present and
not others. Furthermore, no hypotheses have been presented as to what, if anything is
triggering the release of these cytokines from alveolar immune tissues, including the
alveolar macrophage (155, 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 effects of various substances, like norepinephrine, on the levels
or the presence of these cytokines (109, 155, 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 been examined in regards
to the effect of catecholamines on the production of TNF-a and TGF-§ by alveolar
macrophages. It is important to determine whether these neuroimmunological
interconnections are present in the respiratory system.

The final objective of this research project, and topic for this chapter is the
modulation of TNF-a and TGF-B production by LPS stimulated and non-stimulated

murine alveolar macrophages in response to the catecholamine, norepinephrine.
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MATERIALS AND METHODS

MATERIALS

A complete listing of the source and all types of media, solutions, specific
chemicals and equipment used in this thesis, outlined in the methods section is attached
as Appendix A.

METHODS

Animals. Male, CR1:CD-1 (ICR)BR specific pathogen-free mice were used
between six weeks and six months of age. Mice were housed in groups of five on
woodchip bedding and were provided autoclaved food and water ad libitum. The
requirements of the University’s Animal Care and Ethics Committee were met for all

experimental procedures

Murine bronchoalveolar lavage and murine alveolar macrophage collections.
Each mouse was individually euthanized with carbon dioxide and bronchoalveolar
lavage fluid was collected as per previously described methods to be analyzed for
either TNF-a or TGF-f concentrations after activation with LPS and a catecholamine
as described below (151, 168). Alveolar macrophages were obtained by cannulating
the murine trachea, instilling and retrieving syringed 1 mL aliquots of sterile, warmed
RPMI-1640 supplemented with 5% heat inactivated FBS. The entire lavage volume
was centrifuged at 1000 RPM for 10 minutes at 4°C, and the cell pellet resuspended in
RPMI-1640 supplemented with 10% FBS, 1.0 x 10-3 M sodium pyruvate, 2.0 x 103
M L-glutamine, and 5 mg/mL gentamycin sulfate.

The cell count was adjusted to 1.0 x 106 cells/mL and aliqouted at 100 puL/well

of a 96 well tissue culture treated microtitre plate. Therefore the final cell
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concentration of each well was 1.0 x 10 cells/well. Cell viability, determined by

exclusion of trypan blue, was > 95% in all experiments.

In vitro effects of catecholamines on stimulated and non-stimulated murine
alveolar macrophages. Stimulated and non stimulated alveolar macrophages obtained
from bronchoalveolar lavage, as previously described, were cultured in the presence of
norepinephrine, terbutaline, a (1:1) norepinephrine-phentolamine solution, or a (1:1)
norepinephrine-propranolol solution at a concentration of 106 M for 24 hrs and 48
hrs. At each of the time course points, the conditioned media was collected as
described below. The alveolar macrophages which were stimulated were treated with
15.6 ug/mL lipopolysaccharide (LPS) (Escherichia coli 0111:84; Sigma Chemical
Co.) at the time of catecholamine addition (84, 169).

After aliquoting the 1.0 x 103 cells/well, the macrophages were allowed to
adhere for a minimum of 2 hours. The plates were then washed twice with RPMI-
1640 supplemented with 5% FBS and cultured in 100 pL RPMI-1640 with 10% FBS,
1.0 x 10-3 M sodium pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL gentamycin
sulfate, with or without the LPS stimulant and one of the concentrations of the
adrenergic drugs and incubated for a two day time course at 37°C, 95% CO,. Over
the two day time course, at 24 hr intervals, samples of conditioned media were
collected for cytokine sampling. Those samples which were tested for TGF-$ were
collected in the presence of 1 ug/ml pepstatin, 0.5 pug/mL aprotinin, and 0.5 pg/mL
leupeptin in siliconized, sterile microfuge tubes and frozen at -80°C until ready for
TGF-B quantification and isoform characterization. Samples quantified for TNF-a
content were collected in sterile microfuge tubes and frozen at -80° C until ready for
TNF-a quantification. A minimum of three mice were sacrificed for study of TGF-
production and a minimum of three mice were sacrificed for study of TNF-a

production.
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TGF-Bassay. The TGF-B activity of the collected conditioned media was
determined by the in vitro A375 assay as described in Chapter 3, however, prior to the
use of the A375 cell assay to quantify TGF-f3 samples, the assay was calibrated with
various concentrations of LPS, to determine whether LPS would have any effect on
the sensitivity of the assay (71). Four concentrations of LPS were selected and
prepared in the media in which the standards of rTGF-p were prepared. It is
important that the LPS concentration be great enough to activate the alveolar
macrophages, however, it must not have any effect on the sensitivity of the TGF-8

assay or the A375 cells themselves.

TGF-p Statistical analysis. The data are expressed as total TGF-p content as
well as % active and % latent of total TGF-B content. Values were compared using
the Minitab Statistical Software for ANOVA. All values are reported as the mean +
the standard deviation and analyzed by Tukey's pairwise comparison test (n=6). An

alpha error of 0.05 was used to test for statistical significance.

TNF-a assay. The TNF-a activity 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 cell assay to quantify TNF-a samples, the assay
was calibrated with various concentrations of LPS, to determine whether LPS would
have any effect on the sensitivity of the assay. Four concentrations of LPS were
selected and prepared in the media in which the standards of rTNF-a would be
prepared. It is, again, important that the LPS concentration be great enough to
activate the alveolar macrophages, however, it must not have any effect on the

sensitivity of the TNF-a assay or the WEHI-13VAR cells themselves (93).
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ITNF-a Statistical analysis. The data are expressed as total TNF-a content.
Values are compared using the Minitab Statistical Software for ANOVA. All values
are reported as the mean + the standard deviation and analyzed by Tukey's pairwise

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

significance.

RESULTS
Modification and Calibration of the WEHI-13VAR Tumor Necrosis Factor-a
and A37S Transforming Growth Factor-§ MTT Bioassays

Effects of Lipopolysaccharide on TNF-a and TGF-p Sensitive assays. To
allow for determination of the effect of lipopolysaccharide on the WEHI-13VAR and
A375 assays for measurement of TNF-a and TGF-$, respectively, the assays were
tested with two concentrations of LPS in conjunction with the previously defined
standard curve (Chapter 2 for TNF-a and Chapter 3 for TGF-B). Doses of LPS equal
to, as well as above and below, that suggested as best stimulator of macrophage
activation were sampled with the TNF-a. and TGF- standard and were observed to
have no significant effect on the ability of the assays to quantify the standard utilizing
recombinant cytokines (Figure 1 and Figure 2). All levels of LPS provided
measurements of their respective cytokines similar to the control media which
contained no LPS. In literature to date, the recommended dosage of LPS to promote
stimulation of macrophages is 15.6 ug/mL (94). This was therefore selected as the
stimulation dose for all subsequent experiments involving LPS stimulation.

Adrenergic Agonist and Antagonist Treatments, LPS Stimulated and Non-
Stimulated Murine Alveolar Macrophages and Tumor Necrosis Factor-a
A measurement of the effects of various adrenergic agonist and antagonist

treatments on the production of TNF-a were made over a two day time course. The
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FIGURE 1. WEHI-13VAR cells (1.5 x 10° cells/mL) were utilized to test whether
LPS had an effect on the rTNF-a standard curve previously established (Chapter 2 -
Figure 1). Three concentrations of LPS (31.2 ug/mL, 15.6 ug/mL and 7.8 ug/mL) and
a control of 0 ug/mL LPS were added to the media in which the standards of rTNF-a.
were to be prepared. Subsequently dilutions of rTNF-a ranging from 250 ng/mL to 0
ng/mlL were prepared in these medias and added at a volume of SOul/well. To each
well, the solution of 0.02 ug/mL actinomycin was also added (50 uL/well) and after
incubation the plate was read. The higher concentrations of TNF-a produced low
optical density readings, while the low concentrations of TNF-a produced high optical
density readings. The control media prepared without LPS showed no difference from
the medias which contained 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.

- 0 ug/mL LPS

Legend: [
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FIGURE 2. A375 cells (1.5 x 104 cells/mL) were utilized to test whether LPS had an
effect on the rTGF-8 standard curve previously established (Chapter 3 - Figure 1).
Three concentrations of LPS (31.2 ug/mL, 15.6 ug/mL and 7.8 ug/mL) and a control
of 0 ug/mL LPS were added to the media in which the standards of TGF-3 were to be
prepared. Subsequently dilutions of TGF-B ranging from 5000 pg/mL to 0 pg/mL
were prepared in these medias and added at a volume of 100 uL/well. The higher
concentrations of TGF-B produced low optical density readings, while the low
concentrations of TGF-B produced high optical density readings. The control media
prepared without LPS showed no difference from the medias which contained 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: -0 ug/mL LPS
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adrenergic treatments consisting of norepinephrine, terbutaline, a 1:1 norepinephrine-
phentolamine solution and a 1:1 norepinephrine-propranolol solution were added at a
concentration of 106 M and were utilized to determine whether a-agonists and/or B-
agonists could modulate the production of TNF-a by non-stimulated murine alveolar
macrophages over a two day time course. The results of these experiments are shown
in Figure 3. 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 TNF-a production by LPS-
stimulated alveolar macrophages. These results are also illustrated in Figure 3.

From the results, it appears that norepinephrine significantly decreases the
production of TNF-a by alveolar macrophages stimulated with LPS. This effect may
be modulated through the -adrenoceptor of the alveolar macrophage since NE when
combined with the a-adrenergic antagonist PH (NPH), demonstrates an increases in
the inhibitory effect, so that overall TNF-a production is negligible. 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 applied in
combination with LPS, the B-adrenoceptor of the murine alveolar macrophage was
still accessible by NE and thus NE was able to inhibit production of TNF-at by the
murine alveolar macrophage.

A By-adrenergic agonist, terbutaline, was sampled with the alveolar
macrophages, however, it appears that this B,-adrenoceptor agonist at a concentration
of 106 M had no significant effect on the production of TNF-a by LPS stimulated and
non-stimulated alveolar macrophages. Likely, either the concentration of TE was
ineffective, or perhaps the B-adrenoceptor through which NE is modulating its effect is
the B,-adrenoceptor, not the ,-adrenoceptor. Although TE has affinity for both the
B1- and the By-adrenoceptors, it possesses efficacy for the B,-adrenoceptor (50).
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FIGURE 3. A comparison of TNF-a production over a two day time course by LPS
stimulated and non-stimulated murine alveolar macrophages treated with various
adrenergic agonists and antagonists. The results illustrate the mean of the total TNF-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 which
do not have the same letter as their respective time course media control treatment are
noted to be statistically different utilizing Tukey’s Pairwise Comparison. The
determined ANOVA p-value for the 24 hr and 48 hr results is displayed below,

arranged according to adrenergic treatment.

Adrenergic ANOVA p-value Adrenergic ANOVA p-value
Treatment 24 hr 48hr Treatment 24 br 48 hr
NE <0.001 <0.001 NPR <0.001 <0.001
TE <0.001 <0.001 NPH <0.001 <0.001

Adrenergic Treatment Abbreviations:
NE: Norepinephrine NPR: Norepinephrine + Propranolol
TE: Terbutaline NPH: Norepinephrine + Phentolamine

Adrenergic Treatment Concentrations:

(-6): 10(-6) M
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The experimental results illustrate that the treatment of LPS + NPR had a
stimulatory effect on the production of TNF-a by the alveolar macrophages, and this
effect appears to be significant. PR is an 3-adrenoceptor antagonist, and therefore
should block the ability of norepinephrine to bind to the B-adrenoceptor of the
macrophage. Therefore, it appears that NE, when in combination with PR, can and
will bind to the a-adrenoceptor of the macrophage. Since norepinephrine is noted to
act through both the a- and B-adrenoceptors of the macrophage, these observations
are possible, and further serve to illustrate the results obtained in these experiments. It
appears that norepinephrine has a preference for the B-adrenoceptor of the alveolar
macrophage, and when in combination with the B-adrenoceptor will cause an
inhibitory effect on the production of TNF-a. When NE is able only to access the
macrophage through the a-adrenoceptor, it appears to have a stimulatory effect on
TNF-a production. The adrenergic treatments applied without LPS to the murine
alveolar macrophages had no significant effect on the production of TNF-a as
compared to the media control.

Evaluating the above data for total TNF-a production by alveolar
macrophages over a two day time period using Tukey's pairwise comparison illustrates
that there are some reliable differences between some adrenergic treatments, but not
others (Figure 3). Finally, the addition of anti-TNF-a antibodies to duplicate samples
of conditioned media demonstrated that the effects illustrated in Figure 3 were in part
due to TNF-c, with the TNF-a present in the conditioned media being neutralized by
the antibody confirming the specificity of the WEHI-13 VAR bioassay in detecting
TNF-a.
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Adrenergic Agonist and Antagonist Treatments, LPS Stimulated and Non-
Stimulated Murine Alveolar Macrophages and Transforming Growth Factor-§

A measurement of the effects of various adrenergic agonist and antagonist
treatments at a single concentration over a two day time period was completed to
determine their effect on TGF-B production by murine alveolar macrophages. This
was again done by utilizing either norepinephrine, terbutaline, a 1:1 norepinephrine-
phentolamine solution or a 1:1 norepinephrine-propranolol solution. The drugs were
added to the alveolar macrophages at a concentration of 106 M and measurements
were completed to determine whether a-agonists and/or B-agonists could modulate
the production of total TGF-B by murine alveolar macrophages The results of these
experiments over the time course are shown 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-B production by LPS-stimulated alveolar macrophages.

It is illustrated at 24 hrs, NE, TE and the 1:1 NPR treatment all served to
increase total TGF-P production and the effect of NE is significant. It appears that the
stimulatory effect of the adrenergic treatment might possibly be modulated through the
B-adrenoceptor since both NE and TE when individually combined with LPS had
similar effects on increasing total TGF-p production.

At 48 hrs, the results display that NE significantly decreases the production of
total TGF-B by murine alveolar macrophages stimulated with LPS. This inhibitory
effect again appears to be modulated through the -adrenoceptor as treatments of the
stimulated alveolar macrophages with TE produced an even further inhibitory effect on
total TGF-B production. Also, when NE was combined with PH (NPH) in a 1:1 ratio,
the inhibitory effects are again significant, with the decreases in total TGF-§
production levels of this treatment similar to those observed with the TE treatment.

Because PH is an a-adrenergic antagonist, it should block any effect of NE
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FIGURE 4. A comparison of total TGF-B production over a two day time course by
LPS stimulated and non-stimulated murine alveolar macrophages treated with various
adrenergic agonists and antagonists. The results illustrate the mean of the total TGF-$
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 which
do not have the same letter as their respective time course media control treatment are
noted to be statistically different utilizing Tukey's Pairwise Comparison. The
determined ANOVA p-value for the 24 hr and 48 hr results 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 <0.001 <0.001 NPR <0.001 <0.001

TE <0.001 <0.001 NPH <0.001 <0.001
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modulation through the a-adrenoceptor, therefore it appears that when the treatment
of NPH was added to the LPS stimulated population of alveolar macrophages the NE
was still able to inhibit total TGF-B production through the B-adrenoceptor.

The B,-adrenergic agonist terbutaline, as mentioned, inhibited the production
of total TGF-f production by stimulated alveolar macrophages as compared to the
LPS stimulated population. Further studies are likely necessary to characterize the
adrenoceptor subtype responsible for mediating this inhibitory response because
although TE is recognized for its efficacy for the B,-adrenoceptor, it does have affinity
for both the B;- and B,-adrenoceptors (50).

Examining the outcomes of the NPR treatment illustrates that NPR was able to
augment significantly the production of total TGF-f by LPS stimulated and non-
stimulated murine alveolar macrophages. Since PR is a f-adrenergic antagonist, it
should eliminate the B-adrenoceptor effect of NE. This appears to have occurred,
illustrating that exposure of NE to only the a-adrenoceptor increases the production
of total TGF-8 by LPS stimulated murine alveolar macrophages as compared to the
LPS control population.

The adrenergic agonist and antagonist treatments appear to have had
significant effects on the production of active TGF-f by the murine 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-stimulated murine splenocytes
occurred at 48 hrs.

Evaluating the data for total TGF-B production by alveolar macrophages over
a two day time period using Tukey's pairwise comparison illustrates that there are
some significant differences between some adrenergic treatments, but not others
(Figure 5 and 6). Finally, the addition of anti-TGF-B, antibodies to duplicate samples

of conditioned media demonstrated that the effects illustrated in Figure 4 were due to

136



FIGURE 5. A comparison of active TGF-f8 production over a day time course by
LPS stimulated and non-stimulated murine alveolar macrophages treated with various
adrenergic agonists and antagonists. The results illustrate the mean of the active TGF-
B 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 which do not have the same letter as their respective time course media control
treatment are noted to be statistically different utilizing Tukey's Pairwise Comparison.
The determined ANOVA p-value for the 24 hr and 48 hr results is displayed below,

arranged according to adrenergic treatment.

Adrenergic ANQVA p-value Adrenergic ANOVA p-value
Treatment 24 hr 48hr Treatment 24 hr 48 hr
NE <0.001 <0.002 NPR <0.001 <0.001
TE <0.001 <0.001 NPH <0.001 <0.001
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TGF-B,, with almost all TGF-B present in the conditioned media being neutralized by
the antibody (119, 128, 133, 143, 151, 170).

Effects of adrenergic agonist and antagonist treatments on the production of
biologically latent and active TGF-p by LPS-stimulated and non-stimulated alveolar
macrophages. TGF-B was quantified both before and after activation by acidification
because TGF-B obtained from most cells, including platelets and tissues is normally
not in a biologically active form. The results of the acidification process of the total
TGF-B obtained in the experiment (Figure 4) are displayed in Figures 6 as % latent
(shaded bars) versus % active (black bars) TGF-p.

It is visible from the figures that alveolar macrophages activated with LPS or
LPS + an adrenergic drug had increased levels of active TGF-f, while alveolar
macrophages stimulated solely with an adrenergic drug or media had higher levels of
latent TGF-B. This pattern is observed over the two day time course and suggests that
activated cells produce larger quantities of active TGF-f than those cells which were

not-previously stimulated with LPS.

DISCUSSION

Transforming growth factor-f§ and tumor necrosis factor-a are two important
cytokines in disease (48, 159, 171). TNF-a, a member of the proimflammatory
cytokines, is able to mediate many of the powerful inflammatory responses mounted
by the body in the face of several different illnesses while TGF-8 is important in
tumour development, extracellular matrix protein synthesis and immunosuppression
(48, 85). Because both of these cytokines play important roles in numerous diseases,
the necessity of determining their mechanisms of in vivo regulation is of fundamental
clinical importance (48, 85).
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FIGURE 6. The biological activity of total TGF-B produced by LPS stimulated and
non-stimulated murine alveolar macrophages treated with various adrenergic agonists
and antagonists. Based on the total TGF- concentrations obtained through
experimentation (Figure 4), calculations of % latent TGF-p (hatched bars) compared
to % active TGF-B (shaded bars) were completed. Figure SA demonstrates the mean
activity of the TGF-$ in the samples collected at the 24 hour time point and Figure 5B

- the mean activity at 48 hrs.
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The resuits of this research project illustrate that through the sympathetic
neurotransmitter norepinephrine, the production of both TGF-f§ and TNF-a by LPS-
induced alveolar macrophages is inhibited through B-adrenoceptor modulation. These
results are significant in both the manner which norepinephrine modulates the

production of the two cytokines as well as their effects and potential effects on disease

progression.

The Modulation of Tumor Necrosis Factor-a Production by Lipopolysaccharide
Stimulated and Non-Stimulated Murine Alveolar Macrophages with Adrenergic
Agonist and Antagonist Treatments

The results from this study illustrate that norepinephrine is able to significantly
decrease the production of TNF-a by LPS-stimulated alveolar macrophages.
Additionally, when added in a 1:1 ratio with phentolamine, norepinephrine produced
an even further decrease in TNF-at production suggesting involvement of the -
adrenoceptor of the murine alveolar macrophage. Subsequently when norepinephrine
was added in a 1:1 ratio with propranolol, a significant increase in TNF-a production
was observed -- again suggesting the possibility of a B-adrenoceptor effect, and also
potentially the involvement of the a-adrenoceptor. These findings are supported by
numerous research papers focusing on murine splenic populations (172, 173, 174,
175).

A number of studies have demonstrated that activation of murine splenic
macrophage B-adrenergic receptors results in the suppression of TNF-a production
(172, 173, 175). In fact, previous data has shown that stimulation of the -
adrenoceptor inhibits the production of TNF-u in response to LPS stimulation (169,
172, 173, 175). Even though research has been published regarding the stimulation of
the B-adrenoceptor on macrophages to inhibit the production of TNF-c, research has
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yet to characterize the B-adrenoceptor subclass to which norepinephrine is binding and
thus provoking a response.

In this experiment, the failure of terbutaline, a B,-agonist, to inhibit TNF-a
production by stimulated alveolar macrophages can thus be interpreted to mean that
norepinephrine is having an inhibitory effect through the B;-adrenoceptor of the
alveolar macrophage. Terbutaline's lack of inhibition on TNF-a production can also
be explained either by the possible down-regulation of B-adrenoceptors by
macrophages that is known to occur in the presence of -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
effects, more experiments with other B-agonists and antagonists as well as other a-
agonists and antagonists are necessary, and these future experiments must be
performed at various concentrations of the adrenergic drugs.

Although previous studies, as well as this study, have demonstrated that -
adrenergic stimulation causes the inhibition of TNF-ct production by splenic and
alveolar macrophages, research has indicated that catecholamines can have a dual
effect on LPS-induced TNF-a production, depending on whether a- or B-
adrenoceptors are stimulated
(169, 174, 177). Many scientists including Splenger ef a/. have found that stimulation
of the a,-adrenoceptor increases LPS induced macrophage TNF-a production (169,
175, 177). This result illustrates the ability 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 many other laboratories, data have illustrated that norepinephrine
modulates the production of TNF-a in a dose dependent manner (59, 85, 175, 177).
In fact, high doses of norepinephrine, greater than 10-7 M have been noted to inhibit
the production of TNF-a through the B-adrenoceptor, while low doses (less than 10-3
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M) have been shown to bind to the a-adrenoceptor and subsequently increase the
production of TNF-a by activated macrophages (59, 84, 85). Theoretically, this
increase in TNF-a production by stimulation of the a,-adrenoceptor site is most likely
due to activation of protein kinase C, while the inhibition of TNF-o production is
likely due to the well-documented ability of B-agonists to stimulate adenylate cyclase
activity and thus increase cAMP synthesis (59, 84, 169, 175). In this Masters research
project, a dose of norepinephrine equal to 106 M in the presence of a B-adrenergic
antagonist was found to inhibit TNF-a secretion by LPS stimulated alveolar
macrophages, and a dose of norepinephrine equal to 106 M in the presence of an a-
adrenergic antagonist was found to increase TNF-a secretion by this same cell
population.

In addressing the differing physiological effects norepinephrine has depending
on whether a- or B-adrenoceptors are stimulated, one must look to many scientific
papers including Spengler et al. (46, 59, 177) for potential solutions (53, 59, 85, 169).
Splenger et al. (46, 59, 177) suggest that macrophage response depends not only on
the receptor population of the macrophage, but also on the stores of endogenous
norepinephrine within the cell (59, 85, 169, 177). Spengler discusses the potential
ability of macrophages to modulate their production of TNF-a by autoregulatory
mechanisms which involve endogenous norepinephrine (46, 157, 169, 177). It can be
concluded through the work of Spengler that macrophages, when stimulated by LPS,
release their pooled norepinephrine and autoregulate their TNF-a production (46,
169). Therefore, his work suggests that if cells have high stores of endogenous
norepinephrine, their production of TNF- is likely to be greatly inhibited when a,-
adrenergic agonists are used as stimulants, and alternatively, those macrophages with
low endogenous norepinephrine levels are likely to produce greater amounts of TNF-a
when ay-adrenergic agonists are again used for stimulation. From these previous

observations, endogenous catecholamines released after LPS treatment or during an
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immune response via stimulation of a f-adrenoceptor could be involved in vivo in the
inhibition of TNF-a secretion (59, 169, 174).

Evidence in this project concludes that a-antagonists inhibit TNF-a production
while B-antagonists are able to increase the production of TNF-a. when combined with
norepinephrine. Although adrenoceptor type and concentration are major factors in
TNF-a modulation by norepinephrine, it appears from this research project that
norepinephrine may have a higher affinity for the B-adrenoceptor than the c-
adrenoceptor. Thus, the availability of a B-adrenoceptor for NE binding results in
decreased production of TNF-a by stimulated alveolar macrophages, and the ligand of
norepinephrine to the a-receptor modulates the production of increased TNF-a by
stimulated alveolar macrophages. This modulation of TNF-a production agrees with
the suggestion that in vivo, the sympathetic nervous system is involved in the fine
tuning of LPS induced TNF-a production through the release of catecholamines (169,
174, 175, 178).

The Modulation of Total Transforming Growth Factor-§ Production by
Lipopolysaccharide Stimulated and Non-Stimulated Murine Alveolar
Macrophages with Adrenergic Agonist and Antagonist Treatments

Examining the effects of norepinephrine on the production of total TGF-$ by
alveolar macrophages is by far more confising than the effects observed on TNF-a
production. To date, no research has focused on the area of alveolar macrophage
production of TGF-f modulated by norepinephrine. As with the TNF-a study, the
observations regarding the production of total TGF-f by stimulated alveolar
macrophages are similar -- total TGF-$ was secreted in large amounts in alveolar
macrophages treated with only LPS, while alveolar macrophages treated with LPS +
NE secreted significantly lower amounts of total TGF-B. Again, the effect of
norepinephrine on the inhibition of total TGF-f secretion was enhanced when
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phentolamine was added in a 1:1 ratio with norepinephrine — and in a 1:1 solution
with propranolol, norepinephrine was able to increase the production of total TGF-f.
These results suggest that norepinephrine, when acting through the a- or B-
adrenoceptors of the alveolar macrophage, has an adrenoceptor specific effect on total
TGF-B production. Because of these experimental resuits, previous studies regarding
the concentration and type of adrenoceptor on the macrophage must again be
examined (59, 177, 179).

The experimental data illustrate that when phentolamine was added ina 1:1
combination with norepinephrine (NPH), total TGF-B production by LPS stimulated
alveolar macrophages was limited. In fact, it was more limited than when only the
LPS + NE treatment was added. Examining the effects of an 3-antagonist in
combination with norepinephrine (NPR) shows an increased production of total TGF-
B. Thus, it appears that norepinephrine, when able to bind to an a-adrenoceptor,
augments the production of total TGF-B, but NE, binding to a B-adrenoceptor results
in decreased total TGF-B production. When examining the results obtained when
only the LPS + NE treatment was added to the alveolar macrophages, the results
indicate a B-adrenoceptor effect. In this experiment, NE should be able to access
either the a-adrenoceptor or 3-adrenoceptor if they both are present on the
macrophages. Thus, it appears that norepinephrine has a greater affinity for the -
adrenoceptor on LPS stimulated macrophages, and when it is able to bind to the p-
adrenoceptor, NE will serve to modulate a decreased production in total TGF-f3.

These resulits also illustrate why the production levels of total TGF-B, when
modulated solely by NE, fall between that observed when the norepinephrine and
propranolol solution (NPR) and the norepinephrine and phentolamine solution (NPH)
were added to stimulated alveolar macrophages. Norepinephrine on it's own appears
to have the potential to modulate a dual effect. When it binds to the macrophage
through the adrenoceptors, a ligand with the a-adrenoceptor provides for increased
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total TGF-P production while a ligand with the B-adrenoceptor limits total TGF-8
production. Therefore, it appears that there is an overlapping in the signaling
response, and the dynamic nature of the norepinephrine response depends again on the
concentration, isoform, and availability of macrophage adrenoceptor.

It is also apparent that norepinephrine is able to modulate a decreased level of
total TGF-P through the B-adrenoceptor, since the terbutaline treatment in this
research project again displayed an overall decrease in total TGF-B production over
the 72 hour time course. Since terbutaline is a B-adrenergic agonist, it is possible that
norepinephrine is modulating this decrease in TGF-B production through the B-
adrenoceptor. This hypothesis is also supported by the experimental data indicating
that NE in combination with PH (NPH) further decreased the secreted levels of total
TGF-8 by the LPS stimulated murine alveolar macrophages.

The data collected in this project may also suggest that the predominant
adrenoceptor type on the alveolar macrophage is the B-adrenoceptor. This hypothesis
results from the result in which NE, when added to the stimulated murine alveolar
macrophages produced an inhibition of both TNF-a and TGF-8 quantities. However,
when NE was added in combination with each of the a- and B-antagonists,
adrenoceptor-specific increases and decreases in TNF-a and TGF-§8 production were
respectively detected. From the results utilizing the B-adrenergic agonists, it appears
then that either NE has an increased affinity for the B-adrenoceptor, or perhaps there is
a higher probability of NE binding to these adrenoceptors due to their increased
concentration on the macrophage. These preliminary hypotheses must be explored in

more detail.
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The Biological Activity of Transforming Growth Factor-$ and Isoform
Identification

TGF-B is secreted by cells 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 effects of norepinephrine on the modulation of TGF- production, but
it was also imperative to determine both the isoform and biological activity of the
TGF-B present in the conditioned media.

The isoform of TGF-B secreted by the LPS stimulated and non-stimulated
murine alveolar macrophage was found to be TGF-8, because experiments with anti-
transforming growth factor-p; antibodies present in the conditioned media at the time
of TGF-B assay were effectively able to neutralize most of the TGF-f present. Based
on the published research examining isoforms of TGF-$ present in alveolar samples,
this is, however, the expected resuit (128, 143, 151, 179).

There are five known isoforms of TGF-f, 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 pulmonary research and TGF-8
supports the hypothesis that non-stimulated murine alveolar macrophages primarily
secrete TGF-f8, although small quantities of TGF-B, and TGF-f3; are also present in
histological studies (151). Khalil and Greenberg have additionally noted that
quantities of TGF-B, are increased by activated murine macrophages, while TGF-$,
and TGF-$3 isoform amounts remain relatively unchanged. The results relating to the
isoform neutralization by anti-TGF-B, antibodies in these research experiments
suggest that the prominent TGF-f isoform present was TGF-$;, and thus agrees with
previously published literature (151).

This research project also illustrated that murine alveolar macrophages
stimulated with LPS, or LPS plus an adrenergic treatment, had much higher

production levels of the active form of TGF-, while those murine alveolar
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macrophages stimulated with only an adrenergic treatment produced greater quantities
of latent TGF-f. These results suggest that LPS-stimulated murine alveolar
macrophages produce larger amounts of active TGF-3 compared to non-stimulated
murine alveclar macrophages, and these results are important since only biologically
active TGF-B is able to participate in immune reactions.

TGF-B is active biologically only when it has been activated by low pH,
proteolysis, or by the many unknown mechanisms involved in tumor development
(119, 120, 126). Therefore, it is apparent, that the secretion of latent TGF-f by cells
is an important regulatory mechanism since most cells ubiquitously secrete TGF-B as
well as express receptors for this cytokine. In this research project, the increased
secretion of active TGF-B in response to norepinephrine is of clinical importance
because in it's active form, TGF-f is known to participate in many immune responses,

including the fibrosis process of Idiopathic Pulmonary Fibrosis.

Conclusions Regarding the Complex Role of Norepinephrine in the Modulation
of Transforming Growth Factor-f and Tumor Necrosis Factor-a by
Lipopelysaccharide Stimulated and Non-Stimulated Murine Alveolar
Macrophages

In this study, norepinephrine is able to augment significantly LPS-stimulated
alveolar macrophage production of both TGF-f§ and TNF-a over a two day time
course. The results of this project support the ability of norepinephrine to modulate
the production of both TGF-f and TNF-a through the B-adrenoceptor of the LPS
stimulated murine alveolar macrophage.

A significant decrease in the production of total TGF-$ was modulated by
norepinephrine through the B-adrenoceptors of the LPS stimulated murine alveolar
macrophages, while a significant increase in total TGF-f production was observed

when B-adrenergic antagonists were utilized in conjunction with NE (NPR). The
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biological activity of the TGF- 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 TNF-a by LPS stimulated murine alveolar macrophages
was significantly decreased in the presence of norepinephrine and also when
norepinephrine was combined with phentolamine (NPH), thus suggesting that the
modulation of TNF-a production is through the $-adrenoceptors of LPS stimulated
murine alveolar macrophages.

This alveolar macrophage study is only in it's preliminary stages, since the
number of mice utilized to collect this data was only three for each cytokine. Thus,
further research is needed firstly to determine whether these effects are indeed
significant in larger populations, and a much more in-depth classification of
adrenoceptors and actions of norepinephrine on these receptors is also needed. This
could be done utilizing specific a- and B-agonists, as well as varying their respective
concentrations to determine whether the modulation of norepinephrine varies with

adrenergic drug concentration.
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CHAPTER V:
FINAL THOUGHTS

In conclusion, the results of this project suggest that the sympathetic nervous
system can act to modulate the production of tumor necrosis factor-a and
transforming growth factor-p by lymphocytes and alveolar macrophages through the
neurotransmitter norepinephrine. Although the interpretation of this research thesis
suggests the mechanism of neuroimmunomodulation is primarily through the -
adrenoceptor of the lymphocyte and alveolar macrophage, the adrenoceptor pathway
stimuiated by norepinephrine, and thus the respective effects 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 TNF-a and TGF- production through the B-adrenoceptor, while
increases in both cytokines are observed when a-adrenergic treatments are used to
target the a-adrenoceptors. These effects, although they are both statistically
significant over a two day time course, only appear to be dose dependent when the B-
adrenoceptor is targeted. In the non-stimulated murine splenocytes as well as in both
transformed cell lines, TGF-f3 and TNF-a production was augmented by both the a-
adrenergic agonists and B-adrenergic agonists over the two day time course. Although
only the B-adrenergic agonists had a dose dependent effect on the production of
cytokines, the a-adrenergic agonists were able to increase TGF-f8 and TNF-a to larger
quantities than the B-adrenergic treatments. The production of biologically active
TGF-f was found predominately in the secretions of the CD3 + PMA stimulated
population murine splenocytes as well as the two transformed cell lines; the non-
stimulated murine splenocytes produced predominately latent TGF-8.

In this study, norepinephrine was also able to significantly augment LPS-
stimulated alveolar macrophage production of both TGF-$ and TNF-a over a two day
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time course. The results illustrate that when this modulation occurred through the B-
adrenoceptor of the LPS stimulated murine alveolar macrophage, a significant
decrease in the production of total TGF-f8 was observed, while a significant increase in
total TGF-B production was observed when a B-adrenergic antagonist was utilized in
conjunction with NE. The biological activity of the TGF- secreted by the alveolar
macrophages suggests that LPS stimulation results in the production of active TGF-B,
while a lack of LPS stimulation relates to increased latent TGF- production.

One major drawback throughout this study was the heavy reliance on the MTT
method for quantification of both TGF-B and TNF-a.. Although this method of
quantification is acceptable, it is imperative that the results of these experiments be
verified for their accuracy utilizing another biological assay, such as the ELIZA or
radioimmunoassay method. Utilizing either of these classical methods to verify the
results of theses studies would strengthen the results of this project and would also
prove that the measured cytokines -- TGF-$ and TNF-a - were indeed the cytokines
modulated by norepinephrine.

Although the original study for this project was performed over a three day
time course, only 24 hr and 48 hr data is included in this thesis. Because, the half life
of all the agonist treatments is short, the possibility of these drugs having an effect at
the 72 hr time point is very unlikely, and thus it was felt that this data could 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, this data
was included to examine the effects of the various treatments on TNF-a and TGF-$
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 difficult to determine, especially from the studies
performed, whether or not these effects are biologically significant. Therefore, it is
imperative that more studies, especially in vivo studies, are performed to examine if
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these small changes in cytokine production, modulated by NE, are of biological
significance. Also, although the results in this thesis are consistent throughout, the
cell lines were never tested for mycoplasma, and therefore before this data can be
accepted as true, a screening process of the various cell lines must be performed to
guarantee that it was in fact the tested cell lines and not mycoplasma providing the
observed conclusions.

The preliminary results of this project illustrate the novel yet complex
interactions which occur between the nervous and immune systems. This study has
demonstrated the modulation of lymphocyte and alveolar macrophage derived TNF-c.
and TGF-p by the adrenergic agonist norepinephrine, and has thus defined, although
only in a rudimentary level, one of the many processes of neuroimmunomodulation
known to play important roles in the pathogenesis of many immunologically mediated
diseases, including idiopathic pulmonary fibrosis, tuberculosis, sarcoidosis and chronic

lung disease of the premature infant.
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APPENDIX A

MATERIALS
MEDIA AND MATERIALS FOR TISSUE CULTURE

b-mercaptoethanol (2-hydroxyethyl mercaptan)
: Sigma Chemical Co. Cat.#M6250
: FW.78.13
. concentration utilized in culture media was 5.0 x 105 M

gentamycin sulphate
: Sigma Chemical Co. Cat.#G3632
: concentration utilized in cell culture media was 5 mg/mL

D—glucose anhydrous
: BDH Chemicals Cat.#B28450
: F.W. 180.16
: concentration utilized in cell culture media for WEHI164var and A375

was 4.5 g/L

L-glutamine
: Sigma Chemical Co. Cat.#G1251
- FW. 146.15
I C5H 10N203
. concentration utilized in cell culture media was 2.0 x 103 M

sodium pyruvate
: Sigma Chemical Co. Cat.#S8636
: FW. 110.04
: concentration utilized in cell culture media was 1.0 x 1073 M.

trypsin-EDTA
: Gibco Laboratories Cat.#15400-054
: 0.5% Trypsin, 5.3 mM EDTA 4Na
: concentration utilized for removing adherent cells from tissue culture flasks
1:10 for WEHI-16VAR
1:2 for A375
- trypsin-EDTA was diluted in RMPI-1640PR
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TISSUE CULTURE MEDIA

RPMI-1640 with L-glutamine and phenol red, without glucose and sodium
bicarbonate
: Gibco Laboratories Cat.#31800-071

For EL-4, Jurkat and 145-2C11 cell lines:

Complete culture media: RPMI-1640 with 10% FBS, 1.0 x 10-3 M sodium
pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL
gentamycin sulfate

Experimental media: RPMI-1640 with 10% FBS, 1.0 x 10-3 M sodium
pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL
gentamycin sulfate

For A375 and WEHI-13VAR cell lines:

Complete culture media: RPMI-1640 with 10% FBS, 1.0 x 10-3 M sodium
pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL
gentamycin sulfate and 4.5 mg/mL glucose

Experimental media RPMI-1640 with 10% FBS, 1.0 x 10-3 M sodium

pyruvate, 2.0 x 10-3 M L-glutamine, 5 mg/mL
gentamycin sulfate and 4.5 mg/mL glucose

TISSUE CULTURE SERA

Controlled Process Serum Replacement-1 (CPSR-1)
: Sigma Chemical Co. Cat.#C8905

Newborn Calf Serum
. Sigma Chemical Co. Cat.#N4637

Serumax Fetal Bovine Serum
: Sigma Chemical Co. Cat.#S8894
TISSUE CULTURE CONTAINERS

24 wells/plate, rigid polystyrene plates, tissue culture treated
: Sigma Chemical Co. Cat.#M9655

96 wells/plate, rigid polystyrene plates, tissue culture treated
: Sigma Chemical Co. Cat.#M9780
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25 cm? canted neck with plug cell culture flasks, tissue culture treated
- Sigma Chemical Co. Cat.#C7064

75 cm? canted neck with screw top cell culture flasks, tissue culture treated
. Sigma Chemical Co. Cat.#C0427

CYTOKINES

tumor necrosis factor-o
: Peprotech Cat.#315-O1A
: recombinant murine TNF-a

anti-tumor necrosis factor-a
. Peprotech Cat.#500-P6A
. anti-murine TNF-a

transforming growth factor-f

: R&D

. Cat.#240-B
: recombinant human TGF-3

anti-transforming growth factor-§

:R&D

: Cat #AF-10INA
. polyclonal neutralizing antibody

CELL LINES

EL-4

JURKAT

WEHI-13VAR

A375

145-2C11

: T cell, mouse (ATCC TIB39)

. lymphoma, Jurkat derivative, human (ATCC CRL8163)

- fibrosarcoma, mouse (ATCC CRL2148)

. malignant melanoma, human (ATCC CRL1619)

: hybridoma, cultures secrete mAB specific for murine CD3 epsilon

chain

: murine (ATCC CRL1975)
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PHARMACOLOGIC REAGENTS

(-)-Norepmephnne bitartrate
: Sigma Chemical Co. Cat.#A9512
: (-)-arterenol
. ay, a9, B agonist
: adrenergic neurotransmitter, vasoconstrictor
. bitartrate salt
: F.W. 319.27
: CgH|NO3*C4HgOg

Terbutalme
: Sigma Chemical Co. Cat.#T2528
. (2-t-Butylamino- 1-[3,5-dihydroxyphenyl]ethanotl)
: Bp adrenoceptor agonist
- hemisulfate salt
: FW. 2743
: C12H9NO3*1/2H2S04

UK14304
: generous gift of A. McNichol, University of Manitoba
: (5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine)
: o2 agonist
: FW. 4423
: C11H10BrNs

Propranolol
: Sigma Chemical Co. Cat.#P0884
: (1-[isopropylamino}-3-[ 1-naphthyloxy]-2-propanol)
. B antagonist
. hydrochloride
: FW. 2058
: C16H21NO2*HCI

Phentolamine
: Sigma Chemical Co. Cat #P7547
. (2-[N«(m-hydroxyphenyl)-p-toluidinomethyl]-imidazoline
. oL antagonist
. hydrochlonde
: FW. 3178
: Cy7H19N30*HCI
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Methoxamine
: Sigma Chemical Co. Cat.#M6524
. (a-[1-amnoethyl]-2,5-dimethoxybenzyl alcohol)
. ay agonist
. hydrochloride
: FW. 2477
: C11H17NO3*HCl

Lipopolysacchande
. Sigma Chemical Co. Cat.#L4391
: fromE. coli 0111:84
. stimulation index 12.2 @ 15.6 ug/mL LPS

PROTEASE INHIBITORS

Aprotinin
: Sigma Chemical Co. Cat.#A3428

. F.W. 6,500

. dissolved in phosphate buffered saline

: used at a final concentration of 1 ug/mL

: inhibits: trypsin, chymotrypsin, kallikrein, plasmin

Leupeptin
. Sigma Chemical Co. Cat.#L2023

- FW. 4756

: dissolved in distilled, de-ionized water

: used at a final concentration of 0.5 ug/mL

. inhibits: acid proteases

Pepstatin A
: Sigma Chemical Co. Cat.#P4265
: FW. 6859
. dissolved in methanol
. used at a final concentration of 0.5 ug/mL
. inhibits: acid proteases such as pepsin, renin, cathepsin D

CHEMICALS

ammonium chloride : Fisher Scientific Cat.#A661
: NH4Cl
- FW. 535

159



ammonium sulphate

bovine serum albumin :
: Fraction V
: 96-99% Albumin

dimethyl suifoxide

- BDH Chemicals Cat.#¥ACS093

. (NH4),SO4
- F.W. 132.14

Sigma Chemical Co. Cat.#A3350

- Fisher Scientific Cat.#D128-500
: [CH3],SO
- FW. 78.13

erythrocyte lysis buffer or tris-ammonium chloride buffer

hepes

hydrochloric acid

: TRIZMA base (Tris[hydroxymethyl]Jaminomethane
: Sigma Chemical Co. Cat.#T6791

: FW. 1215

. Stock solution was 0.17M @ pH 7.65

. buffer: 0.017 M Tris, 0.144 M NH4Cl @ pH2

: Sigma Chemical Co. Cat.#H9136

. Sigma Chemical Co. Cat.#H7020
: F.W. 36.46
: HCI

: Sigma Chemical Co. Cat.#M5655
: FW. 4143
. (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-

tetrazolium bromide)

: used at a final experimental concentration of S mg/mL

phosphate buffered saline (PBS)

potassium chloride

: 0.14 M NaCl, 0.00015 M KH»POy4,

0.0005 M NaHPOy4, 0.0004 KCI

:pH72

. Fisher Scienctific Cat.#P217
: FW. 7456
: KCl

potassium phosphate monobasic

: Aldrich Chemical Co. Cat.#22130-9
: FW. 136.09
: KHpPO4
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sigmacote . Sigma Chemical Co. Cat.#SL-2
. all glassware which came in contact with TGF-b received a

pre-coating with sigmacote

sodium bicarbonate : Fisher Scientific Cat.#S233
: FW. 8401
: NaHCO3

sodium chioride - Fisher Scientific Cat.#S2711
- FW. 5844
: NaCl
sodium hydroxide : BDH Chemical Co. Cat.#ACS816

- F.W. 40.00
- NaOH

sodium phosphate dibasic
: J. T. Baker Chemical Co. Cat #3824
: FW. 141.96
: NapgHPO4

solution D : 500 uL Hepes + 200 uL 5SM NaOH)

trypan blue: . Sigma Chemical Co. Cat.#T0776
: F.W. 960.8

1 C34H24N6014S4Nay
- used for staining cells for counting and determining cell
viability
EQUIPMENT
Cambridge Technology Inc. Plate reader comptuer compatible software
Cambridge Technology Inc. Plate reader 750, Version 2.0

Canadian Cabinets Flow Hood

[EC Centrifuge
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GLOSSARY
Definitions of terms utilized throughout this thesis were obtained from two sources, each
denoted by the use of a superscript. * denotes terms whose definitions were found in (98)
and ® denotes definitions obtained from (http://www hti.umich edu/dict/oed/simple.html).

adrenalectomy® the surgical removal of one or both adrenal glands

adrenergic* relating to epinephrine, it's release or action; acting like
adrenaline

affinity® the binding strength between a single receptor site and a ligand

agonist® a chemical substance capable of combining with a receptor on a
cell and initiating a reaction or activity

allogenic® denoting members of the same species that differ genetically

antagonist® a chemical substance capable of combining with a receptor on a

cell and reducing the physiological activity of another
chemical substance

antibody® a protein consisting of two identical heavy chains and two
identical light chains that recognizes a particular epitope on an
antigen and facilitates clearance of that antigen

antigenb any substance that binds specifically to an antibody or a T cell
receptor
antigen processing cell® any cell that can process and present antigenic peptides

in association with class [ MHC molecules and deliver
a costimulatory signal necessary for T cell activation

B cell® any of the lymphocytes that have antibody molecules on the
surface and comprise the antibody-secreting plasma cells when
mature; a lymphocyte that matures in the bone marrow and
expresses membrane-bound antibody. Following interaction
with antigen, it differentiates into antibody-secreting plasma cells
and memory cells

B-microglobulin® invariant subunit that associates with the polymorphic a chain to
form class I MHC molecules, it is not encoded by MHC genes

carcinomab tumour arising from endodermal or ectodermatl tissues
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catecholamine®

CD4=

CD antigen®

cell lined

any of various amines that function as hormones or
neurotransmitters or both; a substance that transmits nerve
impulses across a synapse

a large glycoprotein that is found on the surface of helper T cells

cell-membrane molecule used to differentiate human leukocyte
subpopulations and identified by monoclonal antibody. All
monoclonal antibodies that react with the same membrane
molecule are grouped into a common cluster of differentiation, or
CD

a population of cultured tumor cells or normal cells that have been
subjected to chemical or viral transformation. Cell lines can be
propagated indefinitely in culture.

central nervous system® the portion of the vertebrate nervous system

consisting of the brain and the spinal cord

class [ MHC molecule® heterodimeric membrane proteins that consist of an

a chain encoded in the MHC associated noncovalently with
B,-microglobulin. They are expressed by nearly all
nucleated cells and function in antigen presentation to
CD8+ T cells

class II MHC moleculeb heterodimeric membrane proteins that consist of a

cyclic AMP2

cytokine®

cytotoxicb

endogenous®

noncovalently associated « and 8 chain, both encoded in
the MHC. They are expressed by antigen-presenting cells
and function to present antigen to CD4+ T cells

a cyclic mononucleotide of adenosine that is formed from ATP and
is responsible for the intracellular mediation of hormonal effects on
various cellular processes; also called adenosine 3', 5' -
monophosphate

any of numerous secreted, low molecular weight proteins that
regulate the intensity and duration of the immune response by
exerting a variety of effects on lymphocytes and other immune
cells

having the ability to kill cells

produced or synthesized within the organism or system
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endotoxins®

exogenous*

helper T cells

hematopoiesis®

hybridomab

immune system*

interferon®b

interleukinab

in vitro®
in vivo*

leukocyteb

certain lipopolysaccharide components of the cell wall of gram-
negative bacteria that are responsible for many of the pathogenic
effects associated with these organisms

introduced or produced outside the organism or system,
specifically not synthesized within the organism or system

a T cell that participates in an immune response by recognizing a
foreign antigen and secreting lymphokines to activate T cell and B
cell proliferation, that usually carries CD4 molecular markers on

its cell surface

formation and development of the red and white blood cells

a clone of hybrid cells formed by fusion of normal lymphocytes
with myeloma cells; it retains the properties of the normal cell to
produce antibodies or T cell receptors but exhibits the immortal
growth characteristic of myeloma cells. Hybridomas are used to
produce monoclonal antibodies

the bodily system that protects the body from foreign substances,
cells and tissues by producing the immune response and that
includes especially the thymus, spleen, lymph nodes, special
deposits of lymphoid tissue, lymphocytes including the B cells, T
cells and antibodies

any of a group of heat-stable soluble basic antiviral glycoproteins
of low molecular weight that are produced usually by cells exposed
to the action of a virus, 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 compounds of low molecular weight that are
produced by lymphocytes, macrophages, and monocytes and that
function especially in regulation of the immune system and
especially cell-mediated immunity

in an artificial environment outside the living organism

within a living organism

any blood cell that is not an erythrocyte; white blood cell
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lymph node®

lymphocyte*

Iymphokineb

macrophage®

MHC=

metastasis?

mitogenb

monoclonal antibody®

noradrenergic*

norepinephrine*

a small secondary lymphoid organ that contains lymphocytes,
macrophages and dendritic cells and serves as a site for filtration of
foreign antigen and activation and proliferation of lymphocytes

an agranulocytic leukocyte that normally makes up a quarter of the
white blood cell count but increases in the presence of infection; a
mononuclear leukocyte that mediates humoral or cell-mediated
immunity

a cytokine produced by activated lymphocytes, especially helper T
cells

a large leukocyte derived from a monocyte that functions in
phagocytosis, antigen processing and presentation, secretion of
cytokines, and antibody-dependent cell-mediated cytotoxicity

major histocompatibility complex; a complex of genes encoding
cell-surface molecules that are required for antigen presentation to
T cells and for rapid graft rejection. It is call the H-2 complex in
the mouse and the HLLA complex in humans

change of position, state, or form, as a transfer of a disease-
producing agency from 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, especially that of lymphocytes. A common mitogen is
LPS.

homogenous preparation of antibody molecules, produced
by a hybridoma, all of which exhibit the same antigenic
specificity

liberating, activated by, or involving norepinephrine in the
transmission of nerve impulses
<noradrenergic nerve endings; noradrenergic nerve fibers>

a catecholamine, that is the chemical means of transmission
across synapses in postganglionic neurons of the
sympathetic nervous system and in some parts of the
central nervous system, is a vasopressor hormone of the
adrenal medulla, and is a precursor of epinephrine in its
major biosynthetic pathway
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platelet® a small nuclear membrane-bound cytoplasmic structure derived
from megakaryocytes, which contains vasoactive substances and
clotting factors important in blood coagulation, inflammation and
allergic reactions

primary lymphoid organ® organs in which lymphocyte precursors mature into
antigenically committed, immunocompetent cells. In
mammals, the bone marrow, and thymus are the primary
lymphoid organs in which B-cell and T-cell maturation
occur, respectively.

secondary lymphoid organ® organs and tissues in which mature, immunocompetent
lymphocytes encounter trapped antigens and are activated
into effector cells. In mammals, the lymph nodes and
spleen, and mucosal lymphoid tissue constitute the

secondary lymphoid organs
spleen® secondary lymphoid organ where old erythrocytes are destroyed
and blood-borne antigens are trapped and presented to
lymphocytes
stem cellP cell from which differentiated cells derive

sympathectomy® the surgical interruption of a nerve pathway in the sympathetic
nervous system

sympathetic nervous system® originates in the thoracic regions of the spinal cord;
opposes physiological effects of the
parasympathetic: reduces digestive secretions;
speeds the heart; contracts blood vessels

systemic* 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 pulmonary artery

T cell® 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.

T cell receptor® antigen binding molecule expressed on the surface of T cells and
associated with CD3. It is a heterodimer consisting of either an a

or vy chain or a v or 8 chain
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Thl subset®

Th2 subset®

thymus glandb

tumor necrosis factor®

subpopulation of activated CD4+ T cells that secrete characteristic
cytokines and function primarily in celi-mediated responses by
promoting activation of macrophages

subpopulation of activated CD4+ T cells that secrete characteristic
cytokines and function primarily in the humoral response

a ductless gland in the throat, or in the neighbouring region, of
nearly all vertebrates that produces lymphocytes and aids in
producing immunity

a protein that is produced by monocytes and macrophages
response especially to macrophages in response

specially to endotoxins and that activates leukocytes and
as antitumor activity
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