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ABSTRACT

Interactions between the neural, endocrine and immune 
systems have been investigated during the course of 
experimental allergic encephalomyelitis (EAE) , a cell-mediated 
autoimmune disease, induced by immunization with myelin basic 
protein (MBP) in complete Freund's adjuvant (CFA).

Activation of the hypothalamic-pituitary-adrenal (HPA) 
axis and splenic sympathetic noradrenergic pathways was 
evident during the period of expected lymphoproliteration 
following immunization with MBP/CFA, or CFA alone, which 
coincided with an increase in lymphocyte B-adrenergic receptor 
density. During the stressful clinical stage of EAE, further 
activation of neural and endocrine pathways was indicated by 
increased splenic noradrenaline (NA) and serum corticosterone 
(CS) levels.

Similar responses were observed when EAE was induced by 
the transfer of MBP-sensitized splenocytes, despite the 
absence of the primary immune challenge from the mycobacterial 
components of the adjuvant. Activation of both neural and 
endocrine pathways occurred prior to clinical signs. This is 
most likely a general response to cytokine production from 
stimulated cells, since comparable changes were seen in 
control animals following the transfer of cells sensitized to 
the antigenic component of the adjuvant.

The importance of intact noradrenergic pathways was 
demonstrated by the altered clinical severity of EAE following 
either the destruction of central or peripheral sympathetic 
nerve terminals, or the administration of centrally acting



sympathetic drugs. A significant inverse correlation was found 
between hypothalamic NA content and circulating ‘CS, which was 
most evident during peak clinical signs of disease and 
suggests a role for central sympathetic pathways in the 
regulation of the HPA-axis during the course of EAE.

Consistent with the changes in circulating CS, increases 
in pituitary pro-opiomelanocortin mRNA were found during the 
pre-clinical and clinical stages of the disease. However the 
reduced levels of hypothalamic corticotropin-releasing factor 
mRNA at the time of maximum clinical signs, suggests that 
activation of the HPA-axis results from either vasopressin 
release or direct activation at the level of the pituitary.

The overriding immunoregulatory influence of CS was 
demonstrated by the rapid onset of EAE and morbidity in 
adrenalectomised animals. However, the compensatory increases 
in splenic NA and lymphocyte B-adrenergic receptor density 
seen in these animals and the significant correlation between 
central NA and circulating CS, indicates that both central and 
peripheral sympathetic pathways may be activated following 
immune challenge and play a pivotal role in determining the 
outcome of disease.
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CHAPTER 1
Interactions between the neural, endocrine and immune

systems.

1.1. Introduction.

It has long been recognised by clinicians and 
epidemiologists that the incidence and severity of various 
diseases are often linked to psychological factors such as 
stress. Over the past two decades researchers have begun to 
piece together the complex interactions which occur between 
the neuroendocrine and immune systems, that make up a 
bidirectional communication network. The discovery of 
cytokines, lymphokines and monokines, which exert effects on 
the central nervous system (CNS) has helped greatly in the 
understanding of how the immune system interacts with the 
brain. There are two pathways by which the nervous system is 
known to communicate with the immune system: the first is
directly through activation of the pituitary-adrenal axis 
which appears to be under the control of the hypothalamus? the 
second is by the so called 'hard-wiring' of the immune system 
to the brain by the sympathetic nervous system (SNS).

1.1.1. Interactions between the pituitary and the immune 
system.

Most of the interactions between the immune and 
neuroendocrine systems have been attributed to glucocorticoid 
hormones, which are released from the adrenal cortex in



response to adrenalcorticotropic hormone (ACTH) produced by 
the pituitary. The release of ACTH is under the influence of 
the paraventricular nucleus (PVN) of the hypothalamus and is 
stimulated by the low molecular weight peptides vasopressin 
and oxytocin (mw, 1 0 0 0 ), but primarily by the higher molecular 
weight 41-amino acid residue CRF peptide (CRF-41) (mw, 5000). 
Examination by light and electron microscopic 
immunohistochemistry has identified a group of parvocellular 
neurones in the PVN which synthesize both CRF-41 and
vasopressin (Tramu et al, 1983; Kiss et al, 1984? Sawchenko et
al, 1984). The axons of these cells project to the external
zone of the median eminence and release CRF-41 and vasopressin 
into the hypophyseal portal circulation (Antoni, 1986) which 
results in pituitary ACTH secretion.

The end result of stimulation of the hypothalamic- 
pituitary-adrenal axis (HPA-axis) is the release of 
glucocorticoids which have widespread immunosuppressive 
properties including the inhibition of lymphocyte
proliferation (Wahl et al, 1975), lymphokine secretion (Kelso 
et al, 1984), T-cell growth factor production (Gillis et al, 
1979) and macrophage la expression (Snyder et al, 1982).

The immunosuppressive properties of glucocorticoids 
are counterbalanced by the immunoenhancing effects of 
prolactin. The secretion of prolactin is also controlled by 
the hypothalamus through complicated mechanisms involving at 
least 14 possible factors (McCann et al, 1984). The
impairment of antibody-mediated, T-cell mediated and 
autoimmune reactions in hypophysectomised animals (Nagy and 
Berezi, 1978) can be restored by treatment with prolactin



(Nagy et al, 1983). Inhibition of prolactin secretion with 
bromocriptine also impairs contact sensitivity and antibody 
responses, T-cell proliferation to lectins, secretion of 
gamma-interferon, and tumoricidal responses by macrophages 
(Bernton et al, 1988; Nagy et al, 1983).

The opposing actions of ACTH and prolactin on immune 
function provides a yin-yang mechanism for fine tuning both 
the magnitude and duration of the immune response.

1.1.2. Production of neuroendocrine hormones bv cells of the
immune system.

It is now apparent that hormones which are 
classically associated with neuroendocrine pathways can also 
be synthesized by cells of the immune system. It was first 
noted that during the production of IFNa, human leukocytes 
also expressed an ACTH-like peptide (Blalock and Smith, 1980) 
which was similar to the pituitary peptide in both biological 
activity and molecular weight, as well as the retention time 
on reverse phase HPLC (Smith and Blalock, 1981? Smith et al, 
1982; Blalock and Smith, 1985). The presence of pro
opiomelanocortin (POMC) mRNA in resting spleen macrophages 
(Westley et al, 1986) led to the discovery that newcastle 
disease virus infected lymphocytes produced immunoreactive 
(ir) endorphins (Smith and Blalock, 1981). It was later 
demonstrated that CRF and vasopressin synergistically elicited 
the de novo production of ACTH and B-end from human leukocytes 
(Smith et al, 1986) which could be blocked by the synthetic 
glucocorticoid dexamethasone. More importantly, virus



infection in hypophysectomised mice resulted in increased 
circulating corticosterone levels and ACTH production in the 
spleen. Thus it would appear that a stress response can 
emanate from the immune system in the absence of the pituitary 
gland.

1.1.3. Neuroendocrine peptide hormone receptors in the
immune system.

Binding studies have demonstrated both high (Kd, 
O.llnM) and low (Kd/ 4.8nM) affinity receptors for ACTH on 
mouse spleen cells (Johnson et al, 1982) similar to those 
found on rat adrenal cells (Mcllhinney and Schulster, 1985). 
Antibody synthesis, B cell proliferation, T cell and 
macrophage function have all been shown to be modified by ACTH 
(Johnson et al, 1982? Brooks et al, 1984; Johnson et al, 1984) 
presumably through a direct action on these ACTH receptors. 
These studies suggest that ir-peptides produced by cells of 
the immune system do not have to act through stimulation of 
the HPA-axis.

Radiolabelled ligand studies have also demonstrated 
the presence of methionine-enkephalin (met-enk) receptors on 
mouse splenocytes (Johnson et al, 1982) with a single high 
affinity binding site of 0.6nM. B-end binding sites on 
transformed human lymphocytes have also been reported (Hazum 
et al, 1979) however, these do not appear to be classic opiate 
receptors, since binding was not affected by known opiate 
agonists and antagonists.

The effect of endogenous opioids on immune function



is not clearly understood but appears to be both lymphocyte- 
subtype specific and variable depending on the peptides 
studied. B-end, but not a-end or met-enk enhance the 
proliferative response of rat splenocytes to Con A and PHA 
(T-cell mitogens) but not to the B-cell mitogen PWM (Gilman 
et al, 1982). This effect was not blocked by naloxone which 
once again suggests that B-end is acting at a non-opiate 
specific receptor. However, B-end significantly suppressed 
the proliferative response of human peripheral blood 
lymphocytes to Con A (McCain et al, 1982) which once again was 
not effected by naloxone. At present it is not known whether 
these conflicting effects are due to the different origins of 
the tissue or lymphocytes or to the concentration of peptide 
employed in the studies.

1.2. Effects of IL-1 and other cytokines on pituitary
function.

One of the major approaches used to study the effects 
of cytokines on pituitary function is to administer cytokines 
individually to intact animals and subsequently measure plasma 
hormone levels. Even these apparently simple experiments have 
their drawbacks? firstly cytokines have been shown to modulate 
their own and related molecules production? IL-1 and tumour 
necrosis factor (TNF) are mutually stimulatory (Le and Vicek, 
1987), whilst IL-1 stimulates its own production in vivo and 
in mononuclear cells in vitro (Dinarello et al, 1987). IL-1 
also stimulates IL- 6  and IL-2 which in turn stimulates TNF (Le



and Vicek, 1987; Dinarello, 1989; Mier et al, 1988). Thus it 
is not unexpected that changes in single cytokines following 
infection or inflammation are not observed, but what does 
result is a cascade of cytokine production from immune cells. 
Such factors should be taken into account when interpreting 
the in vivo effects of individual cytokines.

1.2.1. The effects of cytokines on ACTH release.

IL-1B given by intraperitoneal (Ovadia et al, 1989? 
Berkenbosch et al, 1987? Suda et al, 1989) or intravenous 
(Katsuura et al, 1988; Uehra et al, 1987a; Uehra et al, 1987b? 
Naitoh et al, 1989) injection stimulates ACTH secretion. IL- 
la has also been shown to have a similar effect in most (Suda 
et al, 1989? Katsuura et al, 1988? Morimoto et al, 1989? 
Sapaolsky et al, 1987) but not all studies (Uehra et al, 
1987b). It has been suggested that the stimulatory effect on 
ACTH release is dependent upon fever induction which has been 
reported following IL-1 administration. However, studies 
using subpyrogenic doses of IL-1, non-pyrogenic analogs and 
indomethacin treated animals, have shown that this is not so 
(Besedovsky et al, 1986; Naitoh et al, 1989? Sapolsky et al, 
1987).

The effects of cytokines on the release of other 
pituitary hormones have also been studied. In general 
cytokine administration has an inhibitory effect on thyroid 
stimulating hormone (TSH), species dependant effects on growth 
hormone (GH) and modest effects on prolactin and gonadotorphs 
(see table 1.1 for summary). Thus, data obtained from in vivo



Table 1.1

Changes in serum levels of TSH# GH. prolactin# LH# and FSH 
following cvtokine administration in vivo.

Hormone Cytokine Route Species Result

TSH IL-l/J sc Rat 1
IL-1 icv Rat 1

TNFa iv Rat i
icv Rat 1

IFNy icv Rat 1

GH IL-10 icv Rat 1
»P Rat —

IL-1 icv Rat t
TNFa iv Human —

iv Bovine i

Prolactin IL-1/3 iv.icv Rat —
iv Rat • *

iv Rat —
IL -la iv.icv Rat *•
IL-1 icv Rat T

TNFa iv Rat • •

iv Human t
IFNy icv Rat —

LH IL-10 icv Rat 1
IL -la icv Rat i

iv Rat -*
icv Rat i
iv Rat * *

FSH IL -la icv Rat

Abbreviations: TSH, thyroid-stimulating hormone? GH, growth 
hormone? LH, leuteinizing hormone? FSH, follicle-stimulating 
hormone. Taken from Scarborough (Annals of the New York 
Academy of Science, (1988), Vol 512).



experiments clearly demonstrates that cytokines are able to 
modify pituitary hormone secretion.

1.2.2. Possible sites of action for cvtokine stimulated ACTH
release.

A direct central effect of circulating IL-1 at the 
level of the hypothalamus was at first thought unlikely since 
it is generally considered that IL-1 does not cross the blood 
brain barrier in significant amounts (Coceani et al, 1988), 
although access to the CNS may be achieved via the 
circumventricular organs (Katsuura and Koves, 1989). An 
important alternative possibility is that cytokines may be 
produced from within the hypothalamus or pituitary and thus 
act as intrinsic modulators of secretion. Such a theory is 
supported by the findings that IL-1 appears to be made by all 
major classes of glial cells (astrocytes, oligodendrocytes and 
microglia) given the appropriate conditions (Malipiero and 
Fontana, 1989; Merrill and Matsushima, 1988? Heter et al, 
1988; Giulian et al, 1988). Immunohistochemical studies have 
identified IL-1 containing nerve fibres and cell bodies in the 
human and rat hypothalamus (Breder et al, 1988? Lechan et al, 
1989) as well as the rat pituitary (Lechan et al, 1989). Here 
it has been proposed that IL-1 acts as an intrinsic neuronal 
protein and suggests a mechanism whereby peripheral signals 
can act on a signalling system intrinsic to the CNS. IL-1 
receptors have been identified in rat brain and hypothalamus 
(Farrar et al, 1987? Katsuura et al, 1988b) however, it is not 
known whether the source of the IL-1 which acts at these sites



originates from central or peripheral production.
An important consequence of IL-1 administration, 

which may effect pituitary function is the alteration in 
electrical activity (Besedovsky et al, 1977? Besedovsky et al, 
1983? Saphier, 1989) and increased NA turnover (Dunn, 1988? 
Kabiersch et al, 1988) within the hypothalamus. Changes in NA 
metabolism may be of particular interest since hypothalamic NA 
has been implicated in the control of CRF and vasopressin 
secretion (discussed later in this chapter).

The findings outlined above resulted in the 
hypothalamus being targeted as the possible mediator of IL-1 
induced alterations of pituitary function. In a number of 
studies, prior treatment with antiserum to CRF blocked the 
ACTH reponse to IL-1 in vivo (Berkenbosch et al, 1987? Uehra 
et al, 1987? Sapolsky et al, 1987). Similarly, IL-1 has been 
shown to deplete CRF from the median eminence and increase 
hypothalamic CRF mRNA and portal blood CRF (Berkenbosch et al, 
1987? Suda et al, 1990? Sapolsky et al, 1987). In vitro 
studies have also shown that IL-1 causes CRF release from rat 
hypothalami (Tsagarakis et al, 1989) and enhances the CRF 
response to NA (Widmaier, 1988) . All in all there is 
compelling evidence that IL-1 stimulates hypothalamic CRF 
secretion.

A direct stimulatory effect of IL-1 at the level of 
the pituitary cannot be ruled out, although the data obtained 
from primary cultures of rat anterior pituitary cells or 
perfusion models have not as yet provided a clear cut answer 
with reports that both IL-la and IL-113 stimulate (Bernton et 
al, 1987? Beach et al, 1989) or have no stimulatory effect on



ACTH release (Berkenbosch et al, 1987? Tsagarakis et al, 1989? 
Boyle et al, 1988? Uehra et al, 1987). The conflicting in 
vitro results mean that at best, a direct stimulatory effect 
of IL-1 on the pituitary in vivo remains a distinct but 
unproven possibility.

1.2.3. IL-1 receptors and second messenger systems.

Work is only at the preliminary stage in trying to 
classify the IL-1 receptor and possible second messenger 
systems employed. IL-la and B appear to bind to the same 
class of receptors (Le and Vicek, 1987) although the 
possibility of two receptors with differing affinities does 
exist (Dinarello et al, 1989). A number of second messengers 
have been proposed for IL-1 including cyclic AMP (Shirakawa et 
al, 1989) and novel phospholipid pathways (Kester et al, 1989? 
Rosoff et al, 1988)

Prostaglandin mediated effects of IL-1 have also been 
suggested, based on the fact that prostaglandins have long 
been known to alter neuroendocrine secretion (Hedge and 
Hanson, 1972? Ojeda et al, 1980 and 1981). IL-1 has been 
shown to stimulate prostaglandin pathways in the hypothalamus 
(Dinarello and Bernheim, 1981) and recent in vitro studies 
have implicated astrocytes as a major source of IL-1 
stimulated arachidonate metabolites (Katsuura et al, 1989? 
Hartung et al, 1989). Although in some cases ACTH responses 
to IL-1 have been blocked by indomethacin (Coceani et al, 
1988? Morimoto et al, 1989? Katsuura et al, 1988) other 
studies have found no inhibitory effect (Sapolsky et al, 1987?



Bernton et al, 1987? Milenkovic et al, 1989).
In summary, both in vivo and in vitro studies support 

the notion that soluble mediators such as IL-1 produced by 
cells of the immune system are able to alter neuroendocrine 
responses. The major site of action appears to be at the 
level of the hypothalamus although a direct effect on the 
pituitary cannot be ruled out. Such effects may be mediated
by circulating IL-1, endogenously produced IL-1 or both.
Although the nature of the receptor system and second 
messenger network employed have not yet been fully elucidated, 
it is apparent that communication between the immune and
neuroendocrine systems is quite extensive and functionally 
significant.

1.2.4. Adrenergic control of corticotrophin secretion.

Evidence for the involvement of adrenergic neurones 
in the control of CRF secretion is based on the close
anatomical relationship between the central adrenergic and 
noradrenergic systems and the major hypothalamic peptides that 
are involved in the regulation of ACTH secretion? CRF-41 and 
vasopressin. The cell bodies of the catecholaminergic 
neurones that inervate the parvocellular neurones of the PVN 
are found in the brain stem (Ungerstedt, 1971? Sawchenko and 
Swnason, 1982). The majority of neurones arise from the Al 
and A2 cell groups (ventrolateral and dorsomedial medulla) 
with a few originating in the A6 cell group (locus coeruleus) 
(Fig 1.1). The axons ascend through the ventral noradrenergic



FIG 1.1.

Noradrenaline containing pathways in the rat brain.

Ascending noradrenergic pathways

'(locus coeruleus)
A6

A7

Descending pathways

The A6 cell bodies in the locus coeruleus in the floor of the 
fourth ventricle project to the cortex. These axons travel in 
the dorsal bundle of fibres; some more caudal cell bodies also 
contribute to this system. The hypothalamus is innervated by 
fibres further back in the brain stem (Ax and A2) which also 
travel in the ventral bundle.



bundle (VNAB) and end in close proximity to CRF-41 and 
vasopressin containing neurones where direct synaptic contacts 
are apparent (Mezey et al, 1984; Agnati et al, 1985; Liposits 
et al, 1986a and b).

In addition to this direct innervation, a more distal 
influence has also been proposed at the external median 
eminence, where the CRF and catecholamine secreting nerve 
terminals involved are also in close proximity (Hokfelt et al, 
1984) . A direct effect at the level of the pituitary through 
a and B-adrenergic receptors (Vale et al, 1983; Reisine et al, 
1983; De Souza, 1985) following catecholamine secretion into 
portal vessels is another possibility, although it has not be 
conclusively shown that adrenaline and noradrenaline are 
secreted into hypophyseal plasma. It is apparent however, 
that adrenergic effects are not restricted to the 
parvocellular neurones in the PVN, which might account at 
least partly for the persisting controversy surrounding 
adrenergic control of corticotropic activity.

Early studies proposed that activation of central a- 
adrenergic receptors inhibited activation of the HPA-axis. In 
the dog, i.c.v. injection of NA suppressed adrenocortical 
activity (Van Loon et al, 1971; Ganong et al, 1976) whilst 
phentolamine, an ctx and a2 antagonist, enhanced adrenocortical 
activity in the rat which was interpreted as demonstrating a 
tonic inhibitory noradrenergic influence on the HPA-axis 
(Scapanini and Preziosi, 1973). Depletion of central 
catecholamine stores by peripheral or i.c.v. administration of 
catecholamine synthesis inhibitors supported these findings as 
they too were found to enhance adrenocortical activity



(Scapanini et al, 1970? Van Loon et al, 1971; Scapanini et
al, 1972; Cuello et al, 1974; Mezey et al, 1984). An
inhibitory action was further implicated since it was shown
that i.c.v. administration of agonists and antagonists
respectively inhibited and activated corticosterone secretion 
(Eisenberg, 1975) whilst CRF release from perfused hypothalami 
was inhibited by NA via a-receptors (Buckingham and Hedges, 
1979; Jones et al, 1982).

More recent experimental results tend to favour the 
opposite theory and indicate that central catecholamines 
stimulate CRF secretion. Depletion of NA by direct injection 
of 6-OHDA into the VNAB resulted in a strong inhibition of 
irCRF-41 release in the PVN and external median eminence 
(Alonso et al, 1986) , which was associated with a 90% 
reduction in hypophyseal portal CRF-41 (Guillaume et al, 1987; 
Szafarczyk et al, 1986) and t h & obliteration of the circadian 
ACTH and corticosterone rhythms (Assenmacher et al, 1987).

In intact rats, an i.c.v. injection of NA or Ad 
increased CRF titers in portal vessels and the median eminence 
(Plotsky, 1986; Barbanel, 1987) and caused a concomitant rise 
in plasma ACTH. Pretreatment with a x or B blockers or anti- 
CRF-41 serum, diminished the ACTH response to NA and Ad as 
well as that induced by ether stress (Plotsky et al, 1985; 
Szafarczyk et al, 1986 and 1987).

These studies suggest that central catecholamines 
play an important part in controlling both diurnal and stress 
induced modulation of the HPA axis. However, with conflicting 
results supporting both stimulation and inhibiton of the HPA- 
axis, it can only be concluded that the role of central



sympathetic pathways remains unresolved.

1.3. Interactions between the sympathetic nervous system
(SNS) and the immune system.

Through its extensive innervation of many target 
tissues throughout the body, the SNS makes up the second major 
communication pathway between the brain and cells of the 
immune system. Sympathetic innervation of both primary 
(thymus and bone marrow) and secondary (spleen and lymph 
nodes) lymphoid organs has been consistently demonstrated 
(Galindo and Imaedo, 1962? Felten et al, 1981, 1984, 1985?
Williams and Felten, 1981; Joseph and Felten, 1984). 
Neurochemical and pharmacological techniques have identified 
NA as the predominant catecholamine in mouse thymus, spleen 
(Williams and Felten, 1981? Williams et al, 1981) and lymph 
nodes (Felten et al, 1984). Dopamine and adrenaline are 
present but only in small amounts, however, studies suggest 
that Ad secreted from the adrenal medulla (Berecek and Brody, 
1982) and serotonin derived from platelets can be taken up 
into sympathetic nerve terminals and released as classical 
neurotransmitters following appropriate neural stimulation. 
The concentration of NA in the spleen is higher than in the 
circulation, suggesting that it is released from local nerve 
endings (Felten et al, 1986). This is further supported by 
the extensive depletion of NA from lymphoid organs following 
6-hydroxydopamine (6-OHDA) treatment, a drug that destroys 
noradrenergic nerve terminals (Jonsson et al, 1979)

SNS nerve endings penetrate the parenchyma of the



lymphoid organs where they make contact with monocytes, T 
cells and to a lesser extent, B cells (Felten et al, 1987). 
NA released from sympathetic nerve terminals can diffuse 
through the local environment (Brown, 1964) and act at a 
considerable distance from the site of release (Su and Bevan, 
1970). Lymphocytes are known to possess adrenergic receptors 
(discussed below) therefore NA released from sympathetic nerve 
terminals may bind to receptors on lymphoid cells establishing 
them as 'mobile targets' innervated by the autonomic nervous 
system. In rodents, SNS innervation of the spleen develops 
post-natally, coincident with maturation of the immune system. 
Innervation is maintained until senescence and then declines 
(Felten et al, 1987).

1.3.1. Adrenergic receptors.

One criteria for neurotransmission by noradrenergic 
nerve fibres in lymphoid tissue is the presence of appropriate 
receptors for the neurotransmitter on target cells. 
Adrenergic receptors have been widely described on lymphocytes 
(Aarons and Molinoff, 1982; Bidart et al, 1983; Johnson and 
Gordon, 1980; Loveland et al, 1981; Miles et al, 1984; 
Staehelin et al, 1985), macrophages (Abrass et al, 1985; 
Nowell et al, 1981) and neutrophils (Galant et al, 1978; 
Davies and Lefkowitz, 1980).

Binding of B-adrenergic agonists to the receptor 
stimulates adenylate cyclase activity which results in a rapid 
increase in cyclic AMP. A transient rise in cAMP is required 
to trigger the cells of the immune system to move from the



resting (GO) stage of the cell cycle into Gl. However in 
later stages, elevated cAMP levels are associated with 
decreased cellular proliferation and increased differentiation 
(O'Dorisio et al, 1981? Sanders and Munson, 1985).

The density of B-adrenergic receptors varies with 
cell type, with B cells possessing more receptors than 
monocytes and monocytes more than T-cells (Khan et al, 1986). 
In humans, T-cells of the suppressor subset (CD8+, 9.3”) have 
3 times as many B-adrenergic receptors as cells of the 
cytotoxic subset (CD8+, 9.3+) whilst CD4+ cells (helper and 
effector cells of delayed type hypersensitivity responses) 
have very few (khan et al, 1986). Such variation in receptor 
density suggests that SNS control over T cell immune function 
might be mediated primarily through suppressor cell reponses.

Receptor density is not fixed, the number of 
receptors on T cells increases following exposure to mitogenic 
lectins and declines after B-receptor agonist stimulation 
which is followed by a period of refractoriness to subsequent 
B-adrenergic signalling (Davies and Lefkowitz, 1984? Molinoff 
and Aarons, 1983; Yu and Hui, 1988). Conversely, deprivation 
of the neurotransmitter in the target organ following SNS 
ablation results in an increase in B-adrenergic receptors on 
B and T cells, a phenomenon known as denervation 
hypersensitivity (Miles et al, 1984). In humans with 
orthostatic hypotension, blood lymphocyte B-adrenergic density 
is increased as a result of SNS destruction (Bannister et al, 
1981, Hui and Connolly, 1981).



1.3.2. In vitro and In vivo effects of adrenergic agonists
and antagonists on immune function.

Studies in which B-adrenergic agonists were 
administered prior to or at the initiation of the immune 
response have produced conflicting data with both stimulatory 
and inhibitory effects being reported. (Cambell et al, 1985; 
Felten et al, 1987; Sanders and Manson, 1984a and b; Sanders 
and Munson, 1985).

During cell proliferation the effects of B-adrenergic 
agonists are widespread and undoubtedly inhibitory. IL-2 
production and IL-2 receptor expression are both suppressed 
(Chouaib et al, 1985; Feldman et al, 1987), T and B cell 
proliferation in response to lectins or IL-2 is inhibited 
(Beckner and Farrar, 1988; Chouaib et al, 1985; Diamantstein 
and Ulmer, 1975; Feldman et al, 1987; Hadden et al, 1970; 
Johnson et al, 1981; Vischer, 1976) as is lymphocyte mediated 
cytotoxicity (Beckner and Farrar, 1988; Garovay et al, 1975; 
Henney, 1973) . Natural killer cell function is also depressed 
(Hellstrand et al, 1985, Kamat and Henney, 1976; Katz et al, 
1982) whiist antibody secretion, B cell movement and 
macrophage phagocytic activity are all suppressed (Bourne et 
al, 1974, Makino and Reed, 1970; Teh and Paetkau, 1976; 
Shreiner and Unanue, 1975; Lappin and Whaley, 1982).

In general, the effects of B-adrenergic antagonists 
have been found to oppose those of the agonists. In vivo 
administration of NA or isoproterenol results in a rapid 
release of splenic lymphocytes and granulocytes into the 
circulation (Ernstrom and Sandberg, 1973) which can be blocked



by prior administration of phentolamine and propranolol 
respectively, but was still evident in chemically 
sympathectomized animals suggesting that the agonists are 
acting directly on the lymphocytes. Preferential flushing of 
NK cells into the circulation following Ad infusion has also 
been reported (Crary et al, 1983).

Long term administration of B-adrenergic agonists 
results in a down regulation of the receptor which may be 
responsible for the decline in therapeutic response to B- 
agonists observed over time (tachyphylaxis). Alteration in 
immune function following administration of B-adrenergic 
agonists and antagonists may be of great significance given 
the widespread use of such drugs in medicine.

1.3.3. Sympathetic nervous system ablation.

Most studies have used the neurotoxic drug 6-OHDA to 
destroy SNS nerve terminals. Administered to newborn animals 
6-OHDA produces an almost total and permanent destruction of 
the SNS (axotomy) , since in rodents, the axons of the SNS must 
contact their target organs during the first week or two after 
birth or they die. Administered at this stage, when the blood 
brain barrier (BBB) is incomplete, some of the drug may enter 
the brain and destroy central catecholaminergic neurons to a 
greater or lesser extent. Thus, the effects of 6-OHDA 
treatment in newborn rodents could be the consequence of a 
loss of SNS neurons, of central neurons, or of both.

6-OHDA administration to older animals also destroys



SNS neurons, however the effect is less complete and since the 
neuronal cell soma survives, new nerve endings form and 
function is restored after some weeks (sympathectomy) . Because 
the BBB is now complete, there are no central effects and so 
alteration in immune function can be ascribed to a compromise 
of peripheral SNS function alone. The interpretation of 
experiments following adult sympathectomy are further 
complicated since immediately following 6-OHDA treatment, NA 
is released by the damaged nerve terminals which results in a 
surge of sympathetic overactivity rather than the under 
activity which is sought. It is also possible that functional 
recovery may be achieved long before either regrowth of axons, 
or restoration of catecholamine levels occurs.

Splenic B and T cell proliferative responses to LPS 
and Con A are increased following adult SNS ablation (Madden 
et al, 1988? Miles et al, 1981). It has been shown that more 
cells enter the cell cycle and that these cells move into the 
growth and DNA-synthesis stages sooner than lymphocytes from 
controls. (Miles, 1984). Antibody responses to T-cell 
independent antigens are also enhanced following either 6-OHDA 
treatment at birth or in adult rats (Miles et al, 1981) a 
finding that may reflect an over activity of B cells, more 
effective antigen presentation, an under activity of T 
suppressor cells, or any combination of the three.

Enhanced antibody responses to T-cell-dependent 
antigens following surgical sympathectomy have also been 
reported (Besedovsky et al, 1979). Neonates treated with 6- 
OHDA also show enhanced antibody responses to SRBC when 
immunized as adults an effect which was enhanced by a-methyl



tyrosine an inhibitor of catecholamine synthesis (William et 
al, 1981).

However, both primary and secondary spleen and lymph 
node responses to thymus-dependent antigens were suppressed 
immediately following 6-OHDA treatment (Felten et al, 1987? 
Kasakahra et al, 1977? Hall et al, 1982). This discrepancy 
may arise from the timing of the 6-OHDA administration and be 
a consequence of the immunosuppressive effects of the surge of 
NA from damaged axons. The suppression of the antibody 
response reported by Felten et al, (1987) was not however 
blocked by propranolol, a B-adrenergic antagonist, which 
argues against such an explanation. The findings to date 
indicate that depletion of NA augments the antibody response 
and is greater for T-cell independent, than for T-cell 
dependent antigens.

SNS ablation at birth has also been shown to decrease 
the number of B cells and T suppressor cells in adult rats 
(Miles et al, 1985) . When adult mice were axotomized, a 
reduction in the number of B cells was still apparent, but no 
alteration in T suppressor cell number was found. These 
results suggest that SNS innervation during early life is 
important for the maturation of suppressor cells, which would 
account for the augmentation of immune responses following SNS 
ablation.

1.3.4. Conclusions.

It has become increasingly apparent that an extensive



network of bidirectional communication exists between the 
neuroendocrine and immune systems. Pituitary peptides, which 
have diverse effects on immune function are produced from 
within the immune system itself. Furthermore, the 
neuroendocrine and immune systems share common receptors for 
these ir-peptides which are capable of altering immune 
function.

Activation of the hypothalamic-pituitary adrenal axis 
has been consistently shown after administration of cytokines 
both in vivo and in vitro, an effect which is thought to be 
mediated at the level of the hypothalamus, although a direct 
action on the pituitary is possible. The precise nature of the 
regulation of the HPA axis by central catecholamine systems 
has yet to be fully elucidated, however, most recent studies 
indicate a stimulatory role for both NA and Ad via 0^- 
adrenergic receptors. IL-1 has also been shown to alter 
hypothalamic catecholaminergic activity and stimulate the HPA- 
axis, although the source and site of action of this cytokine 
are still to be resolved.

The second major regulatory influence is provided by 
the direct innervation of lymphoid tissue via the sympathetic 
nervous system. It has been clearly demonstrated that 
lymphocytes and monocytes possess receptors for SNS 
transmitters and that immune function can be altered by either 
the administration of adrenergic agonists, or by the 
destruction of the sympathetic nerve terminals which innervate 
lymphoid tissue.



1.4. Experimental Allergic Encephalomyelitis (EAE).

1.4.1. Historical Background.

The occurrence of inflammatory demyelination after 
the injection of CNS material was first observed in humans 
treated with rabies vaccine derived from rabbit brain and 
attenuated rabies virus. (Kortischoner and Shweinberg, 1925). 
Repeated injections of CNS tissue into monkeys succeeded in 
inducing neurological signs and CNS lesions, which ruled out 
the possibility that the attenuated virus was responsible for 
the observed encephalomyelitis (Rivers et al, 1933 and 1935). 
However, it was not until it was shown that Freund's 
mycobacterial adjuvant enhanced the encephalitogenicity of the 
CNS tissue to such an extent that EAE could be induced 
experimentally by a single injection, that exploitation of 
this experimental approach to study demyelinating disease 
became feasible (Kabot et al, 1946? Morgan, 1946).

1.4.2 Animal models of EAE and induction methods.

EAE has since been induced in mice, rats, guinea 
pigs, rabbits and monkeys (Paterson, 1959? Paterson, 1966) and 
may exist in a number of distinct forms, dependant not only 
upon the species and strain of the animal, but also on the 
manner of induction.

Spinal cord is usually employed to induce EAE since 
it is more encephalitogenic than brain, presumably because of



its higher concentration of myelin, in which the 
encephalitogenic antigen is present (Paterson, 1976). It was 
shown that this antigen resided in the acid extract of 
delipidated white matter (Kies and Alvord, 1959) with further 
purification indicating that the immunogenic activity was 
localized to myelin basic protein (MBP) (Laatsch et al, 1962). 
Injection of animals with guinea pig spinal cord (GPSC) or 
guinea pig MBP (GP-MBP) without Freund's adjuvant rarely 
results in fully established EAE. Although extensive studies 
have been carried out, the precise manner in which adjuvant 
potentiates immunological reactivity is unknown. However, 
adjuvant has been shown to initiate the proliferation of 
phagocytic, or macrophage-type cells (Paterson and Bell, 1962) 
which leads to a marked potentiation by the adjuvant, of the 
immune response to the administered antigen.

For successful induction of disease, the inoculum 
needs to be injected into sites in close proximity to draining 
lymph modes, two major sites being the neck and footpads 
(Paterson, 1966). Removal of the draining lymph node, or local 
irradiation of the lymph channels draining the inoculation 
sites, suppresses the development of EAE in rats (Condie and 
Good, 1959).

Microscopic examination of CNS lesions reveals focal 
areas of vascular-perivascular inflammation with varying 
degrees of demyelination (Paterson, 1966). Lesions are most 
often found in the subcortical white matter and long tracts of 
the spinal cord. (Matsumoto and Fujiwara, 1987; Lublin, 1984). 
The cellular infiltrates consist predominantly of lymphocytes 
and macrophages which form concentric layers in the



perivascular space forming a cuff (Raine, 1976? Paterson, 
1976).

1.4.3. Immunological aspects of EAE.

Early indications that EAE is a cell-mediated 
immunological disease came from the discovery of delayed-type 
hypersensitivity reaction to CNS tissue in animals developing 
EAE (Freund et al, 1947). A direct relationship was observed 
between the occurrence and intensity of the cutaneous reaction 
and the production and severity of EAE in the sensitized 
animals. Delayed type hypersensitivity reactions as classified 
by Coombs and Gell (1963) take more than 12 hours to develop 
and cannot be transferred from one animal to another by serum, 
but can be transferred by T lymphcytes.

Subsequently, Paterson (1960), Stone (1961), and 
Astrom and Waksman (1962) successfully transferred EAE to 
naive animals with sensitized lymphoid cells. An attempt to 
transfer disease with immune serum was unsuccessful (Lisac et 
al, 1970).

Gonatas and Howard (1974) demonstrated that rats 
depleted of T-cells, did not develop EAE when inoculated with 
MBP/CFA. Similarly, T-cell-free lymph node cell preparations 
transferred to thymectomised, irradiated recipients failed to 
produce EAE. (Ortiz-Ortiz et al, 1976). Antibodies to the 
sensitising inoculum were detected in the sera of the 
recipients, however in the absence of any clinical or 
histological signs of disease, such a finding only lends 
further support to the belief that EAE evolves from a cell-



mediated delayed-type hypersensitivity response to CNS 
antigen.

1.4.4. The role of the adrenals in EAE.

The importance of adrenal steroids in the recovery 
from EAE was first demonstrated by the high mortality rate in 
adrenalectomized animals subsequently immunized with CNS/CFA 
inoculum (Levine et al, 1962? Levine and Wenk, 1965? Levine 
and Sowinski, 1975) compared to intact rats. The first direct 
evidence for adrenal activity during EAE came from the 
discovery of slightly elevated levels of 11- 
hydroxycorticosteroids at certain times in rats and dogs 
(Hughes et al, 1966).

Further studies showing the suppression of EAE 
following administration of exogenous corticosteroids, (Gammon 
et al, 1953? Greig et al, 1970? Vogel et al, 1972? Elliot et 
al, 1973) supported a central role for adrenal activation 
during the course of the disease. Endogenous steroids probably 
inhibit both the efferent and afferent arms of the immune 
system since they are equally effective at suppressing 
adoptively transferred EAE (Levine and Strobel, 1969). 
Increased corticosterone levels were later found to accompany 
the severe clinical signs of disease (Levine et al, 1980). 
Adrenalectomy performed early in the remission of EAE was 
followed promptly by the disappearance of serum corticosterone 
and a relapse of clinical signs.

The resistance of the PVG strain of rats to EAE has 
recently been attributed to adrenal hyperactivity. PVG rats



were found to have higher basal CS levels and a more vigorous 
steroid response to stress compared to Lewis rats. 
Furthermore, PVG rats adrenalectomized 8 days after 
immunization with MBP/CFA, developed severe disease from which 
they did not recover (Mason et al, 1990). Studies of 
susceptibility of different rat strains to streptococcal cell 
wall induced arthritis have also concluded that the 
neuroendocrine regulation of the immune response in resistant 
strains is enhanced. (Sternberg et al, 1989). Thus the 
information to date points to a pivotal role for adrenal 
activity in the recovery from EAE and in some instances, the 
susceptibility to disease.

1.4.5 EAE as a model for studying interactions between the
neuroendocrine and immune systems.

The fact that EAE is a cell-mediated autoimmune 
disease which affects the central nervous system makes it an 
ideal candidate for investigating neuroendocrine-immune 
interections.The ability to transfer EAE with sensitized 
splenocytes, representing the effector stage of disease, makes 
it possible to differentiate between the efferent and afferent 
arms of the immune response, whilst the injection of adjuvant 
alone, which produces a potent but non-specific immune 
response, serves as an appropriate control.

The rich sympathetic innervation of the lymphoid 
tissue and the presence of B-adrenergic receptors on 
lymphocytes, the effector cells of EAE, provides a direct link



through which the SNS may influence the progression of the 
immune reaction. The production of cytokines during the pre- 
clinical period where sensitization and proliferation to MBP 
occurs, and the stress of paralysis during peak clinical 
signs, may both feedback onto central sympathetic pathways 
involved in the regulation of the HPA-axis. Due to the nature 
of the disease itself it is possible that all of the pathways 
outlined above which make up the complex network of 
bidirectional communication between the neuroendocrine and 
immune systems are involved, one way or another, in 
determining the outcome of the immune response and hence the 
severity of disease.



CHAPTER 2
Lymphocyte B-adreneroic and glucocorticoid receptor assays.

2.1. Introduction.
2 .1.1 fl-adreneroic receptor binding

Ligand binding to the B-adrenergic receptor triggers 
a wide variety of biochemical and physiological reponses. The 
presence of B-adrenergic receptors on circulating leukocytes 
was first indicated by increased adenylate cyclase activity 
resulting in cyclic adenosine monophosphate (cAMP) production 
in response to noradrenaline (Bourne et al 1971). More 
recently B-adrenergic receptors have been demonstrated on 
human and murine lymphocytes by direct binding studies using 
radiolabelled compounds (Williams et al 1976, Johnson et al 
1980).

The receptor-adenylate cyclase complex consists of 
three components: the receptor, G proteins and the catalytic 
subunit. The G proteins are a family of membrane associated, 
guanine nucleotide-binding proteins that transduce signals 
from the receptor to the effector enzyme and thus regulate the 
turnover of cAMP. Binding of an agonist (noradrenaline, 
adrenaline or isoproterenol) to the receptor transmits a 
signal via the G proteins to the catalytic subunit resulting 
in cAMP production, activation of protein kinase A and 
phosphorylation of substrates. The amount of cAMP produced 
following activation of B-adrenergic receptors and hence the 
extent of the physiological response, is dependant upon the 
potency of the agonist binding (isoproterenol > adrenaline >



noradrenaline) and the number of receptors present on the 
cell. Receptor numbers vary considerably and often reflect the 
availability of their corresponding transmitters. Continuous 
administration of B-adrenergic agonists leads to a down- 
regulation of receptors and a decline in cAMP production, 
whilst the reduced circulating noradrenaline levels found in 
pure autonomic failure, is reflected by an increase in B- 
adrenergic receptors on peripheral lymphocytes.

During the early stages of an immune response B- 
adrenergic agonists have an inhibitory effect, blocking IL-2 
production as well as IL-2 receptor expression on lymphocytes 
and suppressing the lectin-induced proliferation of T and B 
cells. Binding studies used to determine specific adrenergic 
receptor populations might thus reflect changes in sympathetic 
activity or immune cell activation during the course of 
experimental allergic encephalomyelitis (EAE).

A wide variability has been reported on leukocyte 
B-adrenergic receptor density from control subjects which has 
been attributed to differences in experimental technique and 
choice of radioligand (Marinetti et al, 1983). For this 
reason the aim was to develop a simple and reproducible 
radioligand binding assay which could be used to determine 
whether or not lymphocyte B-adrenergic receptor number was 
altered during the course of EAE.

2.1.2 Glucocorticoid receptor binding.

Early findings that glucocorticoids at physiological 
concentrations could reduce the viability (Schrek, 1949), and



inhibit metabolic and mitotic responses (Rauch et al, 1961, 
Morita et al 1964? Nowell, 1961) of isolated lymphocytes led 
to the discovery of glucocorticoid receptors (Munk et al, 
1967? Schaumburg, 1968). Glucocorticoids have since been 
implicated in the regulation of a number of immune cell 
functions including inhibition of lymphocyte proliferation 
(Wahl et al, 1975), lymphokine secretion (Kelso et al 1984), 
T cell growth factor production (Gillis et al 1979), and 
macrophage la expression (Synder et al 1982).

Unlike B-adrenergic receptor-mediated responses which 
act through the second messenger cAMP, steroid hormones exert 
their effects directly on the DNA of the target cell. This is 
brought about by binding of the hormone to a cytoplasmic 
receptor which rapidly translocates to the nucleus. 
Translocation is thought to result from conformational changes 
in the glucocorticoid receptor which take place after binding 
of the hormone. The rate-limiting step for translocation 
appears to be the critical temperature-sensitive 'activation' 
in which the complex acquires high affinity for nuclear sites.

Alterations in circulating corticosterone levels and 
in glucocorticoid receptor number and affinity may be expected 
to influence the clinical course of EAE. Transcriptional 
control of glucocorticoid-sensitive genes and any consequent 
physiological response to the hormone is mediated by the 
nuclear glucocorticoid-receptor complex. Thus a nuclear 
binding site assay was employed.



2.2 Materials and methods.

2.2.1 Isolation of lymphocyte enriched splenocvtes.

Female Lewis rats (Bantin and Kingman) were killed by
decapitation. The spleens were removed and dissociated 
through a wire mesh in Hanks Basal Medium Eagle (BME, Gibco 
UK) , washed and spun at 1200 rpm for 5 minutes and resuspended 
in BME-Earles containing 10% foetal calf serum (FCS, Flow Lab 
UK) 100 U/ml penicillin and 100 /ug/ml streptomycin (Gibco UK) . 
After macrophage depletion on plastic for lh at 37°C (at a 
cell concentration of 5 x 106/ml) the remaining lymphocyte- 
enriched population was washed twice with phosphate buffered 
saline (PBS), pH 7.3 and used for receptor binding studies.

2.2.2 Binding characteristics of (*11) -Dihvdroalprenalol to
intact lymphocytes.

Splenic lymphocytes were washed with PBS and 
resuspended at a concentration of 4 x 106/ml. The ligand 
binding assay was carried out in triplicate in round bottom 96 
well plates using the B-adrenergic antagonist 3H- 
dihydroalprenalol (3H-DHA), specific activity 95 ci/mMol 
(NEN) . Total binding was determined by incubating 200/xl 
aliquots of the cell suspension with increasing concentrations 
of the ligand. Two different ranges of ligand were used (0.1- 
30nM and 0.1-12nM). The assay was carried out at 25°C for 30 
mins. Non-specific binding was determined over the same 
concentration ranges of 3H-DHA in the presence of 1/liM (-)-



propranolol. All incubations included lfiM phentolamine to 
exclude any binding to a-adrenergic receptors. After 
incubation, the cells were harvested onto glass fibre filter 
mats (Skatron) using a Titertek cell harvester. The mats were 
dried and dpm counted in toluene (Scintran, BDH) containing 
5g/L 2,5-diphenyloxazole (PPO) on a Searle Mark III liquid 
scintillation counter. Binding kinetics were determined by 
Scatchard analysis using an EBDA/Ligand computer program 
(Munson and Rodbard, 1980).

Sites/cell = Bmax (M) x (6.023 x 1023)
no. of cells/L

2.2.3 Kinetics for 3H-DHA binding.

The time course of binding was determined by 
incubating 4 x 106 cells with lOnM 3H-DHA in the absence and 
presence of ljuM (-) -propanolol. At various times after the 
addition of the 3H-DHA the cells were harvested and specific 
binding determined and expressed as disintegrations per minute 
(dpm).

2.2.4 Competition for ^-DHA binding bv (-) and (+)
propranolol and phentolamine.

Splenic lymphocytes (4 x 106/ml) were incubated for 
3 0 min at 25°C with lOnM 3H-DHA in the presence of increasing 
concentrations of unlabelled competitors. Each concentration 
was carried out in triplicate and the amount of bound 3H-DHA



expressed in dpm.

2.2.5 Binding of ^-DHA to isolated monocytes and red blood
cells (r.b.c.).

The spleen was dissociated and the cells resuspended 
at a concentration of 10 x 1 0 6/ml and layered over Percoll 
(density = 1.077g/ml). The tubes were then spun for 20min at 
1500 rpm. Isolated monocytes were washed in BME-Earles and 
macrophages depleted on plastic for 1 hour. The r.b.c. were 
washed with PBS and resuspended at a concentration of 10 x 
106/ml (approximate concentration found in the assay). 
Binding assays for both cell populations were carried out as 
described above using 3H-DHA over a concentration range of 
0.l-12nM.

2.2.6 Binding of 125I-cvanopindolol (^I-CYP) to splenic
lymphocytes.

In later experiments 125I-CYP was used to determine B- 
adrenergic density. This ligand provided two advantages over 
3H-DHA: firstly it is a more selective ligand, binding to B-
adrenergic receptors only, and secondly, as it is an iodinated 
ligand, scintilation counting in toluene is not required. The 
binding assay was similar to that used for 3H-DHA except 
phentolamine was omitted from the PBS. 125I-CYP was used over 
a concentration range of 0.1-300 pM. The assay was carried 
out in 96 well round bottom plates in triplicate and incubated 
at 30°C for 90 mins. The cells were harvested onto glass



fibre filter mats and the discs counted in a mini gamma 
counter (LKB) at 80% efficiency. Scatchard analysis was 
performed using the EBDA/Ligand computer program.

2.2.7 Kinetics for 125I-CYP binding

The time course for binding was determined by 
incubating 4 x 106 cells with 25pM 125I-CYP in the absence and 
presence of 1/lcM (-) -propranolol. Specific binding was 
determined in triplicate at various times after the addition

125of the I-CYP and expressed as cpm.

2.2.8 Competition for 125I-CYP binding with (-) and (+) 
propranolol, and phentolamine

Splenic lymphocytes (4 x 106/ml) were incubated for 
90min at 30°C with 25pM 125I-CYP in the presence of increasing 
concentrations of the unlabelled competitors. Each
concentration was carried out in triplicate and the amount of 
125I-CYP bound expressed as counts per minute (cpm) .

2.2.9 Binding of 3H-dexamethasone (3H-Dex) to intact splenic 
lymphocytes.

Splenic lymphocytes were isolated as described above. 
After depletion of macrophages on plastic for 1 hour the cells 
were washed with PBS and resuspended at a concentration of 50 
x 106/ml. The assay was carried out in 1.5ml conical 
polypropylene centrifuge tubes at 37°C for 30 mins. 50/xl of



the cell suspension was incubated with 3H-Dex (Amersham, 
specific activity 95.7 ci/mMol) at eight cCncentrations 
ranging from 0.1-30nM. Non-specific binding was determined 
over the same concentration range of 3H-Dex in the presence of 
2/iM unlabelled dexamethasone. At the end of the incubation 
period the cells were lysed by a 30 fold dilution in ice-cold 
MgCl2 (1.5mM) followed by vigorous mixing for 15sec and 
incubation on ice for a further 15 mins. The nuclei were then 
pelleted at 12,000 x g and the supernatant aspirated. The 
tips containing the pellet were cut off and placed in toluene 
and the dpm counted in a scintillation counter. Binding 
kinetics were determined by EBDA/Ligand analysis.

2.2.10 Cytoplasmic to nuclear translocation of the 3H-Dex
receptor complex.

Cell suspensions (50 x 106/ml) were incubated with 
2 0nM 3H-Dex with and without 2/iM unlabelled dexamethasone at 
3°C for 180 min. Aliquots were removed and the amount of 3H- 
DEX bound to nuclear sites expressed as dpm. The remaining 
cells were then transferred to a water bath at 37°C and 
nuclear binding determined after a further 30 mins. Binding 
to nuclear receptors at 3 and 37°C was carried out in 
triplicate.

2.2.11. 3H-Dex binding to mitogen stimulated lymphocytes.

Splenic lymphocytes (2 x 106/ml/ 40ml) were incubated 
in BME-Earles with 10% FCS, 100 U/ml penicillin and 100/xg/ml



streptomycin. At time 0, 1/xg/ml Concanavalin A (Con A, Sigma) 
was added to the flasks and incubated at 37°C. 200/il aliquots 
of the cells with and without Con A were transferred to round 
bottom 96 well plates and incubated at 37°C to determine 
lymphoproliferation rates. 3H-Dex binding assays were carried 
out at 0, 48 and 72 hours after the addition of Con A.
Proliferation at these time points was determined by pulsing 
the 96-well plates with 1/ici 3H-Thymidine. The plates were 
then incubated for 6 hours at 37°C and harvested onto glass 
fibre filter mats. Incorporation of the 3H-Thy was determined 
by counting the dpm from the cells with and without Con A.

2•3 Results.

2.3.1 3H-DHA binding to intact splenic lymphocytes.

Lymphocyte viability prior to the B-adrenergic 
receptor assay was greater than 85% as shown by eosin dye 
exclusion. Specific binding of 3H-DHA over a range of 0.1-
35nM did not appear to reach saturation (fig 2.3.1.). When
the data was transformed by Scatchard analysis, a curvilinear 
plot was produced indicating two apparent receptor
populations, one with a high affinity (Rlf Kd=3nM) and a low 
number of binding sites (approximately 3,000 sites/cell) and 
one with a low affinity (R2, Kd=45nM) but with a much larger 
receptor population (approximately 35,000 sites/cell).

When 3H-DHA was used over a lower concentration range 
(0.1-12nM) Scatchard analysis revealed a linear plot
indicating a single receptor population with a Kd of 7nM and



FIG 2.3.1.

Binding of 3H-DHA (0.1-35nM) to intact splenic lymphocytes.
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(A) Binding characteristics of 3H-DHA (0.1-35nM) to splenic 
lymphocytes (4 x 106/rol) . The assay was carried out at 25°C for 
30 mins. Non-specific binding was determined in the presence 
of IfiN (-)-propranolol. (B) Scatchard analysis revealing a 
curvilinear plot indicating two apparent receptor populations 
one with a low Kd (Rlf 3nM) and approx. 3 000 sites per cell, 
the other with a high kd (R2, 45nM) and approx. 35,000 sites.



FIG 2.3.2.

Binding of 3H-DHA (0.1-12nM) to intact splenic lymphocytes.
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(A) Binding characteristics of 3H-DHA (0.1-12nM) to splenic 
lymphocytes (4 x 106/nil) . The assay was carried out at 25°C for 
30 mins. Non-specific binding was determined in the presence 
of 1/iM (-) -propranolol. (B) Scatchard analysis revealing a
linear plot indicating a single receptor population with a Kd 
of 7nM and approximately 6000 receptors per cell.



approximately 6,000 receptors per cell (fig 2.3.2.).

2.3.2 Time course of ^-DHA binding to splenic lymphocytes 
and displacement with (+) and (-)-propranolol and 
phentolamine.

Maximum specific binding of 3H-DHA (lOnM) achieved 
equilibrium over a 25-45 minute period (fig 2.3.3.). 
Displacement by the (-)-isomer of propranolol was greater 
than that of the (+)-isomer although at the highest 
concentration of unlabelled ligand (10”AM) maximum displacement 
of 3H-DHA was achieved by both isomers. Phentolamine, an a: 
and a 2 antagonist displaced 15-20% of the total 3H-DHA binding 
to splenic lymphocytes (fig 2.3.4.).

2.3.3 Binding of 3H-DHA to isolated lymphocytes and r.b.c.

Separation from r.b.c. over a Percoll gradient did 
not change the binding characteristics of 3H-DHA to splenic 
lymphocytes. Non-specific binding was linear over the range of 
ligand used. Specific binding accounted for approximately 80% 
of the total binding (5000 dpm) .

In order to determine whether or not r.b.c. which 
contaminate the final splenic lymphocyte cell suspension 
accounted for any of the 3H-DHA binding, the assay was 
repeated on isolated r.b.c. The cell concentration used was 
1 0  x 1 0 6cells/ml which was greater than that contaminating the 
splenic lymphocyte preparation prior to separation on Percoll. 
Total and non-specific binding of 3H-DHA to isolated r.b.c.



FIG 2.3.3.

Time course for specific binding of 3H-DHA to intact splenic
lymphocytes.
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Splenic lymphocytes (4 x 106) were incubated at 25°C in round 
bottom 96 well plates with lOnM 3H-DHA with and without 1/iM 
(-)-propranolol. At the times indicated, the cells were 
harvested and the mean specific binding from triplicate wells 
expressed as disintegrations per minute (DPM).



FIG 2.3.4.

Displacement of 3H-DHA binding bv (-) and (+)-propranolol and
phentolamine.
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Splenic lymphocytes (4 x 106/inl) were incubated for 30 min at 
25°C with lOnM 3H-DHA in the presence of increasing 
concentrations of unlabelled competitors . Each point was 
carried out in triplicate and the amount of 3H-DHA bound 
expressed as disintegrations per minute (DPM).



FIG 2.3.5.

Binding of 3H-DHA to isolated monocytes and red blood cells
(r.b.c.).

BOOOt

7000"

6000"

Q. 4000"

3000"

2000 "

1000 "

12B 10 1464

• TOTAL 
o NON-SPEC
□ SPECIFIC

3H-DHA (nM)

Splenic monocytes were isloated from r.b.c. over a Percoll 
gradient, washed in BME-Earles and depleted of macrophages. 
Separated r.b.c. were washed with PBS and resuspended at a 
concentration of 10 x 106 /ml. Binding assays for both cell 
populations were carried out as described in materials and 
methods using 3H-DHA over a concentration range of 0.1-12nM.



was almost identical, demonstrating no specific binding of 
3H-DHA (fig 2.3.5.) .

2.3.4 Binding of 125I-CYP to intact splenic lymphocytes.

125I-CYP used over a range of 0.1-300pM resulted in 
saturation of the receptor (fig 2.3.6.). Non-specific binding 
increased linearly over the range of ligand used. 
Transformation of the data by Scatchard analysis resulted in 
a linear plot indicating a single receptor poulation with a Kd 
of 7pM and approximately 600 sites/cell.

2.3.5 Time course of 125I-CYP binding to intact lymphocytes 
and displacement with (+) and (-)-propranolol and 
phentolamine.

Maximum specific binding of 125I-CYP (25pM) at 30°C 
achieved equilibrium over a 1 0 0 - 1 2 0  minute period (fig
2.3.7.). Displacement profiles produced by (-) and (+)- 
propranolol were similar to those seen for 3H-DHA binding, 
with the (-)-isomer having the greater effect (fig 2.3.8.). 
Phentolamine caused very little displacement of 125I-CYP up to 
a concentration of 10"6M. However, at the highest 
concentration used (10"*M) , total binding was reduced slightly.

2.3.6 Binding of 3H-Dex to intact splenic lymphocytes.

Over a concentration range of 0.1-3 0nM 3H-Dex binding 
to intact splenic lymphocytes was saturable (fig 2.3.9.).



FIG 2.3.6.

Binding of 125I-CYP to intact splenic lymphocytes.
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(A) Binding characteristics of 125I-CYP to splenic lymphocytes 
(5 x 106/ml) . The assay was carried out at 30°C for 90 mins in 
96 well plates. Non-specific binding was determined in the 
presence of 1/nM (-)-propranolol. (B) Scatchard analysis
revealing a linear plot indicating a single receptor 
population with a Kd of 7pM and approximately 600 receptors 
per cell.



FIG 2.3.7.

Time course for specific binding of 125I-CYP to intact splenic
lymphocytes.
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Splenic lymphocytes (4 x 106) were incubated at 30°C in round 
bottom 96 well plates with 25pM 125I-CYP with and without 1/xM 
(-)-propranolol. At the times indicated, the cells were 
harvested and the mean specific binding from triplicate wells 
expressed as counts per minute (CPM).



FIG 2.3.8.

Displacement of 125I-CYP binding to splenic lymphocytes bv 
(-) and 1+)-propranolol and phentolamine.
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Splenic lymphocytes (4 x 106/rol) were incubated for 90 min at 
35°C with 25pM 125I-CYP in the presence of increasing 
concentrations of unlabelled competitors . Each point was 
carried out in triplicate and the amount of 125I-CYP bound 
expressed as counts per minute (CPM).



FIG 2.3.9.

Binding of 3H-DEX (0.1-30nM) to intact splenic lymphocytes.
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(A) Binding characteristics of 3H-DEX to splenic lymphocytes 
(50 x 106/ml) . The assay was carried out at 37°C for 30 mins. 
Non-specific binding was determined in the presence of 2/xM 
unlabelled DEX. Cells were lysed with Mgcl2 (1.5 mM) , spun at 
12,000 x g and the dpm from the pellets counted. (B) 
Scatchard analysis revealing a linear plot indicating a single 
receptor population with a Kd of 15nM and approximately 2,500 
nuclear receptors per cell.



Non-specific binding in the presence of 2*xM unlabelled 
dexamethasone increased linearly with increasing ligand 
concentration. Transformation of the data using Scatchard 
analysis indicated a single population of receptors with a Kd 
of 15nM and approximately 3200 sites/cell.

2.3.7. Cytoplasmic to nuclear translocation of the
glucocorticoid receptor.

Translocation of the steroid receptor complex is 
illustrated in fig 2.3.10. Cell suspensions were incubated 
with 20nM 3H-Dex for 180 min at 3°C with and without 2/iM 
unlabelled dexamethasone to allow maximum binding to 
cytoplasmic receptors. At this temperature specific binding 
of 3H-Dex to the nuclear receptor resulted in approximately 
500 dpm. When the cell suspensions were transferred to a 
water bath at 37°C specific nuclear binding increased to 
approximately 2500 dpm.

2.3.8. 3H-Dex binding to mitogen stimulated lymphocytes.

Incubation of splenic lymphocytes with the mitogen 
Con A caused a marked increase in cell proliferation as 
indicated by the incorporation of 3H-Thymidine. The 
stimulation index (SI = dpm from stimulated cells/dpm from non 
stimulated cells) was increased at both 48 and 72 hrs (fig
2 .3 .1 1 .) and was accompanied by an increase in the number of 
nuclear receptors which were approximately 3-fold higher after 
72 hrs incubation with Con A.



FIG 2.3.10.

Cytoplasmic to nuclear translocation of the 3H-DEX receptor
complex.
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Cell suspensions (50 x 106 cells/ml) were incubated with 20 nM 
3H-DEX with and without 2 /iM unlabelled DEX at 3°C for 180 min. 
Aliquots were removed and the amount of 3H-DEX bound to 
nuclear sites expressed as dpm ± SEM. The remaining cells were 
transferred to a water bath at 37°C and nuclear binding 
determined after a further 30min incubation.



FIG 2.3.11.

The effect of mitogen stimulation on lymphocyte nuclear
glucocorticoid receptor number.
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Splenic lymphocytes (2 x 106/ml) were incubated with Con A 
(1 n q / m l ) in 250 ml tissue culture flasks. At 0, 48 and 72 hrs 
glucocorticoid nuclear receptor assays were carried out as 
described in materials and methods. Results are expressed as 
sites/cell ± s.e.m. Proliferation was determined by measuring 
the incorporation of 3H-Thy at 48 and 72 hrs and expressed as 
the stimulation index (S.I. = dpm from stimulated cells / dpm 
from non-stimulated cells ).



2•4 Discussion.

The method for the B-adrenergic receptor assay was 
adapted from a previous assay system used to determine B- 
adrenergic receptors on splenic lymphocytes from mice (Miles 
et al, 1984). Due to the small volume of the assay (250/liI 
total) it was possible to carry out the whole assay in round 
bottom 96 well plates. This reduced both the preparation and 
harvesting times allowing up to eight assays to be run at 
once.

When 3H-DHA was used over a concentration range of 
0.1-30nM it was not possible to demonstrate stereospecific 
binding. Transformation of the data revealed a biphasic 
Scatchard plot indicating two receptor populations. Similar 
problems have been reported previously using 3H-DHA to 
determine B-adrenergic receptors on viable murine splenocytes 
(Fuchs et al, 1988) and human polymorphonuclear (PMN) 
leukocytes (Dulis et al, 1980). At high concentrations of the 
drug it is thought that the lipophilic antagonist 3H-DHA 
diffuses into the lysosomes where it is protonated in the 
acidic environment and trapped. This is reflected in the 
binding curves in which saturation of the receptor at high 
concentrations does not appear to be achieved. Uptake of 3H- 
DHA into lysosomes can be reduced by the addition of 
chloroquine to the assay buffer which has been shown to 
eliminate a large component of ligand binding to human PMN 
cells (Marinetti et al 1983) . However, since the cell 
population in these studies was predominantly lymphocytes 
which possess few cytoplasmic granules (Zucker-franklin,



1969), it would appear that non-specific uptake of the ligand 
is not solely responsible for the biphasic Scatchard plots.

In order to achieve a linear Scatchard plot it was 
found necessary to reduce the highest concentration of 3H-DHA 
to 12nM which was similar to that used by Miles et al (0.5 - 
15nM). Transformation of the data by Scatchard analysis 
revealed a single receptor population with an affinity (Kd) 
of 7nM and approximately 6000 sites/cell.

In the competition studies, maximum binding of lOnM 
3H-DHA was reduced by approximately 20% when phentolamine (10' 
6-10~*M), an a-adrenergic antagonist was used as the competing 
ligand, indicating that 3H-DHA has a weak affinity for a- 
adrenergic receptors. For this reason, ljxM phentolamine was 
routinely included in the assay buffer to restrict the binding 
of 3H-DHA to B-adrenergic receptors.

Displacement of 3H-DHA binding by (-)-isomer of 
propranolol was greater than for the (+)-isomer at the lower 
concentrations of ligand used, although at 10'*M both displaced 
approximately 85% of the bound 3H-DHA. This in vitro response 
to the (+) and (-)-isomers of propranolol relects the order of 
potency of (+) and (-)-isomers of adrenergic agonists and 
antogonists in vivo, with the (-)-isomers considerably more 
potent than the (+)-isomers observed in physiological B- 
adrenergic responses.

Unlike avian and amphibian erythrocytes (Lekfowitz et 
al, 1974; Mukherjee et al, 1975) no specific binding of 3H- 
DHA was found on isolated rat r.b.c. when assayed at a 
concentration of I0xl06/™1« Similarly no difference in 
binding characteristics were seen between splenic lymphocytes



isolated over a Percoll gradient and assays where lymphocytes 
were not separated from r.b.c. For this reason separation of 
lymphocytes from r.b.c. prior to the B-adrenergic receptor 
assay was not carried out.

In later experiments in this thesis 125I-CYP was used 
instead of 3H-DHA. CYP is a more selective ligand with 
virtually no affinity for a-adrenergic receptors. This was 
evident in the competition studies where displacement profiles 
for the two stereoisomers of propranolol were similar to those 
seen for 3H-DHA, however phentolamine was only capable of 
displacing 125I-CYP binding when the drug was used at the 
highest concentration (10'*M) . Binding curves for 125I-CYP to 
viable intact splenic lymphocytes revealed a saturable single 
site receptor population with a Kd of 6 pM and approximately 
550 sites per cell. This difference in the number of B- 
adrenergic sites can be attributed to the greater affinity and 
specificity of 125I-CYP.

Binding of 3H-Dex to nuclear glucocorticoid receptors 
at 37°C was saturable over the concentration of ligand used 
indicating a single receptor population with a Kd of 17nM and 
approximately 3000 sites per cell, values which are similar to 
those reported previously (Crabtree et al, 1980). Cytoplasmic 
to nuclear translocation of the receptor was demonstrated by 
carrying out nuclear binding assays at different temperatures. 
When 3H-Dex binding was carried out at 3°C, at which 
temperature the conformational changes required for 
translocation are inhibited, very little 3H-Dex was found 
binding to nuclear sites. However, when the cell suspensions 
were transferred to a water bath at 37°C, nuclear binding of



3H-Dex increased rapidly. No assays were carried out on 
cytoplasmic glucocorticoid receptors, however,.it has been 
reported (Crabtree et al 1980) that at 37°C, when nuclear 
glucocorticoid receptor binding sites are saturated, some 
ligand is still bound in the cytoplasm. Since it is the 
binding of the receptor complex to nuclear sites that leads to 
the physiological response and that under optimal conditions 
for nuclear binding (37°C) not all the cytoplasmic bound 3H- 
Dex translocates to the nucleus, it was decided that changes 
in nuclear binding sites were of primary importance.

To ensure that the assay system was sensitive enough 
to detect changes in nuclear glucocorticoid receptors, splenic 
lymphocytes were incubated in vitro with Con A which has been 
shown to increase nuclear receptor binding in human 
lymphocytes (Smith et al, 1987). An approximate 3-fold 
increase in receptor sites was observed after 72hrs incubation 
with Con A which coincided with the increased lymphocyte 
proliferation as shown by 3H-thymidine incorporation, thus 
confirming previous studies and the validity of the assay 
used.



CHAPTER 3
Evidence for interactions between the neural, endocrine and
immune systems during the course of experimental allergic

encephalomyelitis.

3 • 1 Introduction.

It is well established that the endocrine and nervous 
systems, triggered by signals from an activated immune system, 
exert feedback control on immunological reactivity (Cavagnaro, 
1988). The sympathetic innervation of the spleen includes 
direct synapse-like links with lymphocytes which possess 
adrenergic receptors (Felten and Olschowka, 1987) the 
activation of which can inhibit components of the immune 
response. A role for such bidirectional communication in EAE 
was demonstrated by the increased disease severity in animals 
which had undergone neurotoxic destruction of the splenic 
noradrenergic sympathetic nerve terminals, prior to disease 
induction (Chelmicka-Schorr, et al, 1988).

AXotomy has been shown to deplete noradrenaline 
stores in the spleen and increase B-adrenergic receptors on 
splenic lymphocytes (Miles et al, 1984). The possibility of 
B-adrenergic receptor-mediated modulation of EAE was strongly 
suggested by the suppression of clinical signs of disease in 
animals treated with the B-adrenergic receptor agonist 
isoproterenol (Chelmicka-Schorr et al, 1989).

Lymphocytes also possess steroid receptors which 
mediate a number of immunoregulatory actions including the



inhibition of lymphokine secretion (Kelso et al, 1984) and T- 
cell growth factor production (Gillis et al, 1979). Changes 
in circulating levels of corticosterone during EAE and its 
role in the recovery from disease is well established (Levine 
et al, 1980; MacPhee et al, 1989) and could well be reflected 
by changes in lymphocyte steroid receptor number.

In order to investigate neuroendocrine and neural 
responses to immune stimulation, changes in lymphocyte B- 
adrenergic and nuclear glucocorticoid receptors and their 
relation to splenic NA and circulating CS levels were examined 
during the pre-clinical and clinical stages of EAE. Two 
methods of disease induction were used which enable 
differentiation between the efferent and afferent arms of the 
immune response; (1 ) active induction, by the injection of 
guinea pig spinal cord in adjuvant, where sensitization and 
proliferation to the antigen (MBP) occurs in vivo and (2) 
passive transfer, where cells are sensitized in vitro with 
MBP, representing the effector stage of the disease and then 
transferred to naive animals. In each case either the 
injection of adjuvant alone, or the transfer of PPD sensitized 
cells, which both provide a non-specific immune challenge, 
served as controls.

3.2 Materials and Methods.

3.2.1. Preparation of crude guinea pig mvelin basic protein 
(MBP).

Crude guinea pig MBP was prepared by the method of



Dunkley and Canegie. Adult Duncan Hartley or strain 13 guinea 
pigs were sacrificed and the brain and spinal cord removed. To 
eliminate degradation of basic protein by brain acid 
proteinases, defatting was performed by adding chloroform- 
methanol (2:1, v/v) previously chilled to -10°C, to the fresh 
tissue (19ml/g tissue) and homogenised in an ultramix blender 
for 5min. The suspension was then filtered under vacuum using 
a sintered glass funnel. The defatted tissue was homogenised 
for a further 5min with cold water (2ml/g original tissue) and 
the pH carefully decreased to 3 by dropwise addition of 1M 
HC1. This pH was maintained by the further addition of HC1 
while stirring on ice and the suspension was then filtered 
through a sintered glass funnel and the supernatant retained. 
The residue was reextracted at pH 3 for a further 30min and 
the two supernatants pooled and dialysed against three changes 
of distilled water and then freeze dried. The crude extract 
was resuspended in PBS and the protein content determined by 
the method of Lowry (1951).

3.2.2. Preparation of guinea pig spinal cord (GPSC) and MBP
inoculum.

GPSC inoculum was made from fresh guinea pig spinal 
cord (500mg/ml) homogenised in complete Freund's adjuvant 
(CFA) containing lOmg/ml Myocobacterium tuberculosis (Difco) .

Guinea pig MBP inoculum was made from crude MBP mixed 
with CFA containing lOmg/ml Mycobacterium tuberculosis to give a 
final concentration of 0.1% MBP.



3.2.3 Immunization protocol for active EAE.

Female Lewis rats were immunized with 50/xl of the 
GPSC inoculum in each hind foot. Control animals received an 
equal volume of an emulsion containing lOmg/ml Mycobacterium 

tuberculosis (CFA) only. Rats were kept in pairs and handled and 
weighed on a daily basis for at least one week prior to 
immunization and afterwards until the day before the 
experiment. Non-immunized controls were also handled daily. 
Clinical disease was assessed as follows:

(1) Flaccid tail and weight loss.
(2) Hind limb hypotonia with further weight loss.
(3) Partial or complete hind limb paralysis.

Free access to food and water was ensured throughout 
the experiment.

3.2.4. Immunization protocol for the adoptive transfer of
EAE.

Female Lewis rats were immunized with 50/xl of the 
GPSC or guinea pig MBP inoculum in each hind foot. Control 
animals received an equal volume of CFA alone. 11 days after 
immunization the animals were sacrificed and the spleens 
removed. The cells were dispersed through a wire mesh and 
washed three times and then resuspended at a concentration of 
2 x 1 0 6/ml in BME-Earles containing 10% FCS, lOOU/ml



penicillin, 100/ig/ml streptomycin, lmg/ml indomethacin, 20/xM 
2-mercaptoethanol with either guinea pig MBP or purified 
protein derivative (PPD) , both at l^ig/ml, as the stimulating 
antigen. After 3 days in culture at 37°C the cells were spun 
down, washed twice with fresh BME-Earles and 40 x 106 cells 
transferred to each naive recipient by intraperitoneal (i.p.) 
injection. Animals were weighed daily and scored as described 
in section 3.2.3.

3.2.5. Collection of spinal cord and brain for histological
examination during the course of EAE.

Rats were anaesthetized with an i.p. injection of 
sagatal and perfused with 60ml of 10% formalin in PBS by 
inserting a needle into the left ventricle and cutting the 
return supply to the right auricle. After the perfusion was 
complete the brain was removed and stored in buffered 
formalin. In order to assist the removal of the spinal cord, 
the whole of the spinal column was removed and left in 
buffered formalin overnight before the cord was removed.

3.2.6. Collection of samples and cell preparation.

On appropriate days post-immunization (d.p.i.) or 
post-transfer (d.p.t.) animals were removed quietly from the 
holding room and decapitated immediately in an adjacent room. 
Trunk blood was collected, spun at 2000 r.p.m. at 3°C for 10 
mins and the serum stored at -20°C for subsequent
corticosterone (CS) analysis. The spleen was removed and



weighed whole, smaller samples for determination of NA content 
were taken by two different methods: initially, small samples 
of red and white pulp were removed from a cross-section of 
frozen spleen using a liver biopsy needle (40mm x 1mm, Downs 
Surgical Ltd, UK) and stored at -70°C. In later experiments 
a larger sample of spleen containing both red and white pulp 
was removed, weighed and stored at -70°C. In both cases the 
remainder of the spleen was dissociated through a wire mesh 
in BME-Hanks, spun down at 1200 rpm for 5 mins and washed 
three times with fresh medium. The cells were then 
resuspended at a concentration of 3 x 106/ml in BME-Earles 
containing 10% foetal calf serum (PCS) lOOU/ml penicillin and 
100 fxg/ml streptomycin (Gibco UK) . Macrophages were depleted 
on plastic for 90min at 37°C. The remaining lymphocyte 
enriched population was washed twice with PBS and used for 
receptor assays. These were carried out as described in 
materials and methods Chapter 2.

3.2.7. Preparation of spleen samples for high performance
liquid chromatography (HPLC).

Frozen spleen samples were homogenised in 200 /il of 
0.1M HCIO* containing 50pM 3,4-dihydroxybenzylamine (DHBA) as 
an internal standard (Sigma). The small samples of red and 
white pulp could be disrupted by sonication, however, this 
was not possible for the larger samples of spleen which were 
homogenised by passing the samples in HCLO* through 
consecutively smaller gauge needles (19-25G). This procedure



was found to be time consuming and so a purpose built 
homogeniser was made by moulding dental acrylic in an 
Eppendorf ultracentrifuge tube to a piece of stainless steel. 
This could then be attached to a mounted drill and enabled 
rapid and successful homogenisation of the larger spleen 
samples. After disruption of the tissue, the tubes were spun 
for 5 mins in an Eppendorf ultra-centrifuge. The supernatants 
were removed and the pellets stored for protein determination. 
NA and DHBA were absorbed onto Type WA-4 alumina (Sigma Co) in 
lml of 1M tris buffer containing 2g/L EDTA and lOmg/L sodium 
metabisulphite adjusted to pH 8 . 8  with concentrated HC1. 
150/xl of 0.5M NaOH was added to maintain a favourable alkaline 
pH for absorption which took place over 10 min on a Spiramix 
(Denley).

The supernatant was then discarded and the alumina 
washed three times with lml distilled water. After the last 
wash the water was aspirated and desorption of the NA and DHBA 
effected over 5 mins using 200/il of 0.5M H3P04. 175/xl of the
supernatant was frozen and stored at -70°C for future HPLC 
analysis.

3.2.8. HPLC Analysis.

NA was quantified by HPLC with electrochemical 
detection using an LKB 2150 pump with pulse dampener, a Gilson 
231 sampler and diluter, a stainless steel column ( 1 0 0  x 
4.6mm) packed with 3/xm ODS hypersil and a waters M4 60 
electrochemical detector set at +0.69V and 2nA range. Data 
analysis against the DHBA internal standard was by a Hewlett-



Packard 3390A integrator. The mobile phase consisted of 
aqueous KH2P04 and citric acid (both 40mM) containing 0.5mM 1- 
octanesulphonic acid and 4mM EDTA with 10% methanol. This was 
filtered then degassed and pumped at 1 .2 ml/min.

3.2.9. Protein determination (Lowrv Method).

Reagents
(a) 1% CuSo*
(b) 2% Na-K-tartrate
(c) 4% Na2C03
Just before use Folin Solution A was prepared by
mixing 2ml (a) + 2ml (b) + 96ml (c).
(d) Folin & Ciocalteau's phenol reagent (Sigma) was 
diluted x 5 with distilled H20 to prepare Folin B 
solution.
(e) Bovine serum albumin (BSA Sigma) lmg/ml.
(f) 0.1M NaOH containing 0.1% SDS.

A standard curve for BSA was made by pipetting 
increasing volumes of (e) into 1 0 ml non-sterile conical based
tubes, lml of 10% SDS was added to the frozen spleen pellets
and heated to 90°C for 30 mins to solubilize the pellets. 
50/il of the supsension was pipetted into 10ml tubes and made 
up to lml with solution (f). 2ml of Folin A was then added to 
the standard curve and unknown samples, vortexed and allowed 
to react at room temperature for lOmin. lml of Folin B was 
then added to all the tubes, vortexed and placed in a water 
bath at 60°C for lOmin. The tubes were allowed to cool and



the absorption read at A750. Protein content of the unknown 
samples were read off the standard curve.

3.2.10. Serum Corticosterone determination.

Frozen serum samples were thawed and corticosterone 
determined using a 125I-labelled corticosterone 
radioimmunoassay kit (Immunodiagnostics). Corticosterone was 
calibrated over a 25-1000 ng/ml range.

3.2.11. Implantation of Jugular vein Cannula for repeated
blood sampling.

Adult female Lewis rats (200-250g) were anaesthetized 
with sagatal and a 3cm incision made on the ventral-lateral 
aspect of the neck. The right jugular vein was exposed using 
blunt dissection and the surrounding connective tissue cleaned 
from the vein. Two pieces of suture were used as ligatures 
and positioned as shown in Fig 3.2.1. The superior ligature
(A) was tied first to prevent blood flow from the cranium and 
a small incision was made on the lateral aspect of the vein. 
The cannula containing lOOU/ml heparin in 0.9% NaCl (silastic 
tubing 0.64 mm i.d x 1.19mm o.d) was then inserted
approximately 2.5 cm into the incision at which point the
inferior ligature (B) was secured around both the vein and
the cannula. To help anchorage, the cannula was secured to 
the superior ligature and then flushed with heparinized saline 
and externalized through a small incision (0.5cm) on the
dorsal side of the neck. It was then secured between a piece



FIG 3.2.1.

Insertion of jugular vein cannula.

Ventral view of right jugular vein. (A) superior ligature,
(B) inferior ligature. Taken from Axelson and Bruot. 
(Physiology and Behaviour, 1982, 28, p949-951).



of velcro which was sutured to the animal at the point where 
the cannula was externalized. The tube was sealed by insrting 
a blocked needle which could then be removed for blood 
sampling.

3.3. Results.

3.3.1. Preparation of Crude Guinea Pig MBP.

The crude MBP was run on 15% sodium dodecyl sulphate 
(SDS) polyacrylamide gel. Samples were prepared in SDS sample 
buffer (10% SDS, 10% sucrose, lOOmM DTT, 0.05% bromophenol 
blue, 5% 2 -mercaptoethanol) and run using a 5% acrylamide 
stacking gel and 15% separating gel. The gel was stained with 
0.25% Coomassie Blue in 10% acetic acid (50% methanol) and 
destained with 10% acetic acid (50% methanol) . The MBP eluted 
between the 20 and 30KD MW protein markers (fig 3.3.1).

3.3.2. Clinical course of active EAE.

The first clinical signs of EAE appeared on average 
11 days after immunization with the GPSC or GP-MBP inoculum 
and reached a maximum score on about day 13. Recovery from 
EAE was usually complete by 18dpi (fig 3.3.2a.). With the 
onset of clinical signs, the animals consistently lost weight 
with maximum weight loss coinciding with maximum clinical 
disease (fig 3.3.2b.).

During the early stage of EAE, the total spleen 
weight and mononuclear cell (MNC) count remained unchanged
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Fig 3.3.1.

15% polyacrylamide gel of the crude MBP extract.
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The crude MBP extract was prepared in SDS sample buffer and 
run on a 15% SDS polyacrylamide gel. The gel was stained with 
Coomassie blue and destained with acetic acid. The MBP (5, 10 
and 20/xg protein) eluted between the 20 and 30KD MW protein 
markers.



FIG 3.3.2.

Clinical course of active EAE.
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(A) Typical time course of EAE following immunization with 
either GPSC or MBP inoculum. (B) Weight loss associated with 
the onset of disease expressed as percentage change in body 
weight from day 8 . Each point represents the mean ± s.e.m. 
from a group of 4 animals.



TABLE 3.3.1

Changes in spleen weight and mononuclear cell count (MNC)
during the clinical course of EAE.

Immunization
protocol

n spleen
weight

i
(mg)

MNC X 1 0 ' 6 a

Unimmunized 1 1 632 + 32 381 + 48
CFA 3 d.p.i. 8 591 + 42 412 + 37
GPSC 3 d.p.i. 1 1 610 + 40 396 + 38
CFA 7 d.p.i. 8 647 + 37 394 + 28
GPSC 7 d.p.i. 7 635 + 37 410 + 30
CFA 11-13 d.p.i. 5 674 ± 40 379 + 35
GPSC 11-15 d.p.i.b 5 457 ± 38 *+ 196 + 19 *+

Animals were sacrificed on the days post immunization (d.p.i.) 
indicated and the spleens removed and weighed. 
a Total splenic MNC count. 
b Animals with clinical scores > 2
Difference significant at P < 0.01 (*) compared to unimmunized 
animals (unpaired t-test).
Difference significant at P < 0.01 (+) compared to CFA animals 
at 11-13 d.p.i. (unpaired t-test).



(table 3.3.1) but with the onset of clinical signs, both fell 
significantly. No change in spleen weight or MNC count was 
seen in animals immunized with CFA alone at any of the time 
points studied.

3.3.3. Clinical course of adoptively transferred EAE.

The first clinical signs of EAE appeared on average 
5 days after the transfer of MBP-sensitised T-cells reaching 
a peak clinical score of 3 by day 7. Full recovery from 
disease was usually complete by day 10 (fig 3.3.3a.). As with 
the active model of EAE, onset of clinical signs was 
accompanied by dramatic weight loss, however, no reduction in 
spleen weight or total MNC count was seen during the course of 
disease.

During maximum clinical disease histological 
examination of sections of brain and spinal cord stained with 
haematoxylin and eosin revealed extensive perivascular cuffing 
at the border of the white and gray matter (fig 3.3.4.). 
Active induction with GPSC in adjuvant resulted in a wide 
distribution of perivascular cuffs which were evident 
throughout the brain as well as spinal cord. In comparison, 
cell infiltration in the transferred model was restricted to 
the spinal cord. In both instances the number of perivascular 
cuffs was greatest in the cervical region of the spinal cord. 
No perivascular cuffs were found in the contrpl group.



FIG 3.3.3.

Clinical course of adoptively transferred EAE.
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(A) Typical time course of EAE following the transfer of MBP- 
sensitized lymphocytes. (B) Weight loss associated with the 
onset of disease expressed as percentage change in body weight 
from day 4. Each point represents the mean ± s.e.m. from a 
group of 4 animals.



i i d e i u a u u A y i i i L  g y j x n .

5% 'Je

i m g  ;; i ^  -*i • ' f t . ' *V
■

t/:'t*CL5*pv -

'ir ■'A.-X

% "dV- *

(A), Control (B) , Active EAE (13 d.p.i) and (C) Transferred 
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3.3.4. Changes in splenic NA during active EAE.

Fig 3.3.5. shows typical HPLC traces for lpMol mixed 
catecholamine standards and extracted catecholamines from a 
rat spleen sample. The extraction method onto alumina 
(Bouloux et al, 1985) resulted in approximately 40% recovery 
of the internal standard DHBA.

Changes in splenic NA levels in EAE and CFA animals 
at various time points after immunization are shown in table
3.3.2. By 3dpi, NA had fallen and remained significantly 
lower at 7dpi in both the EAE and CFA animals. Animals given 
an injection of paraffin oil showed no change in NA content 
(data not shown). In animals with clinical signs of EAE 
scored 2 or greater, NA levels were found to be increased 
significantly compared to both unimmunized animals and the CFA 
controls.

The same trend in splenic NA changes were seen when 
the data was expressed as NA/106 cells, however, because of 
the smaller number of splenic samples with cell counts and the 
cumulative errors involved, this method of data expression 
did not show the same levels of significance.

3.3.5. Changes in Lymphocyte fi-adrenergic receptor number 
during active EAE.

Three days after immunization with either GPSC 
inoculum or CFA, the number of splenic lymphocyte B-adrenergic 
receptors had almost doubled (fig 3.3.6.). This increase was 
still present at 7dpi in both groups (table 3.3.3) and was not



FIG 3.3.5.

Typical HPLC traces from mixed catecholamine standards and 
extracted spleen samples.
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(A) HPLC trace from mixed catecholamine standards (1 pMol) of 
noradrenaline (NA), adrenaline (Ad), 3,4-dihydroxybenzylamine 
(DHBA) and dopamine (DA) dissolved in 0.5M phosphoric acid.
(B) HPLC trace from an extracted spleen sample in 0.5M 
phosphoric acid.
Injection volume was 50/il.



TABLE 3.3.2

Changes in splenic noradrenaline content in the ore-clinical 
and clinical stages of EAE.

Immunization n NA (pMol/mg NA (pMol/
protocol protein) 1 0 6 cells)

Unimmunized 16 1 0 1 + 9 18.1 + 3.2
CFA 3 d.p.i. 6 85.5 + 8 * 13.2 + 1 . 2
GPSC 3 d.p.i. 8 77.0 + 8 * 15.1 + 1 . 8

CFA 7 d.p.i. 5 67.6 + 13 ** 13.6 + 2.7
GPSC 7 d.p.i. 8 79.0 + 9 ** 16.0 + 1.9
CFA 11-13 d.p.i. 6 58.0 + 13 ** 11. 3b
GPSC 11-15 d.p.i.8 5 196 + 36 *+ 38.6 + 9 *

Animals were sacrificed on the d.p.i. indicated and the
spleens removed and weighed. NA was extracted onto alumina as
described in materials and methods and expressed as either
NA/pMol mg protein or NA/106 cells.
8 Animals with clinical scores > 2
b Only two samples, 12.1 and 10.6 respectively, for which cell 
counts were available.
Difference significant at P<0.05 (*) and P<0.01 (**) compared 
to unimmunized animals (unpaired t-test).
Difference significant at P < 0.01 (+) compared to CFA animals 
at 11-13 d.p.i. (unpaired t-test).



FIG 3.3.6.

Representative Scatchard plots of 3H-DHA binding to control 
and experimental animals 3 davs post immunization (d.p.i.).

0.0175t

0.0150"

0.0125"

3 0.0075-*

0.0050" ■

0.0025”

0.0000 70 60605040302010

■ CONTROL 
• EAE 3 dpi 
o CFA 3 dpi

BOUND (pM)

Rats were immunized with either GPSC inoculum or CFA alone, 
splenic lymphocyte 6 -adrenergic receptor assays were carried 
out 3 d.p.i and compared to non-immunized controls. Mean 
figures for the Kd and Bmax are given in table 3.3.3.



TABLE 3.3.3

Changes in splenic lymphocyte fi-adrenerqic receptor number in 
the preclinical and clinical stages of EAE.

Immunization n sites/cella,b
protocol

Unimmunized 10 5,984 + 571
CFA 3 d.p.i. 4 10,318 ± 1,381 *
GPSC 3 d.p.i. 6 11,128 ± 1,793 *
CFA 7 d.p.i. 6 12,959 ± 1,792 **
GPSC 7 d.p.i. 7 10,261 ± 1,578 *
CFA 11-13 d.p.i. 4 8,546 ± 2,231
GPSC 11-15 d.p.i.0 3 6,191 ± 850

Animals were sacrificed on the d.p.i. indicated and splenic 
lymphocytes isolated as described in materials and methods. 
Receptor assays were carried out using the B-adrenergic 
antagonist 3H-DHA with a cell concentration of 4 x 106 
cells/ml.
a Maximum receptor number expressed as sites/cell 
b The affinity (Kd) was unchanged between control and 
experimental animals (7.1 ± 1 nM and 8.0 ± 1 nM respectively) 
c Animals with clinical scores > 2
Difference significant at P < 0.05 (*) and P < 0.01 (**)
compared to unimmunized animals (unpaired t-test).



due to alterations in affinity for the receptor which was 
unchanged between the control and experimental groups (7.1±lnM 
and 8.0±lnM respectively). With the onset of clinical signs, 
the increased receptor number on splenic lymphocytes was no 
longer evident, however at the equivalent time point in the 
CFA group (11-13 dpi) B-adrenergic receptors were still 
elevated, although the difference was no longer significant.

3.3.6. Plasma corticosterone levels and lymphocyte nuclear
glucocorticoid receptors.

Basal serum corticosterone levels were obtained from 
non-immunized rats which had undergone the same handling 
procedure as the experimental animals. All animals were 
sacrificed at the same time in the morning when corticosterone 
levels are at the nadir of their circadian variation (De Beer 
and Van der Gugten, 1987).

Corticosterone levels had risen slightly by 7 dpi 
(fig 3.3.7.), but only reached significantly higher values in 
the EAE group. By 13 and 15 dpi serum corticosterone levels 
were significantly elevated from basal levels in both groups, 
however at each time point the significance level was greater 
in the EAE animals than the CFA group and at 15 dpi 
corticosterone levels in the EAE group were significantly 
higher than the CFA controls.

Despite these changes seen in serum corticosterone 
levels, no change in either the affinity or the number of 
splenic nuclear glucocorticoid receptors could be detected in 
either the CFA or EAE groups at any of the time points



FIG 3.3.7.

Changes in serum corticosterone* during the course of active 
(EAE).
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Animals were immunized with either MBP inoculum or CFA alone. 
Trunk blood was collected on the days indicated and serum CS 
determined using a 125I-labelled radioimmunoassay kit.
* ± s.e.m.
Difference significant at P<0.05 (*) and P<0.02 (**) compared 
to unimmunized (day 0 ) animals.
Difference significant at P<0.02 (+) compared to CFA animals.



studied.

3.3.7. Changes in splenic NA during adoptively transferred 
EAE.

Three days after the transfer of PPD-sensitized T- 
cells, splenic NA levels had fallen considerably compared to 
the unimmunized group and remained lower at 7 dpt (table 
3.3.4). No changes preclinically (1 or 3 dpt) were seen in 
the EAE group, however, by day 7 at the time of maximum 
clinical score, splenic NA levels were increased 
significantly. These changes were comparable whether NA was 
expressed as pMol/mg protein or pMol/mg wet weight. No 
significant change in plasma NA levels were found during the 
course of EAE (table 3.3.5.).

3.3.8 Changes in lymphocyte fi-adrenergic receptor number 
during adoptively transferred EAE.

»
Increases in lymphocyte B-adrenergic receptor number 

of 67% and 50% were detected three days after the transfer of 
either MBP or PPD sensitized cells respectively, which in the 
latter group persisted for up to 7 days (table 3.3.6.). With 
the onset of clinical signs, receptor density returned to 
within the range of control values. Once again, the affinity 
of the ligand for the receptor in the control and experimental 
groups was not significantly different (10.2 ± InM and 9.8 ± 
0.4 nM respectively).



TABLE 3.3.4

Changes in splenic noradrenaline content in the preclinical 
and clinical stages of adoptively transferred EAE.

Immunization n NA (pMol/mg NA (pMol/
protocol protein) mg tissue)

Unimmunized 4 115.2 + 13.6 11.5 + 1 . 0

CFAa/PPDb 3 d.p.t 6 74.4 ± 7.48 ** 8 . 2 + 0 . 6 **
MBP /MBP 3 d.p.t. 6 127.2 ± 14.0 12.4 + 0.9
CFA /PPD 7 d.p.t. 6 87.6 ± 7.00 * 1 0 . 2 + 1 . 0
MBP /MBP 7 d.p.t. 6 162.7 + 18.1 ** 21.9 + 2.3 **
CFA /PPD 13 d.p.t. 4 1 2 1 . 6 ± 6 . 0 0 10.5 + 1.3
MBP /MBP 13 d.p.t. 4 129.2 ± 7.60 12.4 + 1.3

Animals were sacrificed on the d.p.t. indicated and the 
spleens removed and weighed. NA was extracted onto alumina as 
described in materials and methods and expressed as either 
NA/pMol mg protein or NA/mg tissue (± s.e.m.). 
a Spleen cells were obtained from rats immunized with the 
indicated inoculum.
b Spleen cells were stimulated in vitro with the indicated 
antigen.
Difference significant at P < 0.05 (*) and P < 0.01 (**)
compared to unimmunized animals (unpaired t-test).



TABLE 3.3.5.

Changes in plasma noradrenaline during the preclinical and 
clinical stages of adoptively transferred EAE.

Collection n NA pg/ml
time

Day - 2 3 152 + 62
Day 0 3 272 + 67
Day 1 3 304 + 61
Day 2 2 2 2 0

Day 4 2 234
Day 7b 3 324 ± 62

A jugular vein cannula was inserted 1 week prior to the 
transfer of MBP-primed lymphocytes. Blood samples were taken 
first thing in the morning between 09-00 and 10-30 hrs. 
a ± s.e.m.
b Samples taken under anaesthesia from animals with clinical 
signs.
c corresponding values for samples taken from control animals 
under anaesthesia are 248 and 353 pg/ml.



TABLE 3.3.6

Changes in splenic lymphocyte B-adrenergic receptor number*
during the preclinical and clinical stages of adoptively 
transferred EAE.

Immunization n sites/cell
protocol

Unimmunized 4 9,777 + 378
CFAb/PPDc 3 d.p.t 6 14,670 + 478
MBP /MBP 3 d.p.t. 6 16,338 ± 1,874
CFA /PPD 7 d.p.t. 6 12,451 ± 705
MBP /MBP 7 d.p.t. 6 8,746 ± 283
CFA /PPD 13 d.p.t. 4 8,841 ± 261
MBP /MBP 13 d.p.t. 4 8,759 ± 386

Animals were sacrificed on the d.p.t. indicated and splenic 
lymphocytes isolated as described in materials and methods. 
Receptor assays were carried out using the B-adrenergic 
antagonist 3H-DHA with a cell concentration of 4 x 106 
cells/ml. 
a ± SEM.
b Spleen cells were obtained from rats immunized with the 
indicated antigen.
c Spleen cells were stimulated in vitro with the indicated 
antigen.
Difference significant at P<0.01 (*) compared to unimmunized 
animals (unpaired t-test).



FIG 3.3.8.

Changes in serum corticosterone* during the course of
adoptively transferred ERE.
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Animals were injected i.p. with either MBP or PPD-sensitized 
lymphocytes. Trunk blood was collected on the days indicated 
and serum CS determined using a 125I-labelled radioimmunoassay 
kit (n = 6 -8 ). 
a ± s.e.m.
Difference significant at P<0.01 (*) compared to unimmunized 
(day 0 ) animals.



3.3.9. Changes in serum corticosterone during adoptively
transferred EAE.

Similar to the preclinical response in active EAE, 
an increase in serum CS was detectable in animals receiving 
either MBP or PPD-sensitized cells (fig 3.3.8.) but did not 
reach significance.

In the EAE animals showing maximum clinical signs (7 
dpt) serum CS levels were found to be approximately 4-fold 
higher than both the unimmunized animals, and the 
corresponding controls (PPD-sensitized cells) at the 
equivalent time point.

3.4 Discussion.

Changes in neural and endocrine parameters which 
could have a regulatory influence on the progression of the 
disease were found during the pre-clinical and clinical stages 
of EAE. Splenic NA levels fell significantly during the 
period preceeding and coincident with the lymphoproliterative 
stage of the cell mediated immune response to the 
mycobacterial components of the Freund's adjuvant which was 
present in both the GPSC and CFA inoculum (Manie et al, 1985) . 
When rats were given a sham injection of paraffin oil no 
change in splenic NA was found, ruling out the possibility of 
injection-induced stress. The time scale of the response was 
similar to that reported in mice immunized with sheep red 
blood cells in which the decrease in splenic NA was found to 
precede the rise in antibody producing cells (Besedovsky et



al, 1979). Both the absolute values and the percentage drop 
(35-40%), 3-7 days after immunization with GPSC/CFA or CFA 
alone, are in agreement with the data of Besedovsky et al, 
indicating that the immunological signals to the sympathetic 
innervation of the spleen are comparable in humoral and cell 
mediated reactions. Wesselman et al (1987) found no 
significant change in splenic NA during the course of EAE in 
comparison to CFA-treated rats, but did not include pre
inoculation data.

In animals with acute symptoms of EAE, splenic NA 
levels rose significantly above control values which may be of 
great relevance since in vitro studies have demonstrated a 
variety of effects of adrenomimetics on mediators of the 
immune response (Felten et al, 1987). NA was found to inhibit 
the gamma-interferon induced major histocompatability complex 
anitgen class II expression on cultured brain astrocytes in a 
dose dependent fashion (Frohman et al, 1988). B-adrenergic 
agonists down regulate interleukin- 2 receptors on human 
peripheral lymphocytes and inhibit mitogen induced T-cell 
proliferation (Feldman et al, 1987) and propranolol, a B- 
adrenergic antagonist exacerbates EAE in the rat (Brosnan et 
al, 1985). Thus, the increased concentration of NA in 
lymphoid organs found during peak clinical signs could provide 
a local immunosuppressive environment and contribute to 
recovery from disease.

Activation of the pituitary-adrenal axis in response 
to immune challenge was detectable in both experimental groups 
3-7 days after immunization. The observed rise in serum 
corticosterone was comparable in both magnitude and time scale



to that provoked by antigenic stimuli in other models 
(Besedovsky, 1975; Schaunstein et al, 1987). Since both 
antigenic challenge or injection of IL-1 leads to a transient 
increase in glucocorticoid levels (Bezedovsky and Del Rey, 
1987) the present data may well reflect the release of 
lymphokines associated with lymphoproliteration during the 
pre-clincial period. It has been proposed that this increase 
in circulating glucocorticoids during the early stages of an 
immune response may have a role in limiting the scope of the 
antigenic challenge (Munk et al, 1984) and may thus be of 
particular interest in an autoimmune disease model such as 
EAE. Certainly, the serum glucocorticoid response to immune 
challenge was found to be absent in an autoimmune strain of 
chicken (Schauenstein et al, 1987). The stressful symptoms of 
clinical EAE induce immunosuppressive levels of plasma CS 
(Levine, 1975) which show a marked correlation with the 
severity of clinical signs of disease in individual animals 
(fig 3.4.1.).

The decrease in spleen weight and cellularity in 
animals immunized with GPSC/CFA probably reflects the 
trafficking of sensitised lymphocytes out of the spleen, as a 
reduction in spleen weight was not seen in animals where EAE 
was induced by the transfer of MBP-sensitised splenocytes. In 
the animals immunised with CFA alone, serum CS levels were 
also elevated at the equivalent time period of clinical signs 
although they were significantly lower than in the EAE group. 
This is more than likely due to the occurrence of adjuvant 
induced arthritis in these animals which can be induced by a 
similar protocol and has been shown to result in increased



FIG 3.4.1.

Correlation between serum corticosterone levels and clinical 
score in actively induced EAE.
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Animals were immunized with MBP/CFA inoculum and sacrificed 
13-15 d.p.i. Trunk blood was collected and serum 
corticosterone measured. The graph shows corticosterone 
levels in relation to clinical score for individual animals 
and also the mean ± S.D. for each score.



levels of pituitary proopiomelanocortin mRNA at this time 
point (Harbuz et al, 1989).

Despite the significant increase in circulating CS, 
no change in the number of glucocorticoid receptors was 
detected in either group of animals at any of the time points 
studied. The sensitivity of the pituitary-adrenal axis to 
lymphokine secretion may be such that the time frame in which 
an increase in receptor density could be detected is very 
limited. A 50% increase in the number of glucocorticoid 
receptor sites in lymph node cells of adrenalectomised rats 
immunized with the potent immunogen, keyhole limpet 
haemocyanin has been reported which was attributed to an 
increase in the number of lymphoblasts (Crabtree et al, 1980). 
However, most studies have found it difficult to demonstrate 
a direct correlation between glucocorticoid sensitivity and 
either steroid receptor number or affinity (Munck et al, 1979; 
Naray et al, 1980).

Neural and hormonal modulation of the cell mediated 
immune response during preclinical and clincial stages of EAE 
following the the injection of GPSC/CFA appears to operate on 
two levels. The first represents the response to the general 
immune challenge and may have a regulatory influence on the 
extent and duration of lymphocyte proliferation in both EAE 
and CFA animals, this stage is followed by the onset of 
disease, the stress of which causes further hormonal and 
neurotransmitter changes possibly constituting a recovery 
mechanism (see table 3.4.1. for a comparison of neural and 
endocrine changes in the two groups).

In order to examine more accurately how interactions



TABLE 3.4.1.

Changes in corticosterone (CS). splenic noradrenaline (NA) and 
lymphocyte B-adreneraic receptor number (B-AR) in EAE and CFA 
animals.

Time 
(d.p.i.)

I

EAE
GROUP

CFA
CS t t

3 B-AR tt tt
NA 44 44

CS tt t
7 B-AR tt ttt

NA 444 444

CS ttt tt
11-15 B-AR - -

NA tt 444

KEY. One arrow: Change but not significant.
Two arrows: P<0.05 (unpaired t-test) compared to 
unimmunized control.
Three arrows: P<0.01 (unpaired t-test) compared 
to unimmunized control.



between the immune, nervous and endocrine systems could 
influence the immunopathology of disease, EAE was induced by 
the adoptive transfer of MBP-sensitised spleen cells, where 
the most immunogenic component of the inoculum, mycobacterium 

tuberclulosis was absent. The splenic noradrenergic and 
adrenocortical responses during adoptively transferred EAE 
mirrored in many respects those that occur following 
sensitisation with GPSC and CFA, despite the absence of the 
potent primary immune challenge. An increase in serum CS was 
seen at 3 dpt in both the MBP and PPD groups although 
significance was not reached. It is unlikely that the in vivo 
production of IL-1 following the transfer of antigen-specific 
splenocytes, typifying the effector phase of the immune 
response, will reach systemic levels as high as the 
administered subpyrogenic dose of recombinant IL-1 which has 
been shown to significantly elevate CS levels (Kabiersch et 
al, 1988).

Unlike the early splenic noradrenergic response which 
was seen in both the GPSC/CFA and CFA animals, an early drop 
in splenic NA was observed only after the transfer of PPD- 
primed cells. This may be a result of the greater immunogenic 
properties of CFA resulting in persisting lymphokine 
production and enhanced proliferation to PPD in vitro. 
Certainly the changes in splenic NA and lymphocyte B- 
adrenergic receptor number in the animals immunized with CFA 
alone were longer lasting than in the animals immunized with 
GPSC/CFA where the preclinical noradrenergic responses may 
have been curtailed with the onset of clinical signs.



Despite the unchanged NA content of the spleen
following the adoptive transfer of MBP-primed cells the 
density of B-adrenergic receptors on splenic lymphocytes was 
increased in both experimental groups within 3 days of 
inoculation. As this event was dissociated from any changes 
in splenic NA in the MBP-primed group it would appear that it 
was not due to a classical upregulation of receptors in 
response to a fall in neurotransmitter, but more likely a 
reflection of the expansion of antigen specific cells which at 
least in vitro results in enhanced expression of B-adrenergic 
receptors (Felten et al, 1987).

In summary, changes in neural and endocrine
parameters which were seen during the preclinical and clinical 
stages of EAE induced by GPSC/CFA were still present after the 
transfer of MBP-primed cells. However in the absence of the 
highly immunogenic mycobacterium tuberculosis, it is unlikely that 
the primary immune challenge will be as strong, this resulted 
in reduced splenic noradrenergic and CS responses during the 
pre-clinical period following the transfer of PPD or MBP 
primed splenocytes which probably reflects a reduction in 
lymphokine secretion. However, the neuroendocrine responses 
associated with the stressful clinical signs were still
evident, indicating that these changes are associated
specifically with the disease itself and are not dependant on 
the method of induction.



CHAPTER 4
The effect of in vitro stimulation of lymphocytes on
adrenergic receptor number and cytokine production.

4 • 1 Introduction.

During the early stages of the immune response B- 
adrenergic agonists are observed to have an inhibitory 
effect, the extent of this inhibition may vary depending on 
the number of receptors on the immune cells. B-adrenergic 
receptor density increases on T cells driven to proliferate 
in vitro by mitogenic lectins. Target organs deprived of 
normal innervation often up-regulate receptors to 
compensate for the reduced levels of neurotransmitter, a 
phenomenon known as denervation hypersensitivity. 
Conversely, exposure to B-adrenergic agonists is rapidly 
followed by a decrease in receptor number and a relative 
refractoriness to further stimulation (Molinoff and Aarons, 
1983? Yu and Hui, 1988).

It is becoming increasingly clear that signals 
from both the immune and endocrine systems can also 
influence B-adrenergic receptor density. Thus both IL-1 
and cortisol have been shown to increase B-adrenergic 
receptors on cultured human A549 lung tumour cells (Nakane 
et al, 1990). During the course of EAE an increase in 
splenic lymphocyte B-adrenergic receptor number was found 
during the expected period of lymphoproliferation following 
immunization with either MBP/CFA or CFA alone, this was 
also evident following the transfer of MBP or PPD-



sensitized splenocytes. The fact that the increase 
occurred in all groups suggests that it is .a general 
response to immune challenge and is not specific to the 
induction of EAE.

The experiments in this chapter were aimed at 
identifying possible mechanisms responsible for the 
upregulation of B-adrenergic receptors and determining 
their role in EAE by comparing the immunosuppressive 
properties of corticosterone and isoproterenol on T-cell 
proliferation and cytokine production.

4.2 Materials and Methods.

4.2.1 Effects of mitogen/antigen or endotoxin 
stimulation on lymphocyte B-adrenergic receptor 
number.

Splenic lymphocytes from unimmunized female Lewis 
rats were isolated as described in Chapter 2 and incubated 
at a concentration of 2 x 106/ml in RPMI 1640 Dutch modified 
medium. Concanavalin A, a T-cell mitogen and the endotoxin 
lipopolysaccharide (LPS) were added to the flasks at a 
concentration of 1/ig/ml. Immediately prior to and 48hrs 
after the addition of Con A, B-adrenergic receptor assays 
were carried out using the ligand 125I-CYP and the extent 
of proliferation determined by measuring the incorporation 
of 3H-Thy into the stimulated cells.

In separate experiments animals were immunized



with 50[j l1 of CFA containing lOmg/ml Mycobacterium tuberculosis and 
0.1% guinea pig MBP. Control animals received 50^1 of CFA 
alone. After 11 days, both groups of animals were 
sacrificed and the spleens removed. Splenic lymphocytes 
were cultured as described above with either 1 or 1 0 /ig/ml 
of guinea-pig MBP or PPD respectively. B-adrenergic 
receptor assays were carried out prior to and 48hrs after 
antigen stimulation.

4.2.2 Effects of mitogen and antigen stimulation on
lymphocyte proliferation.

Splenic lymphocytes from animals immunized with 
CFA/MBP or CFA alone were incubated in 96 well round bottom 
plates in RPMI 1640 Dutch modified medium at a 
concentration of 1 x 106/rol containing either guinea pig MBP 
or PPD respectively at concentrations of 1, 10 and
100/ig/ml. Splenic lymphocytes from unimmunized animals 
were incubated under the same conditions with Con A 
(1/xg/ml). Twenty four, 48, 72 and 96 hrs after the
addition of the stimulating antigen/mitogen the plates were 
pulsed with 1/xci of 3H-Thy and incubated for a further 6 

hrs. The plates were then harvested onto glass fibre 
filter mats and the dpm determined from each well.

Lymphocyte proliferation assays were carried out 
as above in the presence of either isoproterenol (ISO), 
methoxamine (METH), or dexamethasone (10'8-10'*M). The 
stimulating antigens (MBP or PPD) were added at a



concentration of 10/ig/ml, whilst Con A was used at 1 fig/ml. 
3H-Thy incorporation was determined after 48hrs in culture.

4.2.3 Production of IL-1 and IL- 6  from stimulated 
splenocvtes.

Splenocytes from three control and appropriately 
immunized animals were pooled and incubated in RPMI 1640 
Dutch modified medium at a concentration of 2 x 106/ml- Con 
A or LPS (1/xg/ml) were added to the controls, MBP or PPD 
(1 or 1 0/xg/ml) to the pooled cells from immunized animals. 
200 /xl aliquots were incubated in triplicate in 96 well 
flat bottom plates for 48 hrs after which time the plates 
were spun at 900 rpm for 5 mins and the supernatants from 
the triplicate wells pooled and frozen for subsequent IL-1 
and IL- 6 determination.

The assay was repeated under the same conditions 
but with the addition of DEX or ISO (10"8-10’*M) to the Con 
A or LPS stimulated cell suspensions.

4.2.4 Bioassays for IL-1 and IL-6 .

11-1 levels were determined using the NOB-1 cell 
line (Gearing et al, 1987) a subclone of the murine thymoma 
line EL4.6.1. This line secretes IL-2 in response to IL-1 
which is then measured using the IL-2-dependent cytotoxic 
T cell line, CTLL-2, which proliferates in response to IL- 
2. Proliferation was assessed by 3H-thymidine incorporation



into DNA and the radioactivity measured by scintillation 
counting. A titration of the internal standard for IL-1 
(86/632), in which 1 unit corresponds to lOpg of human IL- 
1 was included in each assay.

IL- 6 levels were determined using the murine 
hybridoma cell line, B9 (Brakenhoff et al, 1987). This 
line proliferates in response to IL- 6 which is measured by 
uptake of the tetrazolium salt, MTT (3-(4, 5-
dimethylthiazol-2-ys)-2, 5-diphenyl tetrazolium bromide. 
The formazan dye produced is quantified using a microelisa 
reader at a wavelength of 620 nm. A titration of the NIBSC 
reference reagent for IL- 6 (88/514) where 1 unit 
corresponsds to approximately 200pg of human rIL- 6 was 
included in each assay.

4.2.5 Effect of corticosterone and isoproterenol on the
adoptive transfer of EAE.

Splenic lymphocytes from donor rats were prepared 
as described in chapter 3. The three day in vitro 
incubation with guinea-pig MBP was carried out with the 
addition of either 750ng/ml CS, or 10'^ ISO. After 72hrs 
in culture the cells were washed and 40 x 106 cells 
transferred to naive recipients which were monitored for 
clinical signs of disease.



4.3 Results.

4.3.1 Effect of mitogen and antigen stimulation on
lymphocyte adrenergic receptor number.

Incubation of splenic lymphocytes in vitro with 
Con A resulted in a doubling of the B-adrenergic receptor 
number after 48 hrs, which coincided with an increase in 
cell proliferation. The addition of LPS also resulted in an 
increase in receptor number but had little effect on the 
stimulation index (S.I.) (fig 4.3.1.). When splenic 
lymphocytes from animals immunized with either MBP or CFA 
were incubated in vitro with 1 or 10 /ig/ml MBP or PPD 
respectively, no significant change in receptor number was 
seen (fig 4.3.2.).

4.3.2 Effect of antigen stimulation on lvmphocvte
proliferation.

Incubation of lymphocytes sensitized to MBP with 
either 1, 10 or 100 /ig/ml MBP in vitro produced very little 
lymphocyte proliferation at any of the time points studied 
(table 4.3.1). The S.I. was highest after 48 hrs incubation 
with 100 /ig/ml MBP but still did not reach a value of 2.

Proliferation of cells in response to PPD was 
greater than for MBP but was still only modest. Again the 
S.I. was highest after 48 hrs and increased with increasing 
concentration of stimulating antigen. Incubation with the 
T-cell mitogen, Con A, produced considerable proliferation



FIG 4.3.1.

The effect of Con A and LPS stimulation on lymphocyte
B-adrenergic receptor number.
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Splenic lymphocytes (2 x 106/ml) from unimmunized rats were 
incubated with either Con A or LPS (ljxg/ml) for 48hrs. 
B-adrenergic receptor assays were carried out prior to and 
following the 48hr incubation using the ligand 125I-CYP. The 
results are expressed as sites/cell ± s.e.m. for the control 
and Con A groups (n = 3) and the mean of two experiments for 
LPS. The S.I. for Con A and LPS are shown above each bar.
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FIG 4.3.2.

The effect of antigen stimulation on lymphocyte B-adrenergic 
receptor number.
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Splenic lymphocytes (2 x 106/ml) from rats immunized with 
either MBP inoculum or CFA alone were incubated for 48hrs in 
vitro with MBP or PPD (1 or 10 /xg/ml) respectively. Receptor 
assays were carried out prior to and following the incubation 
with the specific antigen using the ligand 125I-CYP. The 
results are expressed as sites/cell ± s.e.m. (n = 3).



TABLE 4.3.1

The effect of antigen or mitogen stimulation in vitro on 
lymphocyte proliferation (expressed as stimulation index).

Time Cone.* PPDb MBPC Con A
(hrs) (Mg/ml)

1 1 . 2 — 6.46
24 1 0 1.3 1.29 ndd

1 0 0 1.55 1.04 nd
1 1.26 1.3 91

48 1 0 2.32 1.35 nd
1 0 0 4.59 1.94 nd
1 1.05 1.07 123

72 1 0 - 1.16 nd
1 0 0 1.06 1.05 nd
1 2 . 0 1 . 1 2 129

96 1 0 1.14 1.24 nd
1 0 0 1.96 — nd

Splenic lymphocytes (1 x 106/ml) from appropriately immunized 
rats were incubated in vitro in 96 well plates with either 
MBP, PPD or Con A. After 24, 48, 72 and 96 hrs the plates were 
pulsed with 1/̂ ci of 3H-Thy and incubated for a further 6 hrs 
after which time the dpm from each well was determined and the 
stimulation index calculated. (n=3). 
a Concentration of stimulating antigen/mitogen. 
b Animals were immunized with CFA and stimulated in vitro with 
PPD.
° Animals were immunized with MBP and stimulated in vitro with 
MBP.
d Not done.



which was detectable after 24 hrs and persisted up to 96 
hrs where the S.I. was highest.

Stimulation of splenic lymphocytes by Con A in the 
presence of CS or ISO (10’8-10'*M) was reduced (table 4.3.2). 
CS was more effective at blocking proliferation than ISO. 
The a^-adrenergic agonist methoxamine had no effect on Con 
A induced proliferation.

4.3.3 IL-1 and IL- 6 production from stimulated 
lymphocytes.

Basal release of IL-1 from unstimulated cells was 
undetectable in the assay system employed. The addition of 
LPS or Con A (lug/ml) to the cell suspension stimulated the 
release of both IL-1 and IL- 6 (tables 4.3.3 and 4.3.4.). 
CS was able to inhibit the release of both cytokines in a 
dose dependent manner, although it had little effect at the 
lowest concentration used (10’®M) .

A clear cut action of ISO on cytokine release was 
hard to detect. Both IL-1 and IL- 6 release appeared to be 
slightly reduced by ISO however this effect was not obvious 
until high concentrations of the drug (10”4M) were added to 
the cell cultures.

IL-1 release from cells incubated with MBP or PPD 
was undetectable at the original cell concentration used 
(2 xl0 6/ml) . The assay was repeated at a higher cell 
concentration (10xl06/rol) which enabled basal release of IL- 
1 to be measured. The addition of either antigen resulted 
in a dose dependent increase in IL-1 release with PPD



TABLE 4.3.2

The effect of corticosterone (CS)« isoproterenol (ISO) and
methoxamine (METH) on Con A induced proliferation.

Con A 
+

Competing drug
CS ISO METH

oa 52 52 2 2

10'®M 38 50 22

1 0 "7m 30 48 2 0

io_6m 28 44 2 1

io_5m 23 36 23
10'*M 13 31 24

Splenic lymphocytes (1 x 105/nd) were incubated in vitro in 96 
well plates with Con A (l^g/ml) for 48hrs with increasing 
concentrations of competing drug. Each point for CS, ISO 
(B-adrenergic agonist) and METH (a1-adrenergic agonist) 
represnts the mean S.I. from four wells. (n=3).
* Maximum proliferation for cells incubated with Con A 
expressed as stimulation index.



TABLE 4.3.3

The effect of corticosterone (CS) and isoproterenol (ISO) on
LPS and Con A induced IL-1 secretion (pq/ml).

LPS Con A
+CS +ISO +CS +ISO

Cells -
" 'T.......... . "

-
l/ig/mlb 27 28 | 35 29
+1 0 "8M 2 1 18 | 29 19
+io'7m 15 25 1 7 16
+io-6m - 16 | 13
+io'5m - 2 2 | 2 0

+ 1 <TaM - 1 0

J
-

Splenocytes from three unimmunized rats were pooled
106 cells/ml incubated in vitro in 96 well plates with LPS or 
Con A (1/xg/ml) for 48hrs with increasing concentrations of CS 
or ISO.
a Release of IL-1 was undetectable.
b Release of IL-1 from cells stimulated with either Con A or 
LPS (1/Ltg/ml) .



TABLE 4.3.4

The effect of corticosterone (CS) and isoproterenol (ISO) on
LPS and Con A induced IL-6 secretion (pa/ml).

LPS Con A
+CS +ISO +CS +ISO

Cells 90
1

90 | 70 70
l/ig/mla 750 750 | 450 450
+10"8M 350 420 | 320 350
+io_7m 1 1 2 550 | 1 2 0 260
+10"bM 80 600 | 60 350
+io_5m _b 350 | - 350
+1 0 "*M - 90 | 

. I
- 1 0 0

Splenocytes from three unimmunized rats were pooled and 2 x 
106 cells/ml incubated in vitro in 96 well plates with LPS or 
Con A (1/ig/ml) for 48hrs with increasing concentrations of CS 
or ISO.
a Release of IL- 6 from cells stimulated with either Con A or 
LPS (ljig/ml).
b IL-1 release was undetectable.



TABLE 4.3.5

The effect of in vitro MBP and PPD stimulation on splenocvte
IL-1 release.

Antigen Cone.®
(Mg/ml)

IL-1
(pg/ml)

0 2 . 0
MBP 1 4.5

1 0 8.5
0 1.5

PPD 1 6 . 2
1 0 14.0

Splenocytes from appropriately immunized animals were pooled 
and incubated in vitro (10x10s cells/ml) in 96 well flat 
bottom plates with either MBP or PPD (1 or 10 jxg/ml) . 48 hrs 
after antigen stimulation the plates were spun (900 rpm) and 
the supernatants from triplicate wells pooled and frozen for 
subsequent IL-1 determination.



FIG 4.3.3.

The effect of CS and ISO in vitro on the adoptive transfer of 
EAE.
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Splenocytes (2 x 106/ml) from rats immunized with MBP inoculum 
were incubated for 72hrs in vitro with MBP (1 /xg/ml) plus 
either CS (2 x 10‘6M) or ISO (1 x 10'6M) and the effect on the 
subsequent clinical course of disease following the transfer 
of cells studied. The results represent the mean clinical 
score (± s.e.m.) for each group of rats (n = 3).



having a greater stimulatory effect than MBP (table 
4.3.5.)• However, taking into account the higher cell 
concentrations required to detect IL-1, their effects were 
mild compared to Con A or LPS stimulation. IL- 6 was not 
determined for this set of experiments.

4.3.4 Effects of CS and isoproterenol on the adoptive
transfer of EAE

The addition of CS (2 x 10_6M) during the three day 
incubation of splenic lymphocytes with guinea pig MBP 
suppressed the subsequent clinical signs of EAE transfer of 
cells (40 x 106) to naive recipients (fig 4.3.3.). The 
addition of 1 x 10’6M isoproterenol to the three day in 
vitro incubation had no effect on the clinical course of 
disease.

4.4 Discussion

Incubation of splenic lymphocytes with the T-cell 
mitogen Con A resulted in a doubling of the B-adrenergic 
receptor number which was detectable 48 hrs after 
stimulation. This coincided with a marked increase in cell 
proliferation where the S.I. was greater than 100. In two 
experiments it was found that the addition of LPS (1/ig/ml) 
also increased receptor number in the absence of a 
proliferative response. Thus it would appear that



proliferation is not a prerequisite for the changes seen in 
receptor number, although upregulation of receptors may 
accompany proliferation. A likely alternative candidate is 
the cytokine IL-1 which is produced mainly by macrophages 
and is associated with the first steps of the immune 
response (Dinarello et al, 1987). Both Con A and LPS 
stimulated the release of IL-1 and • IL- 6  from the mixed 
splenocyte cell suspension, where macrophages were present 
during the incubation period but depleted prior to the 
receptor assay.

As it has been shown that the addition of IL-1 to 
cultured human A549 lung tumour cells results in a 2-3 fold 
increase in the number of B-adrenergic receptors (Nakane et 
al, 1990), the enhanced production of IL-1 after Con A or 
LPS stimulation of splenocytes may be responsible for the 
observed increases. Since the interaction of resting T- 
cells with antigen-presenting macrophages leads to IL-1 
production prior to IL-2 expression and proliferation the 
change in B-adrenergic receptor number may be an early 
reponse to activation.

It is clear from the studies using MBP and PPD 
stimulated lymphocytes that the pre-clinical change in 
receptor number is not a result of antigen stimulation in 
vitro since neither MBP or PPD had any effect on receptor 
number. However, if IL-1 production and proliferation are 
responsible for changes in receptor number this finding is 
not unexpected since PPD and MBP had little stimulatory 
effect on cell proliferation and only stimulated measurable 
IL-1 production when high cell and antigen concentrations



were used.
Much is known about the in vitro conditioning 

steps required for the successful transfer of EAE, for 
example, the need for macrophages and IL-2 (Panitch, 1980; 
Oritz-Oritz and Weigle, 1982) and that replication of cells 
usually accompanies but is not essential for the transfer 
of disease (Richart et al, 1979? Peters and Hinrich, 1982). 
Unknown is the fate of the activated cells following 
transfer to naive animals. There is still a latent period 
of 4-6 days between the injection of cells and the 
development of clinical signs which may point to the need 
for cell replication, differentiation or recruitment of 
recipient cells. It is during this latent pre-clinical 
period that an increase in B-adrenergic receptor number was 
detected and thus could be the result of local production 
of IL-1 or the expansion of the sensitized cell population 
in vivo.

The elevated circulating CS levels seen pre- 
clinically might also influence B-adrenergic receptor 
number. In general, corticosteroids have been shown to 
potentiate.the effect of adrenergic stimulation in several 
tissues including bronchial smooth muscle, heart, vascular 
smooth muscle, liver (Foster et al, 1983? Kaumann, 1972? 
Besse and Bass 1966 and Exton et al, 1972) and also in 
lymphocytes (Lee and Reed, 1977; Parker et al, 1973). More 
recently an increase in B-adrenergic receptors on human 
lymphocytes and A549 lung tumour cells following 
hydrocortisone treatment has been reported (Cotecchia and 
De Blasi, 1984; Nakane et al, 1990). Preliminary



experimental results from this laboratory support this 
finding with a doubling of B-adrenergic receptors noted 
24hrs after the addition of 10_5M hydrocortisone (Zoukos, 
unpublished finding).

The search for mediators responsible for the 
upregulation of lymphocyte B-adrenergic receptors is 
further complicated by the finding that lymphocytes 
themselves can produce immunoreactive POMC and CRF peptides 
(Smith et al, 1986? Stephanou et al, 1990) which may act 
either directly on lymphocytes or via the production of CS 
following activation of the HPA-axis to alter receptor 
number. The possible factors which may influence B- 
adrenergic receptor number during the preclinical stage of 
disease are summarised in fig 4.4.1.

A comparison of the effects of ISO and CS on cell 
proliferation and IL-1 production indicated that both have 
immunosuppressive properties. Glucocorticoids have been 
shown to block the production of a number of cytokines 
including IL-1 (Snyder and Unanue, 1982? Staruch and Wood, 
1985), IL-2 (Arya et al, 1984? Grabstein et al, 1986) and 
IL-3 (Culpepper and Lee, 1985). Since these cytokines are 
essential for cell proliferation it is not surprising that 
CS effectively blocked mitogen induced proliferation. It 
is notable that glucocorticoids are less effective if 
administered after the initiation of an immune response 
than if given prior to stimulation. Since the actions of 
cytokines are only partially (Grabstein et al, 1986? 
Schaffner, 1985) or not at all (Girard et al, 1987; Shen et 
al, 1986) inhibited by CS, suppression of the immune



FIG 4.4.1.

Possible factors contributing to the elevated B-adrenergic 
receptor number found during the pre-clinical stages of EAE.

Antigen (• 'A Macropnage ( + ) Hypothalamus

(+)IL-1

Pituitary(+)tu
i'rCRF "  ̂

ACTH
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Lymphoproliferation during the early stages of the immune 
response results in IL-1 production, activation of T cells and 
clonal expansion. Activation of the HPA-axis occurs in 
response to cytokine production and possibly the release of 
immunoreactive (ir) peptides. Broken lines indicate 
hypothetical pathways, solid lines represent established 
pathways which might affect B-adrenergic receptor number.



response can be attributed to the inhibition of cytokine 
production.

The effect of ISO on IL-1 and IL- 6 production was 
not obvious, with only a mild inhibitory effect apparent at 
high concentrations of the drug. The primary source of IL- 
1 in these cultures would be the resident splenic 
macrophage population which possess B-adrenergic receptors 
(Abrass et al, 1985) and thus might be expected to respond 
to adrenergic agonists. There is some evidence for a cAMP- 
dependent inhibitory pathway (Knudson et al, 1986; 
Brandwein, 1986) but as the addition of cAMP to peritoneal 
macrophages cultured with LPS did not decrease IL-1 
synthesis or secretion (Gilbert and Hoffmann, 1985; Hayari 
et al, 1985) it's precise role remains to be determined.

ISO was however able to block the proliferation of 
T-cells to Con A in a dose dependent manner. T-cell 
activation requires two initial signals that first lead to 
the expression of IL-2 receptors and then to the initiation 
of IL-2 synthesis which is followed by proliferation. cAMP 
has been shown to inhibit IL-2 synthesis by human T-cells 
(Mary et al, 1987) as well as increasing the rate of IL-2 
receptor internalization and decreasing the rate of 
expression of new IL-2 receptors (Johnson and Smith, 1990). 
By inhibiting IL-2 receptor expression and IL-2 synthesis 
ISO was able to block the proliferative response to Con A. 
This inhibitory effect appears to be mediated through B- 
adrenergic receptor activation since methoxamine, an ax- 
adrenergic agonist, had no effect on Con A induced 
proliferation.



The contrasting effects of ISO and CS on IL-1 
production and T-cell proliferation may well explain their 
ability to alter the course of adoptively transferred EAE. 
Since measurable proliferation to MBP in vitro is not 
required for the successful transfer of the disease it is 
not unexpected that ISO, which blocks the progression of T 
cell proliferation (Lingk et al, 1990)*, but does not appear 
to inhibit the production of IL-1 required for the 
initiation of the immune response, had no effect on the 
subsequent course of EAE. On the other hand, CS which 
blocked both IL-1 and IL- 6 production as well as 
proliferation was able to reduce the severity of the 
disease.

The net effect of the upregulated lymphocyte B- 
adrenergic receptor may well be to limit the extent of the 
immune reaction through the immunuosupressive effects of 
NA which is elevated in the spleen during the clinical 
stage of the disease. Preliminary data indicates that the 
receptors are functional, with an approximate 3-fold 
increase in cAMP production in response to ISO (10~*M) 
stimulation in splenic lymphocytes isolated 7 days after 
immunization with CFA, compared to unimmunized controls 
(2.1 and 0.75 pmol/106 cells respectively). A role for 
limiting rather than blocking the induction of disease was 
implicated by the finding that ISO treatment was more 
effective at reducing the severity of EAE when given 8-14 
days after immunization, than when given for the first 7 
days of disease (Chelmicka-Schorr et al, 1989).



CHAPTER 5
Alteration in the course of EAE by chemical sympathectomy and

adrenalectomy.

5.1 Introduction

The results in Chapter 3 indicate that adoptively 
transferred EAE provides a well delineated model of autoimmune 
disease for investigating the immunomodulatory role of the 
neural and endocrine systems. Activation of the HPA axis pre- 
clinically may have a regulatory influence on the 
lymphoproliterative stage and progression of the disease, 
while the highly significant increases in circulating 
corticosterone and splenic NA content, both immunosuppressive, 
during peak clinical signs represents a recovery mechanism.

Recent studies have demonstrated that NA release in 
the hypothalamus stimulates the production of glucocorticoids. 
This response can be triggered by a variety of stressors as 
well as by the cytokine IL-1 (see Chapter 1) . Thus there are 
two periods during the course of EAE when noradrenergic 
activation of the HPA axis might be expected, pre-clinically 
as a result of the production of soluble immunological 
mediators such as IL-1 and clinically when stress induced 
release of glucocorticoids is known to occur.

Disruption of central or peripheral sympathetic 
pathways have been shown to alter the clinical course of EAE 
(Karpus et al 1988? Chelmicka-Schorr et al, 1988) and these 
effects have been attributed to alterations in B-adrenergic 
receptor number or suppressor function of lymphocytes (Miles



et al, 1984? Cross and Roszman, 1988). However, the effect of 
sympathectomy on the HPA axis was not studied despite the fact 
that the adrenocortical response is of paramount importance in 
determining the outcome of EAE since adrenalectomised Lewis 
rats fail to recover (Levine et al, 1980). Because of the 
immunomodulatory actions of glucocorticoids and the ability of 
the central noradrenergic system to activate the HPA axis the 
relationship between neuroendocrine status and the clinical 
course of EAE was investigated following adrenalectomy and 
depletion of noradrenaline either centrally or peripherally.

5.2 Methods and Materials

Female Lewis rats 170-220g were used for all the 
experiments. Animals were housed in pairs, allowed free 
access to food and water and maintained on a twelve hour 
light/dark cycle.

5 .2 . 1  Intracerebroventricular (i.c.v.) administration of
6-OHDA.

A 15mg/ml solution of 6 -OHDA hydrobromide (Sigma co 
St Louis) was prepared in 0.9% saline containing O.lmg/ml 
ascorbic acid (BDH) as an anti-oxidant. The 6 -OHDA was 
infused into the 3rd ventricle under sagatal anaesthesia 
(Bregma -0.3mm, ventral = skull surface, -8.5mm? fig 5.2.1) at 
3^1/min for a lOmin period. This delivered a total of 450/xg 
6 -OHDA into the 3rd ventricle which has been shown to deplete 
central NA (Nicholson et al, 1986). Control animals received



FIG 5.2.1.

Administration of 6-Hvdroxvdopamine (6-OHDA) into the anterior 
3rd ventricle.

CANNULA

B R E G M A  — a.3 m m

6-OHDA was prepared in 0.9% saline containing 0.1 mg/ml 
ascorbic acid. The drug was perfused into the anterior 3rd 
ventricle (bregma -0.3mm, ventral = skull surface -8.5mm) at 
3jil/min for 10 min (450/ig total) . Control animals received an 
equal volume of saline only.



an equal volume of vehicle injected into the same site. The 
rats were allowed 10 days to recover before induction of EAE.

5.2.2 Intraperitoneal (i.p.) administration of 6 -OHDA 
(adult).

Adult Lewis rats were injected i.p. daily for 7 days 
with 6 -OHDA dissolved in 0.9% saline containing lmg/ml 
ascorbic acid at a dose of 150mg/kg/day. Control animals 
received i.p. injections of saline and ascorbic acid. MBP 
sensitised spleen cells were transferred 1 0 days after the 
last injection of 6 -OHDA.

5.2.3 i.p. administration of 6 -OHDA (neonate).

Newborn Lewis rats were injected i.p. for the first 
5 days of life with 150 /xg/g/day of 6 -OHDA containing lmg/ml 
ascorbic acid . Control animals were injected i.p. with 
vehicle only. The rats were housed in pairs for 6 - 8 weeks 
before induction of EAE.

5.2.4 Immunization protocol.

MBP-sensitised lymphocytes for the transfer of EAE 
were prepared as described in Chapter 3. Animals were 
sacrificed on the appropriate d.p.t., sample collection, cell 
preparation and receptor assays were as described in Chapters 
2 and 3. In addition to this, the hypothalamus was dissected 
out and stored at -80°C for subsequent HPLC analysis of NA.



5.3 Results.

Maximum clinical signs of EAE were apparent 7 days 
after the transfer of MBP sensitised splenocytes, at which 
time point a direct correlation could be made between the 
clinical score and estimates of tissue and plasma metabolites 
in individual animals. Direct correlation analysis could not 
be made in the pre-clinical stage (3dpt) and are thus based on 
the cumulative score over the whole period of disease (table 
5.3.1). Administration of 6 -OHDA i.p. to either neonate or 
adult Lewis rats resulted in greater disease severity which 
was reflected by the higher cumulative scores when compared to 
either the relevant sham controls or untreated animals. 
Depletion of central NA alone following i.c.v. injection of 6 - 
OHDA reduced disease severity (fig 5.3.1). The effect of 
administration of 6 -OHDA either centrally or peripherally was 
less dramatic than that of bilateral adrenalectomy which 
resulted in fatal disease.

5.3.1 Sham treatments.

The changes in hypothalamic NA, splenic NA and serum 
CS during the course of EAE are presented in fig 5.3.2. A 
similar pattern was noted in all but the peripheral 6 -OHDA 
group. No change in splenic NA was found during the 
preclinical stage of disease (3dpt) but a significant rise, 
coinciding with the onset of clinical signs occurred 7dpt.



TABLE 5.3.1.

Mean cumulative clinical scores (t s.e.m.) during EAE 
following adrenalectomy or administration of 6 -OHDA prior to 
disease induction.

Treatment Mean cumulative clinical score*

Untreated controls 8.3 + 0.65
6 -OHDA i.p. (adult) 13.0 + 1 .0 *+
Sham control 4.8 + 2.5
6 -OHDA i.p. (neonate) 11.9 + 0.5*+
Sham control 8.5 + 0.75
6 -OHDA i.c.v. 4.9 + 0.96*+
Sham control 9.0 + 0.54
Adrenalectomy -

Sham control 7.8 + 0.24

* The cumulative clinical scores were calculated by adding up 
the daily score for individual animals over the whole time 
period when clinical signs were evident.
Difference significant at P<0.02 (*) compared to untreated
controls.
Difference significant at P<0.02 (+) compared to corresponding 
sham controls (unpaired t-test, n = 4-6).
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FIG 5.3.2.
Chancres in splenic NA (A) . hypothalamic NA (B) and serum CS 
(C) during the course of EAE in the four sham groups.
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“ Difference significant at P<0.01 compared to the other sham 
groups at 0, 3 and 7 dpt.
b Difference significant at P<0.01 compared to day 0 in all 
three groups.

Difference significant at P<0.05 (+) and P<0.01 (*) compared 
to day 0 (unpaired t-test).



There was an inverse correlation between hypothalamic NA and 
serum CS which was most evident at peak clinical signs where 
serum CS was elevated. Although baseline CS levels prior to 
cell transfer were variable, at 3dpt all three groups had 
similar hypothalamic NA content and serum CS levels. The 
cumulative scores in these sham groups were not significantly 
different from untreated animals.

5.3.2 Splenic fl-adrenerqic receptor number.

Binding of 125I-CYP to intact splenic lymphocytes was 
saturable over the concentration of ligand used. The kd was 
6pMol which gave a Bmax of approximately 500-600 sites/cell in 
untreated animals. Splenic lymphocyte B-adrenergic receptor 
number was increased at 3dpt in all but the adrenalectomised 
and sham i.c.v. groups. (table 5.3.2). No correlation 
between receptor number and splenic NA or serum CS could be 
found at this time point, indicating that the changes seen 
were most likely due to early events in the immune response 
and not a result of neuroendocrine activation. Administration 
of 6 -OHDA i.p. to neonatal rats resulted in almost complete 
depletion of splenic NA when measured 6 - 8 weeks later, which 
caused a significant increase in the baseline receptor number 
compared to the sham group. Administration of an equivalent 
dose of 6 -OHDA to adult Lewis rats was not as effective at 
depleting splenic NA and did not produce any significant 
alteration in receptor number. In the adrenalectomised 
animals, no change was seen pre-clinically, however, with the 
onset of clinical signs both splenic NA and B-adrenergic



TABLE 5.3.2.

Changes in splenic lymphocyte B-adrenergic receptor number in 
the preclinical and clinical stages of EAE following 
adrenalectomy or treatment with 6-OHDA prior to induction.

Bmax (sites/cell) 
Treatment 0 dpt“ 3 dpt 7 dpt

6 -OHDA i.p. (adult) 657 + 106 1325 + 60* 583 + 60
Sham control 406 + 8 6 1169 + 30* 583 + 30
6 -OHDA i.p. (neonate) 901 + 70+ 2278 + 246*+ 769 104 +
Sham control 601 + 83 1208 + 125* 393 + 30
6 -OHDA i.c.v. 674 ± 33 1099 ± 1 2 2 * 1030 ± 1 2 0
Sham control 625 ± 70 844 ± 138 843 ± 1 0 2

Adrenalectomy 749 ± 60 849 ± 51 1628 ± 92*
Sham control 729 + 41 1942 ± 92* 1140 ± 51

Lymphocyte B-adrenergic receptor assays were carried out as 
described in materials and methods (ch. 2 ) using the ligand 
125I-CYP. The Kd was unchanged between groups (mean = 6.1 
pMol).
a Days post transfer.
Difference significant at P<0.01 (*) compared to day 0. 
Difference significant at P<0.05 (+) compared to sham group 
(unpaired t-test). n = 4-6.



receptor number increased significantly. This atypical 
response in receptor changes at 3dpt may be due to the lack of 
circulating CS which has been shown to increase adrenergic 
receptors in vitro (Nakane et al, 1990).

5.3.3 Adult and neonatal i.p. administration of 6 -OHDA.

Splenic NA remained depleted and unchanged from day 
0 throughout the course of EAE and the cumulative scores, 
which were higher in both groups compared to shams, were 
similar. 6 -OHDA administration to neonatal rats, where the 
blood brain barrier is incomplete, did not significantly 
reduce hypothalamic NA prior to cell transfer, although levels 
tended to be lower than the sham controls. There was no 
evidence of depletion of central NA in the adult group given 
6 -OHDA peripherally.

Serum CS levels prior to cell transfer were higher 
in the neonate 6 -OHDA animals than the adult group, however by 
3dpt both groups showed a similar CS response. With the onset 
of the clinical signs serum CS levels rose which once again 
coincided with inverse changes in hypothalamic NA (fig 5.3.3) 
Significance was not reached in the neonate 6 -OHDA group 
although a fall in hypothalamic NA and a rise in serum CS was 
seen.

5.3.4 i.c.v. administration of 6-OHDA.

A single i.c.v. injection of 6 -OHDA into the 3rd 
ventricle significantly reduced hypothalamic NA but had no
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effect on peripheral sympathetic nerve terminals in the spleen 
(fig 5.3.4a). Serum CS levels prior to cell transfer were not 
significantly different compared to the sham controls although 
both were higher than normal basal values obtained from 
untreated animals, which was probably due to the stress of 
surgery. Hypothalamic NA, although depleted prior to cell 
transfer, tended to decrease further still during the course 
of disease and was almost significant at 7dpt (P= 0.06, fig 
5.3.5). Serum CS rose during both the pre-clinical and 
clinical periods of disease reaching higher values at 7dpt 
than seen in the sham controls, even though clinical signs 
were milder. No change was seen in splenic NA over the 7 day 
time period.

5.3.5 Adrenalectomy.

Serum CS levels were below the detection limit of the 
assay in animals which had undergone bilateral adrenalectomy 
(fig 5.3.4b) . Since the animals did not survive beyond day 6 , 
they were sacrificed at day 5 when all were showing maximum 
clinical signs. At 3dpt splenic NA fell significantly, this 
was reversed with the onset of severe paralysis reaching 
levels significantly higher than either the 0 or day 3 time 
points. These changes in splenic NA were not due to 
alterations in spleen weight which remained constant 
throughout the period of study. Hypothalamic NA was not 
altered by adrenalectomy and remained unchanged during the 
clinical course of disease.
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FIG 5.3.5.

Changes in hypothalamic NA during EAE following i.c.v. 
administration of 6 -OHDA.
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Central NA was depleted by a single i.c.v. injection of 6 -OHDA 
into the 3rd ventricle. The data represents the mean ± s.e.m. 
of hypothalamic NA after the transfer of MBP-sensitized 
lymphocytes (n = 4). At 7 dpt P = 0.06.



5.4 Discussion.

The results in this chapter show a significant 
correlation between hypothalamic NA content and circulating CS 
during peak clinical signs of EAE in all the sham control 
groups and when NA had been depleted only in the peripheral 
nervous system (fig 5.4.1.). As reported previously in 
Chapter 3, a positive correlation was found between serum CS 
and disease severity (fig 5.4.2.). In all experimental animals 
with intact peripheral and/or central noradrenergic pathways 
a uniformly increased splenic NA content was also observed at 
peak disease.

In Chapter 3, a pre-clinical increase in CS was 
consistently observed during the expected period of lymphokine 
production in both the actively induced and adoptively 
transferred models of EAE, as well as their corresponding 
controls. This early rise in CS was not always apparent and 
may have been inhibited due to the negative feedback of CS, 
which was elevated as a result of the stress of the treatments 
employed. Despite the raised CS levels prior to cell 
transfer, these animals were not protected from subsequent 
immunopathology. This is not unexpected since PVG rats which 
are resistant to EAE (Ben-nun et al, 1982), although having 
higher basal CS levels than Lewis rats, still develop full 
clinical signs of disease if adrenalectomised 8 days after 
immunization (Mason et al, 1990). Thus it would appear that 
sensitization and proliferation to MBP in vivo does occur 
despite the higher basal CS levels.

Increased hypothalamic NA turnover and activation of



FIG 5.4.1.

Relationship between hypothalamic NA content and serum CS
during the course of EAE.
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Correlation between hypothalamic NA and serum CS at 0, 3 and 
7 dpt. Open circles represent sham treated animals, closed 
represent the adult peripheral 6 -OHDA group where central 
noradrenergic pathways were not depleted.
The Pearson product moment correlation coefficient = -0.745 
which is significant at P<0.01 (n = 15).



FIG 5.4.2.

Correlation between serum corticosterone levels and clinical 
score following the adoptive transfer of EAE.
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Trunk blood was collected on various d.p.t. and serum 
corticosterone measured. The graph shows corticosterone 
levels in relation to clinical score for individual animals 
and also the mean ± S.D. for each score.



the HPA axis following administration of IL-1 either 
intravenously or by i.c.v. injection is well documented (Dunn, 
1988 ; Kabiersh et al, 1988) . However, in only two of the 
sham groups (adrenalectomy and peripheral sympathectomy) could 
a drop in hypothalamic NA, which coincided with increased 
circulating CS, be detected during the pre-clinical period 
when IL-1 production would be expected to be at its highest. 
This may well reflect the discrepancy between data recorded 
during the local production of cytokines in response to an 
immune stimulus and that following the pulsed delivery of such 
mediators. Although a reduction in tissue NA does not always 
indicate release of transmitter, a reduced NA content and 
increased MHPG, the primary metabolite of NA, has been 
reported in the hypothalamus following i.c.v administration of 
IL-1 (Dunn, 1988).

The results on the effect of sympathectomy are in 
agreement with previous findings. Depletion of NA in the 
peripheral or central nervous systems augments or ameliorates 
the clinical signs of disease respectively (Chelmicka-Shcorr 
et al, 1988; Karpus et al, 1988). These alterations in the 
course of EAE were less marked than those resulting from 
bilateral adrenalectomy (Levine et al, 1980).

Administration of 6 -OHDA to neonatal or adult Lewis 
rats produced a significant depletion of splenic NA alone, 
although in the former group, hypothalamic NA tended to be 
lower than controls. In both instances disease severity was 
increased despite the fact that CS was in a range that 
suppressed IL-1 production and lymphocyte proliferation in 
vitro (Chapter 4) . Thus it would appear that the rise in



splenic NA levels at peak clinical signs which was found in 
the sham groups makes a significant contribution to recovery. 
This is supported by the observation that the 
immunosuppressive events which follow IL-1 infusion into the 
CNS were more marked in splenic lymphocytes, where there is a 
rich sympathetic input, than in circulating blood lymphocytes. 
Furthermore, although IL-1 infusion caused an increase in 
circulating CS, suppression of immune responses were still 
evident after IL-1 infusion into adrenalectomised rats (Sundar 
et al, 1989). Since NA and other B-adrenergic agonists 
suppress lymphocyte stimulation (Li et al, 1990) and chemical 
sympathectomy reduces the number of splenic T-suppressor cells 
(Cross and Roszman, 1988), the increased disease severity seen 
after peripheral sympathectomy may be attributable to removal 
of the direct immunosuppressive influence of the sympathetic 
nervous system and not to a reduction in circulating CS.

A single i.c.v. injection of 6 -OHDA into the 3rd 
ventricle resulted in an 80% reduction of hypothalamic NA 
which modified the subsequent clinical severity of EAE. There 
is supporting evidence for both a stimulatory and inhibitory 
effect of central NA depletion on circulating glucocorticoid 
levels (Szatarzyk et al, 1985? Cross et al, 1980). A 
comparison of CS levels after i.c.v. administration of 6 -OHDA 
or saline in these experiments showed no significant 
difference between the two groups. Serum CS levels rose pre- 
clinically in the treated group following cell transfer 
reaching a peak at day 7, which was higher than that seen in 
the sham group, despite the milder clinical disease and the 
80% reduction in hypothalamic NA content. Whether or not the



remaining 2 0 % of intact noradrenergic nerve fibres are able to 
maintain extracellular fluid (ECF) levels of NA and respond to 
stimulation is not known. It has however been shown by 
microdialysis that ECF concentrations of dopamine are 
maintained after extensive 6 -OHDA depletion of the transmitter 
and that given the same stimulus the dopaminergic response 
from intact and depleted tissues are similar (Touchet and 
Bennett Jr, 1989). An increase in tyrosine hydroxylase 
activity and DOPAC content following 6 -OHDA administration has 
also been reported (Onn et al, 1986) suggesting an increase in 
synthesis and release of DA from residual terminals that may 
serve to compensate for the damage to dopaminergic neurons. 
Compensatory mechanisms are also implicated in Parkinson*s 
disease where it is generally accepted that loss of 
dopaminergic neurons needs to reach a critical level (70-80%) 
before Parkinsonian symptoms become apparent. (Bernheimer et 
al, 1973; Hornykiowicz, 1982 Birkmayer and Riederer, 1983).

Compensatory adrenergic hyperactivity has also been 
demonstrated in the sympathetic nervous system after extensive 
6 -OHDA induced sympathectomy (Mueller and Thoenen, 1969). 
Similarly increased catecholamine turnover has been
demonstrated in central noradrenergic systems after 6 -OHDA 
lesions (Agid et al, 1973? Johnson et al, 1979, Acheson et al, 
1980) .

Alpha-adrenergic receptors have been strongly 
implicated in activation of the HPA-axis (for review see Al- 
Damluji. 1988) however, there is also evidence for stimulation 
through B-adrenergic receptor activation (Morton et al, 1990), 
the density of which increases in the hypothalamus after



i.c.v. adminstration of 6 -OHDA (Johnson et al, 1989). If 
depleted tissue is able to maintain ECF levels of NA and 
respond to stimulation, it is possible that due to upregulated 
post-synaptic receptors, activation of the HPA-axis will be 
enhanced. Certainly, pretreatment with 6 -OHDA i.c.v. has been 
shown to facillitate the action of a subsequent injection of 
NA on the stimulation of CS release suggesting the development 
of denervation hypersensitivity (Kawa et al, 1978).

It is surprising that most studies on sympathetically 
mediated CS release have concentrated on NA since i.c.v. 
infusion of adrenaline (Ad), which has a greater affinity for 
a-adrenergic receptors, results in a 1 0 -fold increase in 
hypothalamic CRF-41 release and a long lasting stimulatory 
effect on ACTH secretion (Barbanel et al, 1989). The lack of 
information on the role of central adrenergic pathways may be 
due in part to the low levels of the transmitter in the brain. 
However, the terminals capable of producing Ad have been 
mapped using antibodies prepared against the enzyme that 
converts NA to Ad, phenylethanolamine-N-methyltransferase 
(PNMT) (Koslow and Schlump, 1974). These studies demonstrated 
that Ad containing neurones project upwards from the brainstem 
into the hypothalamus (Hokfelt et al 1974). The determination 
of a functional role is further complicated by problems in 
finding pharmacological agents selective for adrenergic 
neurones, since with the exception of PNMT inhibitors, drugs 
affecting the adrenergic neurone also affect noradrenergic 
neurones (Routledge and Marsden, 1987).

In a separate experiment, hypothalamic Ad, as well as 
NA was found to be reduced during the stressful period of



clinical paralysis where circulating CS levels were elevated. 
The changes in hypothalamic transmitter levels appear to be 
specific for NA and Ad since no change in hypothalamic DA was 
found during the course of EAE (tab 5.4.1.). Injections 
i.c.v. of 6 -OHDA at a similar dose to that used in these 
studies seemed to spare adrenergic neurones since adrenaline 
levels were only depleted by 46% compared to NA which was 
depleted by 84% (Nicholson et al, 1986). Thus it is possible 
that activation of the HPA axis which occurs following central 
administration of 6 -OHDA is due to the remaining adrenergic 
neurones in the hypothalamus.

Despite the wealth of information available, 
controversy still surrounds the role of central catecholamines 
in the regulation of the HPA axis. The experiments in this 
chapter were not aimed at resolving this issue. Since reduced 
tissue levels cannot be assumed indicative of transmitter 
release an inhibitory role for sympathetic neurones cannot be 
ruled out. However, the significant correlation between 
hypothalamic NA, serum CS and disease severity suggests a 
regulatory role for hypothalamic sympathetic neurones during 
the course of EAE which may affect the outcome of the disease.

The overriding immunoregulatory influence of 
glucocorticoids was demonstrated by the rapid onset of 
clinical EAE and morbidity in adrenalectomised animals. 
However, splenic NA and lymphocyte B-adrenergic receptor 
number were both increased during the peak clinical stage 
prior to death, possibly a compensatory mechanism for the loss 
of CS. A lack of a noradrenergic response in the hypothalamus 
is puzzling as continuous stimulation of the HPA-axis would be



TABLE 5.4.1.

Changes in hypothalamic transmitter content during the course 
of adoptively transferred EAE.

Transmitter
Time Noradrenaline Adrenaline Dopamine

Untreated 123 ± 2 6  8 . 5 1 1 . 5  38.9 15.0
EAE 3dpt 131 ±9.0 8 . 4 1 0 . 9  40.114.5
EAE 7dpt 75 1 8.2* 2.8 1 0.8* 41.6 1 3

Hypothalamic transmitter levels were determined by HPLC in 
control (untreated) and EAE animals during the pre-clinical 
and clinical stages of disease. (n=4).
Difference significant at P<0.01 compared to untreated animals 
(unpaired t-test).
Mean clinical score at 7 dpt was 2.75.



predicted if feedback inhibition is mediated via circulating 
CS. However, since both CRF and POMC mRNA are increased 
approximately 7 days after adrenalectomy (Beyer et al, 1988), 
it is possible that the regulation of central NA release is 
mediated higher up the HPA axis and already inhibitied prior 
to cell transfer.

In summary the results in this chapter demonstrate 
a pivotal role for hypothalamic noradrenergic pathways in 
regulation of the HPA axis at the time of diease induced 
stress in EAE and also a possible involvement during the early 
stages of immune activation. The important immunomodulatory 
role of both noradrenaline and glucocorticoids is highlighted 
by examination of the mild disease course in the sham group 
for the animals dosed peripherally with 6 -OHDA. In this group 
splenic NA was significantly elevated at all time points 
whilst at 3dpt, hypothalamic NA had fallen, which coincided 
with elevated circulating CS. There is no explanation for 
these atypical responses but it does demonstrate how neural 
and endocrine parameters can interact to alter the course of 
an immune reaction. Although sympathectomy had significant 
bearing on the clinical course of the autoimmune mediated 
diease EAE, the immunoregulatory properties of glucocorticoids 
clearly outweigh those of catecholamines. However, the good 
correlation demonstrated between hypothlamic NA and 
circulating CS indicates that immunosuppression may ultimately 
be controlled by central sympathetic regulation of the HPA- 
axis.



CHAPTER 6

Activation of the HPA-axis bv central sympathetic pathways.

6.1 Introduction.

An increase in circulating corticosterone was evident 
during both the pre-clinical and clinical stages of EAE 
although the level at which activation of the HPA-axis occurs 
was not resolved. The data presented in this chapter is from 
preliminary experiments designed to try and confirm these 
changes and determine the site of activation by measuring 
hypothalamic CRF and pituitary proopiomelanocortin (POMC) mRNA 
during the course of EAE using in situ hybridization.

In Chapter 5 a strong correlation between changes in 
hypothalamic NA content and serum CS was found especially 
during the stressful clinical stage of disease when 
circulating levels of CS were elevated. Although the results 
were not able to confirm a precise role for NA, the 
significant correlation seen implicated hypothalamic NA/Ad 
metabolism as a possible factor in regulating the severity of 
disease. For this reason centrally acting a2-adrenergic drugs 
were administered i.p. to animals with EAE to see if the 
course of disease was altered. Clonidine which is primarily 
an a2-agonist was used to block central release of NA/Ad by 
its action on presynaptic receptors whilst yohimbine, an 
antagonist of the same receptor was used to increase 
transmitter release (Rossetti et al, 1989). The advantage of 
using these drugs is that they do not differentiate between 
adrenergic and noradrenergic neurons (Routledge and Marsden,



1987) and so equally affect both central NA and Ad release. 
As a preliminary test into the role of central sympathetic 
pathways in EAE this is beneficial since the drugs will not 
be selective for specific post-synaptic receptors (a or 6 ).

Finally, the feasibility of using in vivo 
microdialysis to study hypothalamic NA release has been 
explored in freely moving rats.

6.2. Analysis of hypothalamic CRF and pituitary POMC mRNA
by in situ hybridization.

6.2.1 Materials and methods.

The transfer of MBP and PPD primed splenocytes was
identical to that described in Chapter 3. After the transfer 
of appropriately primed cells, animals were killed by 
decapitation on days 3 (pre-clinical), 7 (clinical symptoms) 
and day 14 (recovery). Trunk blood was collected for 
corticosterone analysis and the pituitary and brain rapidly 
removed and frozen on dry ice for subsequent determination of 
POMC and CRF mRNA by in situ hybridization.

In situ hyridization histochemistry was performed by 
Dr M. Harbuz of the Neuroendocrinolgy Unit, Charing Cross 
Hospital. Briefly, the sections were warmed to room 
temperature, fixed in 4% (v/v) formaldehyde, washed in
phosphate-buffered saline and placed in 0.25% (v/v) acetic 
anhydride in 0.1 mol triethanolamine/1-0.9% (w/v) NaCl to 
reduce non-specific binding and passed through 70, 80, 95 and 
1 0 0 % ethanol, 1 0 0 % chloroform and 100 and 95% ethanol, before



drying in air. The probes were synthetic 48-base 
oligonucleotides, complementary to part of the exonic mRNA 
sequences coding for CRF and POMC. The probes were labelled 
using terminal deoxytransferase to add a 35S-labelled deoxyATP 
(1000 Ci/mmol) tail to the 3* end of the probe. The specific 
activities of the probes were 1.17 x 1015 and 8.79 x 101* 
d.p.m./mol for CRF and POMC respectively. All control and 
experimental sections were hybridized in the same incubation 
reaction. The probe (in 45 /*1 hybridization buffer) was 
applied to each section and left overnight at 37°C for the 
hybridization. The sections were then washed in four 15-min 
changes of NaCl (0.15 mol/1)-sodium citrate (0.015 mol/1) 
buffer (SSC? pH 7.2) at 55°C followed by two changes of SSC 
for lh each at room temperature to remove non-specifically 
bound probe. The sections were then rinsed in water, dried 
and apposed to Hyperfilm MP autoradiography film (Amersham 
International pic, Amersham, Bucks, UK) for an appropriate 
exposure time. The optical density of the autoradiographic 
images was measured using an image analysis system 
(Kontron/Zeiss Electronics Ltd, Watford, Herts, UK) . The 
optical densities were converted to copies of probe 
hybridized//im3 tissue using 35S-labelled standards and the 
minimum number of copies of probe calculated.

The results are presented as means ± s.e.m. and are 
expressed as minimum copies of probe hybridized per section.
Statistical analysis was performed by comparing control and 

treatment means using Dunnett's test following one-way 
analysis of variance. Values of P<0.05 were considered 
significant.



6.2.2. Results.

Three days after the transfer of MBP-primed 
splenocytes pituitary POMC mRNA and serum CS levels were 
significantly increased (figs 6 .2 . 1  and 6 .2 . 2 respectively). 
However, no change in hypothalamic CRF mRNA was found. POMC 
mRNA and circulating CS remained elevated with the onset of 
clinical disease at which point hypothalamic CRF mRNA was 
found to be significantly reduced compared to pretransfer 
levels.

6.2.3. Discussion.

Following the adoptive transfer of MBP-sensitized 
splenocytes a pre-clinical rise in pituitary POMC mRNA was 
found which coincided with elevated circulating CS during the 
expected period of lymphoproliteration and IL-1 production . 
Despite the large standard deviation in the CS values the 
increase was significant compared to unimmunized control 
animals. Changes in pituitary POMC mRNA were not accompanied 
by increases in hypothalamic CRF which suggests that the 
increase in POMC is either driven by a different hypothalamic 
peptide such as vasopressin or that the CS response is 
initiated at the level of the pituitary. It has been 
suggested that IL-1 may bind directly to anterior pituitary 
cells and cause ACTH release by a direct action (Woloski et 
al, 1985; Bernton et al, 1987? Kehrer et al, 1988) although 
other studies have not supported these findings (Berkenbosch 
et al, 1987? Sapolsky et al, 1987). Dense IL-1B



FIG 6.2.1.

Changes in hypothalamic CRF and pituitary POMC mRNA during the
course of adoptively transferred EAE.. 
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Hypothalamic and pituitary samples were taken at pre-clinical 
(day 3) , clinical and recovery time points following the 
induction of disease. In situ hybridization was performed by 
Dr M Harbuz of the Westminster Medical School. The results are 
expressed as copies//2m3 ± s.e.m. (n = 8 ). Difference
significant at P<0.01 (*) and P<0.05 (+).



FIG 6.2.2.

Changes in serum corticosterone during the course of EAE from 
the in situ hybridization studies.
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Serum corticosterone levels were determined during the course 
of EAE. At all time points the changes reflected similar 
changes in pituitary POMC mRNA levels (fig 6.3.1b.). 
Difference significant at P<0.05 (*).
Difference significant at P<0.01 (**).



immunoreactive innervation of the median eminence has been 
reported (Breder et al, 1988) leading to speculation that IL- 
1 may be secreted directly into the hypophyseal portal 
vessels, which may then act directly on the anterior 
pituitary. However, administration of either IL-la or IL-1B 
has been shown to stimulate both hypothalamic CRF and 
pituitary POMC mRNA in a dose dependent fashion (Suda et al, 
1990) although the changes seen in POMC levels were greater 
than CRF. It may be that due to amplification of the signals 
moving down the HPA-axis, preclinical changes in CRF mRNA do 
not occur because the release of CRF from hypothalamic 
neurones is not sufficient to trigger the synthesis of new 
peptide.

With the onset of clinical signs both pituitary POMC 
mRNA and circulating CS remained elevated. Paradoxically 
however, there was a fall in hypothalamic CRF mRNA content. 
Similar changes have been reported with the onset of adjuvant- 
induced arthritis (Harbuz et al, 1989) where the reduction of 
CRF mRNA was accompanied by a fall in hypophyseal portal blood 
CRF-41 immunoreactivity. Both experimental results suggest 
that immunologically induced stress changes in POMC mRNA are 
not mediated by CRF.

It is during this stressful period of clinical 
paralysis that changes in hypothalamic NA and Ad were found 
which correlated well with increased circulating CS (Chapter 
5). Alpha-1 adrenergic stimulation of ACTH release by the 
agonist methoxamine was reduced by the vasopressin antagonist 
dPTyrMeAVP but not by an equipotent dose of the CRF-41 
antagonist Alpha-helical CRF 9-41 suggesting that vasopressin



and not CRF-41 is responsible for the a-adrenergic stimulated 
ACTH release (Thomas et al, 1989). This, along with the 
finding that stress stimulates hypothalamic NA release (Yokoo 
et al, 1990) as well as selectively activating the vasopressin 
containing subset of CRF neurones in the PVN (Whitnall, 1989), 
suggests that POMC and CS might well be elevated as a result 
of central catecholamine release and vasopressin secretion 
during the clinical stage of EAE . Such a hypothesis could 
account for the discordant response of CRF and POMC mRNA 
during the course of disease.

6.3. The effect of clonidine and yohimbine on the course
of EAE.

6.3.1. Materials and methods.

Clonidine and yohimbine were dissolved in saline and 
injected i.p. at a dose of 0.3 mg/kg and 4mg/kg respectively. 
EAE was induced by a footpad injection of GP-MBP/CFA inoculum. 
The animals were then left for 8 days before the 
administration of the drugs which was carried out daily at 
mid-day. Injections of saline were used as a control. The 
dosing was maintained throughout the period where the animals 
were displaying clinical signs until they were fully 
recovered.

After recovery, the animals were dosed once more and 
killed 4 hrs later by decapitation. Hypothalamus and spleen 
samples were taken for determination of catecholamine content



and trunk blood collected for CS determination.

6.3.2 Results.

Both the a2-adrenergic agonist clonidine and the 
antagonist yohimbine suppressed the clinical signs of EAE when 
given daily prior to and during the expected period of 
paralysis (fig 6.3.1). The animals treated with clonidine 
were sluggish in their behaviour after dosing with the drug, 
an effect which lasted for approximately 6 hrs and was not 
seen in either the yohimbine or saline treated animals. The 
reduced clinical severity was reflected in the significantly 
lower cumulative scores (table 6.3.1) in the yohimbine and 
clonidine groups compared to the saline treated animals.

Four hours after the administration of clonidine and 
yohimbine, hypothalamic and splenic catecholamine content were 
reduced compared to the saline treated animals (table 6.3.2.). 
Both drugs elevated serum CS levels compared to the control 
group (fig 6.3.2.).

6.3.3. Discussion.

Both clonidine and yohimbine, when administered prior 
to and during the expected period of clinical manifestations, 
suppressed the severity of EAE compared to saline treated 
controls. By inhibiting central NA release via presynaptic 
a2-adrenergic receptors, and so preventing the possible 
sympathetically mediated CS response, it was thought that



FIG 6.3.1.

The effect of clonidine and yohimbine on the clinical course 
of actively induced EAE.

3.0t

2 .5 +

2.0+
UJEoucn
z<liiz

16141312
DAYS POST IMMUNIZATION

SALINE
YOHIMBINE
CLONIDINE

Clonidine (a2-agonist) and yohimbine (a2-antagonist) were 
dissolved in saline and injected i.p. at a dose of 0.3 mg/kg 
and 4 mg/kg respectively immediately prior to (8 dpi) and 
during the period of clinical disease. Control animals were 
injected with saline only. The results are expressed as mean 
clinical scores ± s.e.m. (n = 4).



TABLE 6.3.1.

The effect of clonidine and yohimbine on the mean cumulative 
clinical scores l± s.e.m.) of actively induced EAE.

Treatment Mean cumulative clinical score1

Saline 13.0 ± 0.84
Clonidine 4.6 ± 2.0*
Yohimbine 2.75 ± 0.96*

a The cumulative clinical scores were calculated by adding up 
the daily score for individual animals over the whole time 
period when clinical signs were evident.
Difference significant at P<0.01 (*) compared to saline
controls (unpaired t-test, n = 4).



TABLE 6.3.2.

Changes in hypothalamic and splenic catecholamines following 
clonidine and yohimbine administration.

Hypothalamus Spleen
NA (pMol/ Ad (pMol/ NA (pMol/
mg wt) mg wt) mg wt)

Saline 5.1 + 0.40 0.31 ± 0.037 11.7 + 1.28
Clonidine 4.0 + 0.48 0.25 + 0.051 3.06 + 0.78*
Yohimbine 2 . 8 + 0.45* 0 . 2 1 + 0.055 3.99 + 0.76*

Hypothalamic and splenic catecholamine levels were determined 
by HPLC 4hrs after an i.p. injection of clonidine (0.4mg/kg), 
yohimbine (4mg/kg) , or Saline (n=s4).
Difference significant at P<0.01 compared to saline controls.



FIG 6.3.2.

The effect of clonidine and yohimbine i.p. on corticosterone 
levels.
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Clonidine (a2-agonist) and yohimbine (a2-antagonist) were 
dissolved in saline and injected i.p. at a dose of 0.3 mg/kg 
and 4 mg/kg respectively after recovery from disease. Trunk 
blood was collected for determination of serum corticosterone 
4hrs later. Control animals were injected with saline only. 
Difference significant at P<0.05 (*) compared to saline
injected animals (unpaired t-test). Error bars indicate s.e.m. 
(n = 4) .



clonidine would exacerbate the clinical signs of EAE. This 
was clearly not the case. The rats treated with clonidine 
showed a distinct sedative or hypoactive response 
characteristic of the drug (Drew et al, 1979) which is known 
to be result of central presynaptic a2-adrenergic receptor 
stimulation (Heal et al, 1988) indicating that the dose of 
clonidine used was sufficient to inhibit NA release. Tissue 
levels of NA and Ad were slightly reduced in both the 
hypothalamus and spleen in animals treated with clonidine. 
This too was an unexpected result as it was predicted that 
preventing transmitter release would lead to an accumulation 
of NA and Ad in the tissue. The most likely explanation for 
this finding is an inhibitory effect of clonidine on 
catecholamine synthesis due to chronic administration of the 
drug. Similar discrepancies have been reported following long 
term treatment with other a2-adrenergic drugs (Sugrue, 1981). 
The fact that clonidine had a marked sedative effect on the 
animals does suggest that catecholamine release was inhibited; 
however, despite this, serum CS levels were elevated 4hrs 
after the final injection of clonidine. The affinitiy of 
clonidine for the o^-adrenergic receptor has been shown to be 
approximately 10-15 x less than for the a2 receptor (Brown et 
al, 1980; Summers et al, 1980). It is possible therefore that 
the dose used was sufficient to activate a x receptors 
resulting in CS release and a reduction in the severity of 
.disease.

Treatment with the a2-adrenergic receptor antagonist 
yohimbine, which has been shown to increase NA release 
(Rossetti et al, 1989) also suppressed the clinical signs of



EAE. Tissue levels of hypothalamic NA and Ad were both
reduced following administration of the drug and serum CS 
significantly elevated. It would be unwise to conclude from 
this preliminary data that CS release is mediated through 
activation of post-synaptic Cj-receptors following central
NA/Ad release since both drugs also acted on peripheral
sympathetic nerve terminals. However, the fact that the 
administration of drugs which are known to modify central 
NA/Ad release did influence the severity of the disease lends 
support to the conclusion in Chapter 5 that the strong inverse 
correlation between hypothalamic NA/Ad and serum CS, which was 
most evident during the stressful period of clinical
paralysis, may ultimately play a role in the regulation of CS 
release and hence the severity of disease.

6.4. Determination of hypothalamic NA release using in
vivo microdialvsis.

6.4.1. Materials and methods.

The microdialysis probe was constructed using 24 
gauge outer tubing with two pieces of vitrious silica inserted 
for infusion and collection of the artificial cerebral spinal 
fluid (ACSF) (125mM NaCl, 2.5mM KCl, 1.18mM mgCl2 1.26mM 
CaCl2) . The dialysis membrane was sealed with epoxy glue 
leaving 4mm of membrane free for implantation. The silicon 
was connected to polyethylene tubing using two small pieces 
of 27 gauge tubing and sealed with epoxy glue, dental acrylic 
and a hot-melt adhesive (see fig 6.4.1 for probe



FIG 6.4.1.

Construction of the microdialvsis probe used for in vivo 
determination of NA release.

Inflow from infusion pump
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The microdialysis probe was constructed according to the 
method of Sarna and Hutson. Taken from 'Construction details 
for a concentric dialysis probe' by George Sarna and Peter 
Hutson.



FIG 6.4.2.

Coordinates for implantation of microdialvsis probe into the 
paraventricular nucleus of the hypothalamus.

L

_ v

Bregma — 1.8 mmInteraural 7.2 mm

The microdialysis probe was implanted into the hypothalamus 
adjacent to the paraventricular nucleus, bregma = -1.8mm, 
lateral (L) = 0.7mm and ventral (V) = skull surface, -8.0mm. 
Animals were left for 24hrs after the insertion of the probe 
before perfusion with ACSF. (Taken from Paxinos and Watson; 
The rat brain in stereotaxic coordinates).



construction). The probe was then inserted into the 
hypothalamus adjacent to the paraventricular nucleus 
(coordinates = Bregma, -1.8mm, lateral «* 0.7mm, and ventral 
= skull surface, -8mm, fig 6.4.2 ). Two small screws were 
secured to the skull next to the probe which was then held in 
place with dental acrylic. The animals were left for 24 hrs 
after implantation to recover and then connected up to a 
Carnegi pump and perfused with ACSF at a rate of 2/xl/min for 
30 min. The sample was injected directly into the HPLC system 
for analysis of NA. To determine whether or not the probe was 
measuring neuronal release it was perfused with high K+ ACSF 
which causes depolarisation and transmitter release.

6.4.2. Results.

Basal release of NA could be detected using in vivo 
microdialysis although the levels measured were very low 
(approximately 0.1pmol/60Ml dialysate sample) . When the probe 
was perfused with high K+ ACSF a noticeable increase in NA 
release was detected (fig 6.4.3.).

6.4.3. Discussion.

Work is underway to determine whether or not the 
reduced hypothalamic tissue levels of NA and Ad actually 
reflect transmitter release. In vivo microdialysis is now a 
well established method which enables quantification of the 
release of a number of transmitters including NA. Preliminary



FIG 6.4.3.

HPLC trace from in vivo microdialvsis for determination of NA 
release .

r 1.08 NA

1.08 NA

1.08 NA

The microdialysis probe was inserted adjacent to the 
paraventricular nucleus of the hypothalamus and perfused with 
ACSF at a flow rate of 2/xl/min over a 30min period. Samples 
were injected directly into the HPLC system.
(A) lpMol NA standard. (Retention time = 1.08min).
(B) Basal release of NA (approx. 20pg/60jul sample) .
(C) High K+ ACSF stimulated NA release (approx. 50pg/60/il 
sample).



data from a microdialysis probe implanted adjacent to the 
paraventricular nucleus of the hypothalamus demonstrated basal 
NA release in the region of 20pg/60/xl sample which is in 
agreement with previous findings from studies in both the 
hypothalamus and hippocampus (Kapoor and Chalmers, 1987? 
Abercrombie et al, 1988). Perfusion of the probe with high 
K+ ACSF resulted in a 2-3 fold increase in NA release compared 
to basal values, which is also in agreement with other studies 
(Kapoor and Chalmers, 1987). Microdialysis has recently been 
used to demonstrate a stress-induced two-fold increase in NA 
release in the hypothalamus (Yokoo et al, 1990).

The results so far are only preliminary; optimising 
the size of the probe and flow rates through it for collection 
of samples is underway. However, the data is in agreement 
with the results from other workers and indicates that the 
technique is suitable for measuring NA release in the 
hypothalamus. Used in conjuction with intracerebral and 
jugular vein cannulas for sympathetic drug delivery and 
repeated blood sampling respectively, it should be possible 
to elucidate the role of central sympathetic pathways involved 
in the activation of the HPA-axis following systemic 
administration of IL-1 and other cytokines, as well as the 
response to stress.



6.5. GENERAL CONCLUSIONS.

The data in this thesis provides experimental 
evidence for interactions between the neural, endocrine and 
immune systems during the course of experimental allergic 
encephalomyelitis which may influence the progression of the 
disease. An increase in lymphocyte B-adrenergic receptor 
number following the induction of disease appears to be a 
general response to immune challenge as similar increases in 
receptor number were seen in control animals injected with 
adjuvant alone. This may well be the result of either IL-1 
release, lymphoproliteration or elevated levels of circulating 
corticosterone during the early stages of the immune response, 
all of which have been shown to increase B-adrenergic receptor 
number in vitro.

Studies on the inhibitory effect of isoproterenol 
on cytokine release and lymphocyte proliferation in vitro 
provide support for a role for noradrenaline in limiting the 
progression of the immune response. Such a hypothesis fits 
well with the changes seen in vivo where a pre-clinical rise 
in lymphocyte B-adrenergic receptor number and an elevated 
splenic noradrenaline content during the clinical period of 
disease would be expected to contribute to the recovery. 
Adrenergic receptor-mediated immunosuppression was further 
implicated by the increased disease severity in animals where 
the splenic sympathetic innervation was destroyed.

Serum corticosterone levels were consistently found 
to be elevated during the pre-clinical period of disease 
reflecting activation of the hypothalamic-pituitary-adrenal



axis. In situ hybridization studies confirmed these findings 
with elevated levels of pituitary POMC mRNA detectable at this 
time point but no increase in hypothalamic CRF mRNA. This 
suggests that the elevated corticosterone is either the result 
of vasopressin stimulated release of ACTH or a direct effect 
of IL-1 or possibly lymphocyte derived immunoreactive peptides 
at the level of the pituitary.

A strong inverse correlation between hypothalamic 
noradrenaline and serum corticosterone was found during the 
stressful clinical stage of disease. Disruption of central 
sympathetic function with either 6-OHDA or adrenergic agonists 
and antagonists affected circulating corticosterone levels and 
altered the course of EAE. Hypothalamic CRF mRNA was 
significantly reduced during peak clinical signs which is 
consistent with the reported findings of central G^-adrenergic 
receptor-mediated and stress-induced vasopressin release. 
However, activation of the HPA-axis by noradrenaline or 
adrenaline can not be assumed as it has yet to be proven that 
these transmitters are released.

The overriding regulatory influence of corticosterone 
was demonstrated by the rapid onset and fatal disease in 
adrenalectomized animals. However, the significant
correlation between hypothalamic noradrenaline and adrenaline 
levels and circulating corticosterone, indicates that 
regulation of the HPA-axis during EAE may ultimately be 
controlled by central sympathetic pathways.



REFERENCES

Aarons, R.D., and Molinoff. (1982): Changes in the density of 
B-adrenergic receptors in rat lymphocytes, heart and lung 
after chronic treatment with propranolol. J. Pharm. Exp. 
Ther. 221,439-443.

Abercrombie, E.D., R.W. Keller Jr, and M.J. Zigmond. (1988): 
Characterization of hippocampal norepinephrine release as 
measured by microdialysis perfusion: pharmacological and 
behavioral studies. Neuroscience. 27 (3), 897-904.

Abrass, C.K., S.W. O'Connor, P.J. Scarpace, and I.B. Abrass.
(1985): Characterization of the B-adrenergic receptor of 
the rat peritoneal macrophage. J. Immunol. 135, 1138- 
1341.

Acheson, A.L., M.J. Zigmond, and E.M. Strieker. (1980): 
Compensatory increase tyrosine hydroxylase activity in 
rat brain after i.c.v. injections of 6-hydroxydopamine 
Science 207, 537-540.

Agid, Y., F. Javoy, and J. Glowinski. (1973): Hyperactivity of 
remaining dopaminergic neurones after partial destruction 
of the nigro-striatal dopaminergic system in the rat. 
Nature. 245, 150-151.

Agnati, L.F., K. Fuxe, Z.Y. Yu, A. Harfstrand, S. Okret, et 
al. (1985): Morphometrical analysis of the distribution 
of corticotropin releasing factor, glucocorticoid 
receptor and PNMT immunoreactive structures in the 
paraventricular hypothalamic nucleus of the rat. 
Neurosci. Lett. 54, 147-152.

Alonso, F., A. Szafarczyk, M. Balmerfrezol and I. Assenmacher
(1986): Immunocytochemical evidence for stimulatory 
control by the ventral noradrenrgic bundle of 
parvocellular neurones of the PVN secreting CRH and 
vasopressin in rats. Brain Res. 397: 297-307.

Al-Damjuli, S. (1988) Adrenergic mechanisms in the control of 
corticotrophin secretion. J. Endocr. 119, 5-14.

Antoni, F.A. (1986):Hypothalamic control of ACTH secretion: 
advances sinse the discovery of 41-residue CRF. Endo. 
Revs. 7, 351-378.

Arya, S.K., F. Wong-Staal, and R.C Gallo. (1984): 
Dexamethasone-mediated inhibition of human T-cell growth 
factor and gamma-interferon mRNA. J. Immunol. 133, 273- 
276.

Assenmacher, I., and G. Alonso. (1987): in 'Functional
morphology of neuroendcrine systems: Evolutionary and 
environmental aspects.1 H.G. Hartwig, et al. Eds. Springer 
Verlag. Berlin.

Bannister, R., Boylston, A.W., Davies, I.B., et al. (1981): 
Beta-receptor numbers and thermodynamics in denervation



supersensitivity. J. Physiol. (Lond.) 319: 369-377.
Barbanel, G., M. Didier and I Assenmacher (1987): Adrenergic 

activation of the liberation of CRH (CRF-41) in the 
median eminence of the unanaesthetized rat. Ann 
Endocrinol. (Paris) 48: 13N.

Barbanel, G., G. Ixart, A. Szafarczyk, F. Malaval, and I. 
Assenmacher. (1990): Intrahypothalamic infusion of
interleukin-lB increases the release of CRH-41 and ACTH 
in free-moving rats bearing a push-pull cannula in the 
median eminence. Brain Res. 516, 31-36.

Beach, J.E., R. C. Smallridge, C.A. Kinzer, E.W. Bernton, J.W. 
Holaday and H.G. Fein, (1989) Rapid release of multiple 
hormones from rat pituitaries perifused with recombinant 
interleukin-1. Life Sci. 44: 1-7.

Beckner, S.K., and W.L. Farrar. (1988): Potentiation of
lymphokine-activated killer cell differentiation and 
lymphocyte proliferation by stimulation of protein kinase 
C or inhibition of adenylate cyclase. J. Immunol. 140, 
208-214.

Ben-Nun, A., S. Eisenstein, and I. Cohen. (1982): Experimental 
allergic encephalomyelitis in genetically resistant rats: 
PVG resist active induction of EAE but are susceptible to 
and can generate EAE effector T cell lines. J. Immunol. 
129, 918.

Berecek, K.H., and M.J. Broody. (1982): Evidence for a
neurotransmitter role for adrenaline derived from the 
adrenal medulla. Am J. Physiol. 242, 593-601.

Berkenbosch, F.J. Van Oers, A. Del Rey, F. Tilders and H. 
Besedovsky, (1987). Corticotropin-releasing factor-
producing neurons in the rat activated by interleukin-1. 
Science. 238: 524-526.

Bernheimer, H., W. Birkmayer, 0. Hornykiewicz, K. Jellinger, 
and F. Seitelberger. (1973): Brain dopamine and the
syndromes of parkinson and Huntington. J. Neurolog. Sci. 
20, 415-455.

Bernton, E.W., J.E. Beach, J.W. Holaday, R.C. Smallridge and 
Fein (1987): Release of multiple hormones by a direct 
action of interleukin-1 on pituitary cells. Science 238: 
519-521.

Bernton, E.W., Meltzer, M.S. and Holaday, J.W. (1988): 
Suppression of macrophage activation and T-lymphocyte 
function in hypoprolactinemic mice. Science, 239: 401- 
404.

Besedovsky, H.O., Del Rey, A., Sorkin, E. et al (1979): 
Immunoregulation mediated by the sympathetic nervous 
system. Cell Immunol. 48: 346-355.

Besedovsky, H., E. Sorkin, M. Keller, and J. Miller. (1975): 
Changes in blood hormone levels during the immune



response. Proc. Soc. Exp. Biol. Med. 150, 466.
Besedovsky, H., E. Sorkin, D. Felix and H. Hass (1977)

Hypothalamic changes during the immune response. Eur. J. 
Immunol. 7: 323-325.

Besedovsky, H.O., A Del Rey, E. Sorkin, M. Da Prada, R. Burri 
& C. Honegger (1983) The immune response evokes changes 
in brain noradrenergic neurons. Science 221: 564-566.

Besedovsky, H., and A. Del Rey. (1987): Neuroendocrine and
metabolic responses induced by interleukin-1. J Neurosci. 
Res. 18, 172-178.

Besedovsky, H., A. Del Rey, E. Sorkin and C.A. Dinerello
(1986) Immunoregulatory feedback between interleukin-1
and glucocorticoid hormones. Science. 233: 652-654.

Besse, J.C. abd A.D. Bass. (1966): Potentiation by
hydrocortisone of responses to catecholamines in smooth 
muscle. J. Pharmacol. Exp. Ther. 154, 224-238.

Beyer, H.S., S.G. Matta, and B.M. Sharp. (1988): Regulation of 
mRNA for CRF in the paraventricular nucleus and other 
brain sites of the rat.

Bidart, J.M., P.H. Motte, M. Assicot, C. Bohuon, and D. 
Bellet. (1983) : Catechol-O-methyltransferase activity and 
aminergic binding sites distribution in human peripheral 
blood lymphocytes subpopulations. Clin. Immunol. 
Immunopathol. 26, 1-9.

Birkmayer, W., and P. Riederer. (1983): In 'Parkinson's
disease'. Ney York: Springer Verlag.

Blalock, J.E., and E.M. Smith. (1985): A complete regulatory 
loop between the immune and neuroendocrine systems. Fed. 
Proc. 44, 108.

Blalock, J.E., and E.m. Smith. (1980): Human leukocyte
interferon: structural and biological ralatidness to
adrenocorticotropic hormone and endorphins. Proc. Nat. 
Acad. Sci. 77, 5972.

Bourne, H.R., and K.L. Melmon. (1971): Adenyl cyclase in human 
leukocytes: evidence for activation by seperate beta
adrenergic and prostaglandin receptors. J. Pharmacol. 
Exp. Ther. 178, 1-7.

Bourne, H.R., Lichtenstein, L.M. Melmon, K.L. et al. (1974): 
Modulation of inflammation and immunity by cyclic AMP. 
Science. 184: 19-28.

Boyle, M., G. Yamamoto, M. Chen, J. Rivier and W.W. Vale 
(1988): Interleukin-1 prevents loss of corticotropic
responsiveness to B-adrenergic stimulation in vitro. 
Proc. Natl. Acad. Sci. USA 85: 5556-5560.

Brandwein, S.R. (1986): J. Biol. Chem. 261, 8624.



Breder, C.D., Dinarello, C.A. and Saper, C.B. (1988). 
Interleukin-1 immunoreactive innervation of the human 
hypothalamus.Science 240: 321-324.

Brooks, K.H., J.W. Uhr, and E.S. Vietta. (1984): B cell growth 
factor-like activity secreted by clone neoplastic B 
cells. J. Immunol. 133, 3133.

Brosnan, C.F., E.A. Goldmuntz, W. Cammer, et al. (1985): 
Prazosin, an a^-adrenergic receptor antagonist, 
suppresses experimental autoimmune encephalomyelitis in 
the Lewis rat. Proc. Natl. Acad. Sci. U.S.A. 82, 5915- 
5919.

Brown, L. (1964) : The release and fate of the transmitter 
liberated by adrenergic nerves. The Croonian Lee. 162, 1.

Brown, J., J.C. Doxey, and S. Handley. (1980): Effect of a- 
adrenoceptor agonists and antagonists and of anti
depressant drugs on pre- and postsynaptic a- 
adrenoceptors. Eur. J. Pharmacol. 67, 33-40.

Buckingham, J.C. and J.R. Hedges (1979): Hypothalamic
receptors influencing the secretion of CRH in the rat. J. 
Physiol. 290: 421-431.

Campbell, K.S., V.M. Sanders, and A.E. Munson. (1985): Further 
characterization of the B2-adrenoceptor mediated 
enhancement of the murine primary antibody response in 
vitro. Fed. Proc. 44, 1488.

Cavagnaro, J.,G. A. Waterhouse, and R.M. Lewis. (1988): 
Neuroendocrine-immune interactions: immunoregulatory
signals mediated by neurohumoral agents. In: J.M. Cruse 
R.E. Lewis and Jackson. (Eds.) The year in immunology, 
Vol 3 p228.

Chelmicka-Schorr, E., Checinski, M. and Arnason, B.G.W. (1988) 
Chemical sympathectomy augments the severity of 
experimental allergic encephalomyelitis. J. Neuroimmunol. 
17, 347-350.

Chelmicka-Schorr, E., M.N. Kwasniewski, B.E. Thomas, and 
B.G.W. Arnason. (1989): The B-adrenergic agonist
isoproterenol suppresses experimental allergic 
encephalomyelitis in Lewis rats. J Neuroimmunol. 25, 203- 
207.

Chouaib, S., Welte, K., Mertelsmann, R. and Dupont, B. (1985): 
Prostaglandin E2 acts at two distinct pathways of T 
lymphocyte activation: inhibition of interleukin 2
production and down-regulation of transferrin receptor 
expression. J. Immunol. 135: 1172-1179.

Coceani, F., J. Lees and Dinarello, C.A. (1988) Occurence of 
interleukin-1 in cerebrospinal fluid of the conscious 
cat. Brain Res. 446: 245-250.

Condie, R.M. and R.A. Good. (1959). In 'Biology of myelin'. Ed 
S. Korey, Harper, Ney York. p321.



Cotecchia, S. and A. De Blasi. (1984): Glucocorticoids
increase B-adrenoceptors on human intact lymphocytes in 
vitro. Life Sci. 35, 2359-2364.

Crabtree, G.R., A. Munck, and K.A. Smith, (1980): 
Glucocorticoids and lymphocytes. I. Increased 
glucocorticoid receptor levels in antigen-stimulated 
lymphocytes. J. immunol., 124: 2430-2435.

Crary, B., Hauser, S.L., Borysenko, M., et al (1983): 
Epineprine-induced changes in the distribution of 
lymphocyte subsets in peripheral blood of humans. 
Immunology, 131: 1178-1181.

Cross, R.J. and Roszman, T.L. (1988): Central catecholamine 
depletion impairs in vivo immunity but not in vitro 
lymphocyte activation. J. Neuroimmunol. 19, 33-45.

Cross, R.J., Markesbury, W.R., Brooks, W.H. and Roszman, T.L.
(1980). Hypothalamic-immune interactions. 1. The acute 
effect of hypothalamic lesions on the immune response. 
Brain Res. 196, 79-87.

Cuello, A.C., W.J. Shoemaker, and W.F. Ganong. (1974): Effect 
of 6-hydroxydopamine on hypothalamic noradrenaline and 
dopamine content , ultrstructure of the median eminence 
and plasma corticosterone. Brain Res. 78, 57-69.

Culpepper, J.A. and F. Lee. (1985) : Regulation of IL-3
expression by glucocorticoids in cloned murine T 
lymphocytes. J. Immunol. 135, 3191-3197.

Davies, A.O., and R.J. Lefkowitz. (1980): Corticosteroid-
induced differential regulation of B-adrenergic recptors 
in circulating human polymorphonuclear leukocytes and 
mononuclear leukocytes. Endocrinol. 51, 599-605.

Davies, A.O. and Lefkowitz, R.J. (1984): Regulation of B- 
adrenergic receptors by steroid hormones. Annu. Rev. 
Physiol. 46: 119-130.

De Souza, E.B. (1985): B2-adrenergic receptors in pituitary, 
identification, characterization and autoradiographic 
localization. Neuroendocrinology 41: 289-296.

Diamantstein, T., and A. Ulmer. (1975): The antagonistic
action of cGMP and cAMP on proliferation by B and T 
lymphocytes. Immunol. 28, 113-119.

Dinarello, C.A., B.D. Clark, A.J. Puren, N. Savage and P.M. 
Rosoff (1989) The interleukin 1 receptor. Immunol. Today 
10: 49-51.

Dinarello, C.A. and H.A. Bernheim (1981) Ability of human 
leukocytic pyrogen to stimulate brain prostaglandin 
synthesis in vitro. J. Neurochem. 37: 702-708.

Dinarello, C.A. (1989) Interleukin-1 and its biologically 
related cytokines. Adv. Immunol. 44: 153-205.



Dinarello, C.A., Ikejima, T., Warner, S.J.C., Orencole, S.F., 
Lonneman, G., Cannon, J.G. and Libby, P. (1987) 
interleukin induces interleukin 1: I. Induction of
circulating interleukin 1 in rabbits in vivo and in human 
mononuclear cells in vitro. J. Immunol. 139: 1902-1910.

Drew, G.M., A.J. Gower, and A.S. Marriott. (1979): a2-
adrenoceptors mediate clonidine-induced sedation in the 
rat. Brit. J. Pharm. 67, 133-141.

Dulis, B.H. and I.B. Wilson. (1980): The beta-adrenergic
receptor of live human polymorphonuclear leukocytes. J. 
Biol. Chem. 255, 1043.

Dunn, A.J. (1988) Systemic interleukin-1 administration 
stimulates hypothalamic norepinephrine metablism 
parallelling the increased plasma corticosterone. Life 
Sci. 43: 429-435.

Elsenberg, R.M. (1975) Neuroendocrinology 17: 154-166.
Ernstrom, J. and Sandberg, G. (1973): Effects of adrenergic 

alpha- and beta-receptor stimulation on the release of 
lymphocytes and granulocytes from the spleen. Scand. J. 
Haemat., 11: 275-286.

Exton, J.H., N. Friedman, E.H.A. Wong, et al. (1972): 
Interactions of glucocorticoids with glucagon and 
epinephrine in the control of gluconeogenesis and 
glycogenolysis in liver and lipolysis in adipose tissue. 
J. Biol. Chem. 247, 3579-3588.

Farrar, W.L., J.M. Hill, A. Harel-Bellan and M. Vinocour
(1987). The immune logical brain. Immunol. Rev. 100: 361- 
378.

Farrar, W.L., P.L. Kilian, M.R. Ruff, J.M. Hill, and C.B. Pert
(1987) Visualization and characterisation of interleukin- 
1 receptors in brain. J. Immunol. 139: 459-463.

Feldman, R.D., Hunninghake, G.W. and McArdle, W.L. (1987): B- 
adrenergic receptor-mediated suppression interleukin 2 
receptors in human lymphocytes. J. immunol., 139: 3355- 
3359.

Felten, D.L., S.Y. Felten, S.L. Carlson, D.L. Bellinger, K.D. 
Ackerman, T. Romano, and S. Livnat. (1987): Development, 
aging and plsticity of noradrenergic sympathetic 
innervation of secondary lymphoid organs: implications 
for neuraimmune interactions. Catecholamines. 6.

Felten, S.Y., J. Housel, and D.L. Felten. (1986): Use of in 
vivo dialysis for evaluation of splenic noradrenaline and 
serotonin. Soc. Neurosci. Abstr. 12, 1065.

Felten, D.L., S.Y. Felten, J.A. Olschowka, and S. Livnat.
(1985): Noradrenergic and peptidergic innervation of
lymphoid tissue. J. Immunol. 135, 755s- 765s.



Felten, D.L., S. Livnat, S,Y. Felten, S. Carlson, D.L. 
Bellinger, and P. Yeh. (1984): Sympathetic innervation of 
lymph nodes in mice. Brain Res Bull. 13, 693-699.

Felten, S.Y., Housel, J. and Felten, D.L. (1986): Use of in 
vivo dialysis for evaluation of splenic norepinephrine 
and serotonin. Soc. Neurosci. Abstr. 12: 1065.

Felten, S.Y., and J. Olschowka. (1987):noradrenergic 
sympathetic innervation of the spleen. II. Tyrosine 
hydroxylase (TH)-positive nerve terminals from synaptic- 
like contacts on lymphocytes in the splenic white pulp. 
J. Neurosci. Res. 18, 37-48.

Felten, S.Y., Bellinger, D.L., Collier, T.J., et al. (1987): 
Decreased sympathetic innervation of spleen in aged 
Fischer 344 rats. Neurobiol. Aging. 8: 159-165.

Felten, S.Y., D.L. Bellinger, T.J. Collier, P.D. Coleman, and 
D.L. Felten. (1987) : Decreased sympathetic innervation of 
spleen in aged Fischer 344 rats. Neurobiol. Aging. 8, 
159-165.

Felten, D.L., J.M. Overhage, S.Y. Felten, and J.F. Schmedtje.
(1981) : Noradrenergic sympathetic innervation of lymphoid 
tissue in the rabbit appendix: further evidence for a 
link between the nervous and immune systems. Brai. Res. 
Bull. 7, 595-612.

Felten, D.L., Felten, S.Y., Bellinger, D.L., et al (1987): 
Noradrenergic sympathetic neural interactions with the 
immune system: structure and function. Immunol. Rev., 
100: 225-260

Foster, P.S., R.G. Goldie, and J.W. Paterson. (1983): Effect 
of steroids on B-adrenoceptor-mediated relaxation of pig 
bronchus. Br. J. Pharmacol. 78, 441-445.

Frohman, E.M., B. Vayuvegula, S. Van den Noort, and S. Gupta. 
(1988): Norepinephrine inhibits gamma-interferon-induced 
MHC class II (la) antigen expression on cultured brain 
astrocytes. J. Neuroimmunol. 17, 89-101.

Fuchs, B.A., J.W. Albright, and J.F. Albright. (1988): B- 
adrenergic receptors on murine lymphocytes: density
varies with cell maturity and lymphocyte subtype and is 
decrease after antigen administration. Cell. Immunol. 
114, 231-245.

Fuller, R.W. (1982): Pharmacology of brain epinephrine
neurons. Ann. Rev. Pharm. Tox. 22, 31-55.

G.A. Elliot., A.J. Gibbons and M.E. Grieg. (1973). Acta 
Neuropathol. 23, 95.

Galant, S.P., L. Durisetti, S. Underwood, and P.A. Insel. 
(1978) ; B-adrenergic receptors on polymorphonuclear 
leukocytes : adrenergic therapy decreases receptor
number. N. Eng. J. Med. 299, 933-936.



Galindo, B., and T. Imaedo. (1962): Electron microscopic study 
of the white pulp of mouse spleen. Anat. Rec. 143, 399- 
415.

Gammon, G.A., and M.J. Dilworth. (1953). Arch. Neurol. Psych. 
69, 649.

Ganong, W.F., N. Kramer, J. Salmon, A.I. Reid, et al. (1976): 
Pharmacological evidence for inhibition of ACTH secretion 
by a central adrenergic system in the dog. Neurosci. 1, 
167-174.

Garovoy, M.R., T.B. Strom, M. Kaliner, and C.B. Carpenter. 
(1975): Antibody dependent lymphocyte-mediated
cytotoxicity mechanism and modulation by cyclic 
nucleotides. Cell Immunol. 20, 197-204.

Gilbert, K.M., and M.K. Hoffmann. (1985): cAMP is an essential 
signal in the induction of antibody production by B cells 
but inhibits helper function of T cells. J. Immunol. 135, 
2084.

Gillis, S., G.R. Crabtree, and K.A. Smith (1979): 
Glucocorticoid-induced inhibition of T cell growth factor 
production. I. The effect of mitogen-induced lymphocyte 
proliferation. J. Immunol. 123, 1624.

Gilman, S.C., J.M. Schwartz, R.J. Milner, F.E. Bloom, and J.D. 
Feldman. (1982): B-endorphin enhances lymphocyte
proliferative responses. Proc. Nat. Acad. Sci. 79, 4226.

Girard M.T., S. Hjaltadottir, A. Naray-Fejes-Toth, and P.M. 
Guyre. (1987): Glucocorticoids enhance the gamma-
interferon augmentation of human monocyte IgG Fc receptor 
expression. J. Immunol. 138, 3235-3241.

Giulian D., Young, D.G., Woodward, J., Brown, D.C. and 
Lachman, L.B. (1988). Interleukin-1 is an astroglial 
growth factor in the developing brain. J. Neurosci. 8: 
709-714.

Grabstein, K., S. Dower, S. Gillis, D. Urdal and A. Larsen.
(1986): Expression of interleukin-2, gamma-interferon and 
IL-2 receptor by human peripheral blood lymphocytes. 
J.Immunol. 136, 4503-4508.

Grieg, M.E., A.J. Gibbons and G.A. Elliot. (1970). J. Pharm. 
Exp. Ther. 173, 85.

Guillaume, V., B. Conte-Devolx, A. Szafarczyk, F. Malaval, N. 
Pares-Herbute, M. Grino, G. Alonso, I. Assenmacher and C. 
Oliver (1987): Neuroendocrinology 46: 143-146.

Hadden, J.W., E.M. Hadden and E. Middleton. (1970): Lymphocyte 
blast transformation I: Demonstration of adrenergic
receptors in human peripheral lymphocytes. Cell. Immunol. 
1, 583-595.

Hall, N.R., McClure, J.E., Hu, S.K., et al, (1982): Effects 
of6-hydroxydopamine upon primary and secondary thymus



dependent immune response. Immunopharmacology, 5: 39-48
Harbuz, M.S., R.G. Rees, D.J. Eckland, D.A. Brewerton, and 

S.L. Lightman. (1989): Hypothalamic and pituitary mRNA 
responses to chronic inflammatory stress. J. Endocrinol. 
123 (supp).

Harbuz, M.S. and Lightman, S.L. (1989). Responses of 
hypothalamic and pituitary mRNA to physical and 
psychological stress in the rat. J. Endocrinol. 122, 7OS- 
711.

Hartung, H., B. Schafer, K. Heinnger and K.V. Toyka (1989) 
Recombinant interleukin-lB stimulates eicosanoid 
production in rat primary culture astrocytes. Brain Res. 
489: 113-119.

Hayari, Y., T. Kukulansky, and A. Globerson. (1985): 
Regulation of thymocyte proliferative response by 
macrophage-derived PGE-2 and IL-1. Eur. J. Immunol. 15, 
43.

Hazum, E., K. Chang, and P. Cuatrecasus. (1979): Specific non
opiate recepters for B-endorphin. Science. 205, 1033.

Heal, D.J., M.R. Prow, and W.R. Buckett. (1988): Clear
evidence that clonidine hypoactivity and mydriasis are 
mediated by pre- and postsynaptic a2-adrenoceptors 
respectively. Brit. J. Pharm. 95, 781.

Hedge, G.A. and S.D. Hanson (1972) The effects of
prostaglandins on ACTH secretion. Endocrinology 91: 925- 
933.

Hellstrand, k., Hermodsson, S. and Strannegard, 0. (1985):
Evidence for a B-adreno-receptor-mediated regulation 
of human natural killer cells. J. Immunol., 134: 
4095-4099.

Henney, C.S. (1973): On the mechanism of T-cell mediated
cytolysis. Transplant Rev. 17, 37-70.

Heter, E.J., Ayala, P. Deneflem A., Bousseau, P. Rouget, M. 
Mallat and Prochiantz, A. (1988). Brain macrophages 
synthesize interleukin-1 and interleukin-1 mRNAs in 
vitro. J. Neurosci. Res. 21: 391-397.

Hokfelt, T., O. Johansson and M. Goldstein (1984) In: Handbook
of chemical Neuroanatomy. A Bjorklund and T. Hokfelt.
Eds. Vol. 2: 157-276. Elsevier. Amsterdam.

Hokfelt, T., K. Fuxe, M. Goldstein, and O. Johansson. (1974): 
Immunohistochemical evidence for the’ existence of 
adrenaline neurons in rat brain. Brain Res. 66, 235-251.

Hornykiewicz, O. (1982): Brain neurotransmitter changes in 
Parkinson's disease, in 'Movement disorders'. Eds C.D. 
Marsden and S. Fahn. 41-58. London, Butterworths.

Hughes, F.W., A.B. Richards and E.B. Solow. (1966). Life Sci



5, 137.
Hui, K.K.P. and Connolly, M.E. (1981): Increased numbers of 

beta receptors in orthostatic hypotension due to 
autonomic dysfunction. N. Engl. J. Med., 304: 1473-1476.

Jesseph, J.M., and D.L., Felten. (1984): Noradrenergic
innervation of gut-associated lymphoid tissues in the 
rabbit. Anat. Rec. 208, 81A.

Johnson, D.L. and M.A. Gordon (1980): Characteristics of
adrenergic binding sites associated with murine
lymphocytes from spleen. J. immunopharmac., 2, 435-452.

Johnson, H.M., B.A. Torres, E.M. Smith, L.D. Dion and J.E. 
Blalock. (1984): Regulation of lymphokine production by 
corticotropin. J. Immunol. 132, 246.

Johnson, H.M., E.M. Smith, B.A. Torres, and J.E. Blalock.
(1982): Neuroendocrine hormone regulation of in vitro 
antibody production. Proc. Nat. Acad. Sci. USA 79, 4171.

Johnson, D.L., R.C. Ashmore, and M.A. Gordon. (1981): Effect 
of B-adrenergic agents on the murine lymphocyte response 
to mitogen stimulation. J. Immunopharm. 3, 205-219.

Johnson, D.L., and M.A. Gordon. (1980): Characteristics of 
adrenergic binding sites associated with murine
lymphocytes isolated from spleen. J. Immunopharm. 2, 435- 
452.

Johnson, E.W., Wolfe, B.B. and Molinoff, P.B. (1989)
Regulation of subtype of B-adrenergic receptors in rat 
brain following treatment with 6-hydroxydopamine. J. 
Neuroscience 9, (7), 2297-2305.

Johnson, K.W., and K.A. Smith. (1990): cAMP regulation of IL- 
2 receptor expression: selective modulation of the p75 
subunit. J. Immunol. 145, 1144-1151.

Jones, M.T.B., B.D. Gillham, R.R. Greenstein, A. Abraham, A. 
Dornhorts, U. Beckford, M.C. Holmes, J.H. Lin, A. 
Torrellas, N.G. Bowery, G. Direnzo and F. Knowles (1982) 
In: Pituitary hormones and related peptides. M. Motta et 
al., Eds. 281-303. Academic Press. New York. N.Y.

Jonsson, G., F.H. Wiesel, and H. Hallman. (1979): 
Developmental plasticity of central noradrenaline neurons 
after neonatal damage: Change in transmitter functions. 
J. Neurobiol. 10, 337-353.

Kabat, E.A., A. Wolf, and A.E Bezer. (1946): Rapid production 
of acute disseminated encephalomyelitis in rhesus monkeys 
by injection of brain tissue with adjuvants. Sci. 104.

Kabiersch, A., A Del Rey, V.G. Honegger and H.O. Besedovsky
(1988): Interleukin-1 induces changes in norepinephrine 
metabolism in the rat brain. Brain Behav. Immun. 2: 267- 
274.



Kamat, R. and Henney, C.S. (1976): Studies on T cell clonal 
expansion II. The in vitro differentiation of pre-killer 
and memory T cells. J. Immunol., 116: 1490-1495.

Kapoor, V., and J.P. Chalmers. (1987): A simple, sensitive 
method for determination of extracellular catecholamines 
in the rat hypothalamus using in vivo dialysis. J. 
Neurosci. Meth. 19, 173-182.

Karpus, U.J., Konkol, R.J. and Killen, J.A. (1988): Central 
catecholamine neuronal administration. 1. Immunological 
changes associated with the suppression of experimental 
autoimmune encephalitis, J. Neuroimmunol. 18, 61.73.

Kasahara, K. Tanaka, S., Ite. T., and Hamashima, Y. (1977): 
Suppression of the primary immune response by chemical 
sympathectomy. Res. Commun. Chem. Pathol. Pharmacol. 16: 
687-694.

Katsuura, G. and Koves, K. (1989) . Possible mechanism by which 
blood-borne interleukin-1 B stimulates ACTH release. 71st 
Annual Meeting of the Endocrine Society. No.630 
(Abstract).

Katsuura, G., P.E., Gottschall, R.R. Dahl, and A. Arimura
(1988) Adrenocorticotropin release induced by 
intracerebroventricular injection of recombinant human 
interleukin-1 in rats: possible involvement of
prostaglandin. Endocrinology 122: 1773-1779.

Katsuura, G., P.E. Gottschall, R.R. Dahl and A. Arimura (1989) 
Interleukin-lS increases prostaglandin E2 in rat 
astrocytes cultures: modulatory effect of neuropeptides. 
Endocrinology 124: 3125-3127.

Katsuura, G., P.E. Gottschall and A. Arimura (1988b) 
Identification of high-affinity receptor for interleukin- 
1B in rat brain. Biochem. Biophys. Res. Commun. 156: 61- 
67.

Katz, P., Zaytoun, A.M. and Fauci, A.S. (1982): Mechanisms of 
human cell-mediated cytotoxicity I. Modulation of natural 
killer cell activity by cyclic nucleotides. J. Immunol. 
129: 287-296.

Kaumann, A.J. (1972): Potentiation of the effects of
isoprenaline and noradrenaline by hydrocortisone in cat 
heart muscle. Naunyn Schmiedeberg's Arch. Pharmacol. 273, 
134-153.

Kawa, A., Y. Taniguchi, K. Mizuguchi, S. Ryu, et al. (1978): 
Effect of intraventricular administration of 
noradrenaline and dopamine on the levels of 
corticosterone in rats and denervation hypersensitivity 
resulting from intraventricular administration of 6- 
hydroxydopamine. Life Sci. 23, 991-998.

Kehrer, P., D. Turnill, J.M. Dayer, A.F. Muller and R.C. 
Gaillard (1988): Human recombinant interleukin-beta and - 
alpha, but not recombinant tumor necrosis factor alpha


