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ABSTRACT

IMMUNE STRESS AND REPRODUCTION: INSIGHTS INTO THE ROLE OF
NOREPINEPHRINE AND GABA

By

Madhu Sirivelu-Prabhakar

Immune stress compromises reproduction. The cytokine, interleukin-18 (IL-1pB), an
immune stressor has been has been shown to activate the stress axis and compromise the
reproductive axis, resulting in loss of ovulation. The mechanisms behind these effects are
still under investigation. The present work addresses the role of stimulatory
neurotransmitters like norepinephrine (NE) and inhibitory ones like GABA in mediating
IL-1p’s effects on reproduction. We hypothesized that systemic IL-1p modulates the
levels of NE either at the hypothalamus or brainstem and that GABA too might play a
role in this phenomenon. The results of these studies revealed important and novel
insights into neuroendocrine changes during a systemic immune challenge: 1) IL-1B
decreases NE input at the level of hypothalamus to inhibit LH, which could be reversed
by NE precursor, L-dopa 2) This decrease in NE was accompanied by increase in GABA
and GABA-B antagonist could reverse the inhibitory effect of IL-1f 3)Simultaneous
activation of the stress and reproductive axes in female rats by IL-1f involves changes in
NE levels in hypothalamus 4)This could be due to changes in IL-1p signaling at the cell
bodies in the brainstem NE neurons. Together these findings provide strong evidence
substantiating the role of NE in mediating the effects of a systemic immune challenge on

reproduction and opens up exciting future research possibilities.
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CHAPTER 1. GENERAL INTRODUCTION

A. STATEMENT OF PURPOSE:

Organisms survive by maintaining a dynamic equilibrium with the environment
around them. Stress can be described as a threat to this equilibrium and adaptation to
stress involves regaining homeostasis at molecular, cellular and physiological levels. In
the present study, we used peripheral cytokine administration as an immune stress
paradigm and examined numerous homeostatic disturbances in terms of neuroendocrine
alterations. In the model used in this study, the effects of systemic IL-1B on the
reproductive mechanisms were investigated with emphasis on how central noradrenergic
systems might contribute to those effects.

To be able to develop strategies to safe guard against any potential deleterious
consequences of stress on reproduction, it is essential to first understand the mechanisms
by which suppression of reproductive axis takes place. Immune stress is a part of the
intangible stressors which are encountered during the course of an infection. We propose
to use an immune stress model to understand how stress compromises reproductive
function.

Cytokines are components of immune stress and affect various functions of body
systems which include suppression of the hypothalamic-pituitary-gonadal (HPG) axis.
Among various pro-inflammatory cytokines, IL-1p has been shown to be the most potent
cytokine to suppress reproduction. IL-1B, a paradigm for immune stress is capable of
bringing about a plethora of changes in the immune, endocrine and the nervous systems

(Dinarello, 1994). It is one of the important mediators of the central effects of



lipopolysaccharide (LPS), a hallmark product of bacterial infections (Watanobe &
Hayakawa, 2003). The effects of IL-1B on reproductive axis include reduction in LH,
anovulation, persistent corpora lutea and pseudo-pregnant like state. One of the
manifestations of disease induced stress is hypogonadism, which could involve IL-1
(Baker, 1998). Non-infectious uterine pathological conditions like endometriosis also
have been associated with elevated serum levels of IL-1p (Kondera-Anasz et al., 2005).
Apart from this, several stressor paradigms like immobilization have been shown to
increase hypothalamic levels of IL-18 (Minami et al., 1991; Shintani et al., 1995). So not
only in disease conditions, but in other stressful conditions also, elevations in IL-1p can
compromise reproductive function. This aspect is not limited to human beings but can be
applied to breeding of wild animals in captivity that is constantly challenged by various
stressors. Elevated stress levels have been reported in some captive species (Baker et al.,
1998; Terio et al., 2004) and reproductive failure in some species has been attributed to
lower LH and disrupted ovarian cyclicity (Faulkes et al., 1990). Hence it is important to
understand the effect of IL-1B on the reproductive axis. The present work aims to
understand the mechanisms by which IL-1p produces these effects on the reproductive
axis and results from this study would probably provide insights into strategies to counter

this inhibitory effect.



B. ORGANIZATION OF THE HYPOTHALAMIC-PITUITARY GONADAL
AXIS:

Reproduction is an intricately coordinated complex event which is
essential to the survival and progeneration of species. In higher mammals, the circuitry
responsible for this complex phenomenon is described to be compartmentalized into three
levels of regulation — the hypothalamus, anterior pituitary and the gonads — ovary in the
female and testis in the male. The gonadotrophin-releasing hormone (GnRH) which is
produced from the hypothalamus is released from the neurovascular terminals of the
median eminence and conveyed via the hypophysial portal circulation to reach the
anterior pituitary gland. It binds to the receptors in the gonadotrophs and effectuates the
synthesis and release of two hormones — follicle stimulating hormone (FSH) and
luteinizing hormone (LH). FSH and LH enter circulation and act on the ovary to cause

maturation of the follicles and ovulation respectively.

C.ESTROUS CYCLE IN RATS:

Rats are described as spontaneously ovulating, polyestrous and non-seasonal
breeders. This is because they do not require an overt nervous stimulation for ovulation
and hence are spontaneous ovulators, their ovarian cycle continues throughout the year,
hence non-seasonal and ovulation takes place once every 4-5 days, hence polyestrous.

The estrous cycle in rats is divided into four stages: estrus, diestrus I (also referred
to as metestrus), diestrus II and proestrus. During these four stages of the estrous cycle,
dynamic alterations in all the components of the reproductive axis take place. Changes in

the hypothalamic release of GnRH will eventuate in changes in the pituitary release of



FSH and LH. These gonadotrophins influence various changes in the ovarian steroid
milieu and the ovarian steroids, estrogen and progesterone in turn influence the other
components of the reproductive tract. The mean length of the estrous cycle is described to
be 4.5 days (Freeman 2004). So it can be either 4 or 5 days long with each stage lasting a
day.

During diestrus, the ovarian follicles would range from small to medium sized
ones and produce only a small amount of estrogen. As a result, there would be low level
of negative feedback on the HPG axis. The pulsatility of LH and FSH start to increase
following increasing inputs from the GnRH system. The FSH that is released into the
bloodstream acts on the ovarian follicles to produce maturational changes in the follicles
and stimulate the production of estrogen from the follicles. As the levels of estrogen
increase, they would in turn provide negative feedback to the hypothalamic-pituitary unit
resulting in decreased pulsatility of FSH and LH. However, as the follicle matures,
increasing production of estrogen during early hours of proestrus leads to a positive
feedback on the hypothalamic GnRH system (Brown-Grant et al. 1970; Butcher et al.
1974). This triggers a GnRH surge, which culminates in the central event of reproductive
cycle, the preovulatory LH surge that is essential for ovulation (Gay et al. 1970; Kalra
1975). During proestrus, a peak in the levels of estrogen as well as progesterone produced
by the granulosa cells of the mature follicle (Hashimoto et al. 1968). Estrus is the stage
when the rat is sexually receptive and this is time window when sexual receptivity and
ovulation are synchronized. During estrus, the levels of LH, estrogen return to basal
levels. Reorganization of the cells of the ovarian follicle leads to the formation of corpus

luteum which produces progesterone and hence a second, smaller peak of progesterone



during the course of the estrous cycle (Hashimoto and Wiest 1969). This marks the early
stages of diestrus.

Paralleling these fascinating changes in the hormonal profile, tissue
rearrangement takes place in other components of the reproductive tract like the vagina
and the uterus. Vaginal epithelial cells have been shown to exhibit trypsin-like activity
(Havran and Oster 1977) which could account for the exfoliative changes in the vaginal
epithelium during the various stages of the estrous cycle. The stage of estrous cycle in
rats can be determined by a non-invasive procedure by studying changes in the exfoliated
vaginal epithelium, the details of which are described in the Methods section.

The circulating levels of estrogen elicit a complex pattern of differentiating
events in the vaginal epithelium. In ovariectomized rodents, the vaginal epithelium is
only 2-3 cell layers thick, similar to that observed during diestrus. In response to
estrogen, basal epithelial cells proliferate and this leads to the formation of highly
stratified epithelium. These rapid proliferative changes in the epithelium are attributed to
shortening of the S-phase of the cell cycle in pre-existing G, cells (Thrasher et al. 1967,
Galand et al. 1971). Levels of estrogen have also been correlated with mucification of
the vaginal epithelium (Parlanti and Monis 1980). Hence there would be an increase in
epithelial cell clusters and mucus production on proestrus paralleling the increasing levels
of estrogen. The non-mitotic epithelial cells undergo a differentiative sequence as they
move up thorugh the epithelium and become enlarged and cornified (Buchanan et al.
1998). Hence, the presence of large numbers of anucleated, keratinized cells during
estrus. It has been shown that the microflora and immune cells composition of the vagina

undergoes changes during the estrous cycle (Larsen et al. 1977). As levels of estrogen



drop and progesterone increase during diestrus, leukocytic infiltration of the vaginal
epithelium is observed, probably assisting in the phagocytosis of the anuclear cell debris.
As diestrus advances, the leukocytic population diminishes and proliferative changes for

the next proestrus take place.

D.GnRH NEURONAL NETWORK:

GnRH neurons are unique in several aspects. Though they are principally
distributed in the hypothalamus in the adult mammal, embryonically they originate in the
medial olfactory placode of the developing nose, migrate across the nasal septum and
enter the forebrain arching into the septal-preoptic area and hypothalamus (Schwanzel-
Fukuda and Pfaff 1989). Unlike other neuropeptidergic systems of the hypothalamus that
are organized as a compact cluster, GnRH neurons are scattered and distributed over a
number of areas in the brain. The distribution of GnRH neurons in the rat brain is
described as an inverted ‘V’ pattern surrounding the organum vasculosum of the lamina
terminalis (OVLT) (Hiatt et al. 1992). It is believed that GnRH neurons in the
hypothalamus are organized as the preopticosuprachiasmatic tuberoinfundibular system
(PSTS) with perikarya in the medial preoptic area (MPA), suprachiasmatic nucleus and
the arcuate nucleus and terminals in the median eminence (Barraclough and Wise 1984).
The distribution of GnRH cell bodies is also referred to as a scattered “continuum” along
their migratory pathway from olfactory bulbs to the median septal nuclei, diagonal band
of Broca, and the medial preoptic area through to the medial basal hypothalamus
(MBH)(Herbison 2006). Based on the stage of estrous cycle, the release of GnRH under

physiological conditions takes place in two modes — a pulsatile, low amplitude secretion



and a high amplitude surge. However the mechanism by which these modes of secretion
take place has lacked consensus. The different theories that explain the two modes of
secretion can be summed up as those that consider the notion of distinct anatomical
compartments that regulate these patterns and those that would not.

One of the explanations for this phenomenon is the presence of anatomically
distinct neuronal groups of GnRH neurons that might be responsible for this pulsatile and
surge secretions. The neuronal groups responsible for pulsatile release constitute the
‘pulse generator’ which might be located in the mediobasal hypothalamus (MBH) and the
groups that produce the surge constitute the ‘surge generator’ located in the OVLT-MPA
region(Kimura and Funabashi 1998). However modern understanding of the phenomenon
discounts this notion of the existence of exclusive and segregated components. GnRH
neurons are capable of intrinsic pulsatility as demonstrated in single cell recordings from
immortalized GnRH neuronal cell line, GT-1(Wetsel et al. 1992). Several explanations
involving Ca?!, cAMP and circadian genes of the Period, Clock and Cryptochrome have
been suggested to be responsible for firing a high frequency volley of action potentials
periodically, eventuating in the generation of a GnRH pulse (Khadra and Li 2006). But
how does synchronization of these individual GnRH neuronal pulses take place is another
aspect which has not been well understood. One of the models proposed involves
synchronization due to extensive interconnections between GnRH neurons which allows
for reciprocal activation (Herbison 2006).

A surge like pattern of GnRH secretion is responsible for the generation of
preovulatory LH surge in female mammals. Using c-fos as a marker of neuronal

activation, it has been shown that a sub-population of GnRH neurons in the OVLT-MPA



region is activated most during the proestrus LH surge (Lee et al. 1990) suggesting that
surge generation could be confined to a specialized subset of GnRH neurons. In a recent
model proposed by Levine, the initiation of GnRH surge is conceived to be an integration
of signals from circadian input and estrogen’s positive feedback mechanisms (Levine
1997). This is supposed to ensure coordination of two major components of ovulation-
ovarian readiness and sexual behavior. The dependence of surge on estrogen ensures that
ovulation takes place only after necessary maturational changes in the follicles and
dependence on neural circadian signal restricts its occurrence to a certain circadian time.
This enables that sexual behavior and ovulation both occur in the same window of time.
The regulation of GnRH neurons during their pulsatile and surge secretion
involves a multitude of neurotransmitters. In fact, it might not be exaggeration if it were
to be assumed that almost every class of known neurotransmitter has been shown to
influence the secretion of GnRH. This only underscores the complexity of signal
integration and reciprocal connectivity among members of the GnRH network. A detailed
analysis of the neurotransmitters involved in regulation of GnRH is beyond the scope of
this section. However, the details about the role of norepinephrine and GABA would be
discussed in this section while a table of the major effects by other neuropeptides and

neurochemicals would be summarized in Table 1.

E. ROLE OF NOREPINEPHRINE (NE) IN THE REGULATION OF
LUTEINIZING HORMONE (LH):
The suggestion that NE might be involved in the regulation of LH dates back to

1947, based on a classic study by Sawyer et al. which demonstrated that blockade of



alpha-adrenergic receptors by dibenamine could inhibit ovulation in rabbits (Sawyer et al.
1947). There has been a multitude of studies in all these fifty years from then which have
not only strengthened the argument, but have also muddled the waters. Barraclough and
Wise in their exemplary review (Barraclough and Wise 1984) on the role of
catecholamines in the regulation of LH to remark that “more offen than not, the vast
amounts of confusing literature on this subject have bewildered the novice and
discouraged the faint of heart and, as such, research into the complexities of this system
have waxed and waned” summing up the state of research in this area. This section is
intended to provide an overview of the most influential studies in this field, with
emphasis on current understanding of the concept.

Several experimental paradigms have been employed to dissect out the role of NE
in the regulation of LH. As mentioned in the earlier sections, there are two distinct
components in the release of LH — a tonic, pulsatile secretion and an exaggerated surge
on the day of proestrous in rats. Some of the inconsistency in the literature has been due
to the discrepancy in the experimental models used- some of which have observed effects
on the pulsatile secretion and some on the surge mechanism. It would be prudent to
exclusively interpret these studies on the basis of whether the experimental strategy
studies the effect on pulsatile LH secretion or LH surge. However, more often than not,
this has not been the case and lot of misinterpretation has been due to drawing
inappropriate conclusions by generalizing the mode of LH secretion.

Most of the initial experiments that studied the role of NE in LH secretion were
pharmacological interventions. However the lack of specificity in the drugs used has

contributed in part to the confusing inferences derived from them. Broadly, the strategies



used were: blockade of postsynaptic adrenergic receptors, using drugs that deplete NE
from the presynaptic terminals, inhibiting the enzymes involved in the synthesis of NE,
or using drugs that prevent the metabolism of NE.

The observation that dibenamine, an alpha-adrenergic blocker that inhibited
ovulation in rabbits was subsequently extended to rats also. Dibenamine and SKF-501
which is 3-10 times more potent than dibenamine were shown to inhibit ovulation in
cycling rats (Sawyer et al. 1950). Another study which used a different alpha-adrenergic
antagonist, Chlorpromazine too concurred with the previous results that LH surge as well
as ovulation were blocked (Barraclough and Sawyer 1957). However, in ovariectomized,
steroid primed models, alpha adrenergic blocker, phenoxybenzamine blocked the
progesterone induced LH surge but a beta adrenergic blocker, propanolol failed to show
any effect (Kalra et al. 1972; Weick 1978). Even in a recent study in ewes, beta
adrenergic blocker, doxasin failed to produce any effect on the LH (Clarke et al. 2006)
surge reiterating the claim that modulation of GnRH neurons by NE is through alpha
adrenergic mechanisms.

Pharmacological studies in the 1970s led to the description of alpha adrenergic
subtypes (Civantos Calzada and Aleixandre de Artinano 2001) and subsequent studies in
LH regulation attempted to pin down which receptor subtype might be responsible for
transducing the stimulatory signal onto GnRH neurons. Selective alpha-1 adrenergic
receptor blocker, Prazosin was shown to inhibit LH surge while alpha-2 selective
blockers did not show this effect (Drouva et al. 1982; Le et al. 1997a). Alpha-1
adrenergic mechanisms were also implicated in the regulation of pulsatile secretion of

LH(Gearing and Terasawa 1991; Le et al. 1997a) as well as regulation of GnRH mRNA
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in the hypothalamus (Weesner er al. 1993). Later, immunohistochemical studies were
also able to demonstrate the localization of alpha-1 adrenergic receptor on the GnRH
neurons (Hosny and Jennes 1998). Recent studies point that stimulation of GnRH
neurons by NE through alpha-1B subtype of adrenergic receptors involving downstream
activation of phospholipase-C and cytosolic phospholipase-A2 (Kreda et al. 2001).

Apart from receptor blockade, one of the other strategies used to implicate the
role of NE in LH regulation was the use of drugs which deplete NE from the presynaptic
terminals. Reserpine depletes NE by constant release from the storage granules and
inhibiting granular reuptake (Kopin and Gordon 1962). This drug has been shown to
block LH surge and ovulation (Barraclough and Sawyer 1957; Coppola et al. 1966). This
blockade could be reversed by pargyline, a drug which inhibits the enzymes involved in
rapid NE breakdown (Meyerson and Sawyer 1968; France 1970). Deprenyl, an inhibitor
of monoamine oxidase has also been shown to potentiate LH release from the
pituitary(MohanKumar et al. 1997a). This further reinforces the direct involvement of
NE on GnRH neurons.

NE is synthesized from dietary amino acid L-tyrosine by enzyme-mediated
catalysis (Nagatsu 1991). The first step involves conversion of L-tyrosine to L-dopa by
tyrosine hydroxylase (TH) and this has been shown to be the rate-limiting step in NE
biosynthesis (Nagatsu et al. 1964). Specific inhibitors of the enzymes involved in the
biosynthesis of NE have been demonstrated to be capable of affecting LH surge.
Specifically, alpha-methyl paratyrosine (a-MPT), an inhibitor of TH has been shown to
block LH surge and ovulation (Kalra and McCann 1974; Brann and Mahesh 1991).

Pesticides like DDT, fungicides like Sodium N-methyldithiocarbamate which can inhibit
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dopamine [-hydroxylase have also been shown to decrease NE synthesis and
subsequently block LH surge (Coen and Coombs 1983; Goldman et al. 1994). The
inhibitory effect of a-MPT or DDC on ovulation could be reversed by NE precursors,
DOPS or L-DOPA which effectively restored the LH surge (Donoso et al. 1971; Kalra et
al. 1972).

One of the strategies to implicate the role of NE in the regulation of LH surge has
been using neurotoxic drugs or lesions of the noradrenergic system on LH release. 6-
hydroxydopamine (6-OHDA) is capable of destroying terminal endings of NE neurons
and cause long lasting noradrenergic depletion. Injections of 6-OHDA into the preoptic
area or the median forebrain bundle showed lowering of LH secretion for 24hrs (Kitchen
et al. 1974) and injections into the midbrain ventral noradrenergic tract was shown to
block LH surge (Martinovic and McCann 1977). However, a subsequent study using 6-
OHDA injections into the caudal ventral pons found decrease in NE concentrations in the
hypothalamus after 16-23 days, no changes in the serum LH were observed (Nicholson e?
al. 1978). This could be attributed to the time gap between the injection of 6-OHDA and
measurement of NE and LH. When 6-OHDA was directly infused into the medial
preoptic area, disruption in estrous cyclicity as well decrease in the height of the LH
surge was demonstrated (Hancke and Wuttke 1979). In ovariectomized, steroid-primed
models, LH surge was blocked by 6-OHDA lesions in the ME (Simpkins et al. 1979) or
medial basal hypothalamus (Simpkins and Kalra 1979). N-(2-chloroethyl)-N-ethyl 2-
bromobenzylamine (DSP-4) is a neurotoxin capable of inducing selective denervation of
NE terminals. In contrast to 6-OHDA, DSP-4 can pass the blood-brain barrier and

appears to have a preferential, long-lasting neurodegenerative action on NE terminal
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projections. Intraperitoneal administration of DSP-4 has been shown to selectively
decrease NE levels and block progesterone-induced LH surge in ovariectomized rats
while the levels of dopamine were unaffected (Kang et al. 1998).

An alternative strategy to study noradrenergic influence on the LH surge has been
to mechanically or electrolytically destroy certain components of the NE system and
study the effects on LH surge. Complete deafferentiation of the medial basal
hypothalamus lead to complete depletion of NE and the animals exhibited persistent
diestrus and low LH concentrations (Weiner et al. 1972). Studies on the enzymatic
activity of TH after bilateral lesions of the ventral noradrenergic bundle showed no effect
on the activity in median eminence. After transections of ascending noradrenergic
pathway, chronic depletion of NE for 40 days did not seem to affect the estrous cyclicity
or LH surge (Clifton and Sawyer 1979) and this shows the possibility for remarkable
plasticity of hypothalamic neuroendocrine systems after the loss of a major
neurotransmitter input. The results from this study and other similar studies where
hypothalamic NE was chronically depleted suggest that alternative systems may be
brought into play to subserve reproductive mechanisms when hypothalamic NE is
chronically depleted. Bilateral electrolytic lesions of the locus coeruleus showed a
decrease in NE in the MBH resulting in a subsequent loss in cyclicity and blocked LH
surge (Franci and Antunes-Rodrigues 1985; Anselmo-Franci et al. 1997).

Several studies have used NE turnover rate as an index of noradrenergic activity
in the hypothalamic areas and have shown an increase in NE turnover in these areas in
proestrous preceeding the LH surge (Honma and Wuttke 1980; Rance et al. 1981; Wise et

al. 1981).
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Direct intra-cerebroventricular infusions of NE have only yielded equivocal and
confusing results which have been a subject of unfortunate misinterpretation. When NE
was infused at a rate of 0.3nM in 4pul/min (2pg/min) in Nembutal-blocked proestrus rats
after electrochemical stimulation, an augmentation in LH secretion was observed.
However, when higher concentrations of 30nM and 3000nM (200pg/min and
20,000pg/min respectively) were used, it was shown that LH secretion was
blocked(Cramer and Barraclough 1978). Using ovariectomized rats, it was showed that
0.3-0.6ug/h (5000-10,000 pg/min) had no effect on LH secretion in the absence of
steroids but increased LH upon treatment with estrogen and progesterone. However,
higher concentrations of 5.5-11pg/h (92,000-184,000 pg/min) were shown to block LH
secretion irrespective of the steroid status (Gallo and Drouva 1979). Similar results were
obtained with respect to pulsatile release of LH where 0.3-1.8ug/h (5000-30,000pg/min)
were used (Gallo 1984). Recent advances in the use of sensitive methods of direct
determination of NE in the areas rich in GnRH neurons has richly contributed to our
understanding of the role of noradrenergic systems in the regulation of LH surge.
Measurement of NE by push-pull perfusion or microdialysis followed by HPLC-EC has
provided invaluable insights into the dynamics of NE release and how it coordinates with
LH surge. It has been demonstrated that levels of NE rhythmically increase in the medial
preoptic area on the day of proestrus to 2-6 pg/min as measured by push-pull perfusion
followed by HPLC-EC and this correlates very well with the timing of the LH surge
(Mohankumar et al. 1994; Szawka et al. 2007) in female rats (Mohankumar et al. 1994).
These results were recently replicated in a different study using microdialysis (Szawka et

al. 2007). In the light of these recent observations, it could be argued that using 1000-fold
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higher concentrations than physiological doses in earlier studies could have lead to
intriguing results obtained. Moreover, in continuous infusion studies, the rhythmic
release of NE which occurs physiologically could not be recapitulated. This could be

another reason why they could not observe a stimulatory role of NE on LH.
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F. ORGANIZATION OF NORADRENERGIC PATHWAYS TO THE GnRH
NEURONAL SYSTEM:

The noradrenergic input to the MPA is provided by catecholaminergic cell bodies
in the brainstem (Mueller and Nistico 1989b). By using a combined horseradish
peroxidase/catecholamine fluorescence study, it was demonstrated that the principal
noradrenergic innervation to medial preoptic area comes from brain stem ventrolateral
medulla(A1) and nucleus of solitary tract (A2) cell groups (Day et al. 1980). Using
Fluoro-gold combined with immunohistochemistry, it was found that retrogradely labeled
neurons were observed in the A1, A2 noradrenergic cell groups and locus coeruleus (A6).
Among these neurons, the highest concentrations of DBH-positive double-labeled
neurons were found in the A2 and Al cell groups (Wright and Jennes 1993).
Electrophysiological stimulation of Al cell group has been shown to have a stimulatory
input on the medial preoptic area (Kaba et al. 1983; Kim et al. 1987). During the various
stages of estrous cycle, the levels of activation of brainstem neurons in Al and A2 cell
groups have been shown to be different. The highest levels of neuronal activation as
measured by the expression of c-fos were found on proestrus (Jennes et al. 1992; Conde
et al. 1995). The functional changes in the expression of TH and c-fos in the brainstem
noradrenergic nuclei during estradiol induced LH surge has also been demonstrated
(Conde et al. 1995; Temel et al. 2002). Also, stimulation of Al noradrenergic neurons
resulted in temporal changes in TH mRNA expression in Al, A2 and A6 regions
suggesting the dynamic interaction between the noradrenergic cell groups coordinating a
stimulatory input onto GnRH neurons (Liaw er al. 1992). To delineate the relative

contribution of the various noradrenergic cell groups, neuronal stimulation followed by

20



measurement of NE discharge by microdialysis was performed. It was found that Al-
evoked NE release was much higher than that observed after A2 stimulation (Fernandez-
Galaz et al. 1994). Surprisingly, a more recent study by the same group using conditional
viral tract tracing with Cre-dependent pseudorabies virus has demonstrated that the
preoptic GnRH neurons receive principal noradrenergic innervation from A2 and A6 cell
groups (Campbell and Herbison 2007).

Lesioning of the locus coeruleus has been shown to decrease GnRH release as
well as block LH surge in rats (Anselmo-Franci et al. 1997; Helena et al. 2002; Martins-
Afferri et al. 2003). However, it is not clear if A6 region is directly involved by providing
NE input to the GnRH neurons or involved in feedback regulatory activity.

The synaptic connections between noradrenergic terminals and GnRH neurons
were demonstrated by electron microscopic double immunostaining procedures (Ajika
1979; Leranth et al. 1988). Also, localization of alpha-1B receptors on GnRH neurons
has been demonstrated (Hosny and Jennes 1998). Recent studies in immortalized GnRH
neurons (GT-1) have shown the involvement of alpha-2A and beta-1 adrenergic receptors
in the regulation of GnRH neurons and receptor activation mediated release of GnRH
(Martinez de la Escalera et al. 1992; Lee et al. 1995). Though there have been several
lines of evidence to indicate the role of brainstem noradrenergic neurons in modulating
GnRH release, there are other lines of thought which contemplate that NE mediated
stimulation of GnRH neurons could be by indirect means, say through other

neurotransmitters like GABA or NPY (Herbison 1997) .
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G. ROLE OF GAMMA AMINO BUTYRIC ACID (GABA) IN THE
REGULATION OF LH:

The amino acid neurotransmitter, GABA is considered to be the principal
inhibitory neurotransmitter of the adult nervous system. GABA neurons are considered
to play a major role in the regulation of GnRH. A direct synaptic connection between
GABA neurons on GnRH neurons has been established in the medial preoptic area
(Leranth et al. 1985). The functional expression of GABA-A receptors in GnRH neurons
has been demonstrated in a number of models. Using double immunohistofluorescence, it
has been shown that GnRH neurons express alpha 1, alpha 2, beta 2/3, and gamma 2
GABA-A receptor subunits (Jung et al. 1998). Using GFP-tagged GnRH in transgenic
mice, the electrophysiological properties of GABA-A receptors has been elucidated
(Spergel et al. 1999).

GABAergic neurons are considered to be major part of the GnRH network and
have shown to influence the pulsatile as well as the surge release of GnRH (Adler and
Crowley 1986; Jarry et al. 1988). Endogenous GABA has been shown exert an inhibitory
effect on the firing of GnRH neurons (Han et al. 2004). It has been demonstrated by
push-pull perfusion technique that levels of GABA are low during the afternoon of
proestrus when LH levels are found to increase (Demling et al. 1985; Jarry et al.
1992).These low levels of GABA are believed to increase the responsiveness of GnRH
neurons which facilitates LH surge (Lamberts et al. 1983; Fuchs et al. 1984). GABA
agonists inhibit LH (Feleder et al. 1999b), while application of GABA receptor

antagonists increase GnRH responsiveness to NE (Hartman et al. 1990). Hence existing
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evidence suggests a temporally reciprocal relationship between GABA and NE in the

regulation of LH.

H. INTERLEUKIN-1§ - MOLECULAR BIOLOGY AND SIGNALING:

During systemic infections, a complex interaction takes place between the
immune, endocrine and the nervous systems. Recent advances in the research in this area
have given us insights not only into the macro systems, but into the intricate molecular
cross talk between these various components of the homeostatic machinery. One of the
immediate humoral events following and immune challenge is the release of cytokines by
activated macrophages. Among the cytokines released, interleukin-1 (IL-1) is considered
to be an extremely potent pro-inflammatory cytokine. IL-1 has been shown to be
involved in interactions between immune, reproductive, stress and homeostatic regulatory
systems (Dinarello 1994; Cannon 1998; Licinio and Frost 2000).

The role of IL-1 in acute phase response and as an endogenous pyrogen was first
described in 1977 (Merriman et al. 1977). Ever since its discovery, the several members
of its gene family have been described. The classical members of the IL-1 gene family
are: IL- la, IL-1B, and IL-1 receptor antagonist (IL-1ra). IL-la and IL-1B are agonists and
IL-1ra is a specific receptor antagonist (Dinarello 1996). The presence of IL-lra is
considered to be a unique cytokine control mechanism because it can bind to the receptor
without inducing signal transduction. Studies that have compared of the intron-exon
organization of these three genes have implied the role of gene duplication as an early
event in the evolution of this gene family (Eisenberg et al. 1991). However other

members like the surface receptor, IL-1RI, soluble IL-1 receptor (sIL-1R or IL-1RII) and
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IL-1R accessory protein (IL-1RAcP), IL-18, another pro-inflammatory cytokine have
been described (Boraschi and Tagliabue 2006). Both IL-1RI and IL-1RII bind to IL-1 but
IL-1RII is not capable to initiating a signal transduction event and hence described as a
decoy receptor (Colotta et al. 1993), another unique aspect of interleukin-1 biology.

The two isoforms, IL-1a and IL-1P have a sequence similarity of 22% in humans
and are present in the same chromosome (Chromosome 2 in humans and Chromosome 3
in rats) and possess similar biological activities. However, IL-1p is considered to be a
more potent form, as it is the principal secreted form whereas IL-1a is a cell-associated
molecule. IL-1 is initially synthesized as a precursor molecule (31KDa) without a signal
peptide which is then cleaved into the mature peptide (17.5kDa) by the action of IL-18-
converting enzyme (ICE) which belongs to a family of intracellular cysteine proteases
called caspases (Dinarello 2001). The primary: sources of circulating IL-1B are
monocytes, macrophage and dendritic cells; however other sources of IL-1p like the CNS
have also been described (Deak et al. 2005). IL-1B deficient mouse has been described
and it has not shown any phenotypical or developmental abnormalities suggesting the
minimal physiological involvement of IL-1f and the potential redundancies among
cytokine networks. However, this model has been shown to be resistant to fever
induction, absence of acute phase response and anorexia upon immune stimulation
underlining the role of IL-1f in mediating these events (Zheng et al. 1995).

The various biological activities of IL-1 are brought about by the sequential signal
transduction events that take place after IL-1 binds to its cognate receptor, IL-1RI. These
receptors, IL-1RI and IL-1RII as well as IL-1RAcP which belong to the immunoglobulin

superfamily of proteins, contain three immunoglobulin-like domains which are critical
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for ligand binding. IL-1RI has a single transmembrane segment and a cytoplasmic
domain, which differs greatly with the cytoplasmic domain of IL-1RII which is short and
inactive (Colotta et al. 1993). IL-1RACcP helps in forming a high affinity complex upon
IL-1’s binding with its receptor, IL-1RI. Interestingly, IL-1RI has been shown to share
homology with an evolutionarily conserved set of proteins referred to as Toll-like
proteins (Gay and Keith 1991). IL-1Rs and Toll-like receptors (TLR) have a conserved
cytoplasmic domain known as the TolV/IL-1R (TIR) domain. The TIR domain is
characterized by the presence of three highly homologous regions referred to as boxes 1,
2 and 3(Slack et al. 2000).

Comprehensive details about each of the signaling molecules involved in this
pathway are beyond the scope of this section; however an outline of the signaling events
that take place in the signaling cascade initiated by IL-1B is provided. After ligand
binding, IL-1RI dimerizes and undergoes conformational change required for the
recruitment of downstream signaling molecules. IL-1RAcP also binds to the IL-1RI and
this complex recruits and adapter molecule, myeloid differentiation primary-response
protein-88 (Myd88) to the cytoplasmic TIR domain. This facilitates association of IL-1R-
associated kinase-4 (IRAK-4) with the receptor complex through dimer-dimer
interaction. This association leads to phosphorylation of another kinase, IRAK-1 which is
associated with Toll-like interacting protein (Tollip). Phosphorylation of IRAK-1 leads to
its dissociation and autophosphorylation due to its kinase activity. This
hyperphosphorylated IRAK-1 enables another protein, TNF receptor-associated factor -6
(TRAF-6) to bind to this complex. Upon binding of TRAF-6, the IRAK-1-TRAF-6

complex disengages and phosphorylates another preformed complex of proteins,

25



comprising of transforming growth factor-f activated kinase (TAK 1) and its protein
partners. Phosphorylation of TAK-1 can lead to activation of divergent outcomes —
activation of NF-xB pathway or JNK-MAPK pathway or other transcription factors like
AP-1(Akira and Takeda 2004; Subramaniam et al. 2004; Miggin and O'Neill 2006). It has
been shown that IL-1B is capable of cell type specific activation of downstream
pathways. In hippocampal cultures, IL-1B could activate MAPK pathway in neurons
whereas NF-xB pathway was shown to be activated in the astrocyte cultures (Srinivasan
et al. 2004). Activation of NF-xB pathway involves phosphorylation of the inhibitor of
NF-xB (IxB) which leads to degradation of IxB by polyubiquitylation and proteasome-
mediated degradation. This allows release of NF-xB, so that it gets translocates to the
nucleus and initiates transcription of the target genes. An alternative pathway for signal
transduction of IL-1RI involving 1,2-diacylglycerol, generated by a phosphatidylcholine-
specific phospholipase C, and ceramide, generated by sphingomyelinase leading to
activation of the mitogen-activated protein (MAP) kinase cascade and NF-xB

translocation (Schutze ef al. 1994).

I. NEUROIMMUNE INTERFACE: IL-1§’S SIGNALING FROM PERIPHERY
TO THE CNS:

How do peripheral immune signals communicate with the brain is the central
question in the field of neuroimmunology. The advances in our understanding of how
neuro, endocrine and immune systems talk to each other has provided us critical
breakthroughs in our approach to various pathological conditions. The mode by which

cytokines rapidly relay immune signals from the periphery to the brain has perplexed
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researchers for many years. According to the present understanding many routes of
communication have been proposed: neural route involving the vagus, humoral route
involving transport via the blood-brain barrier (BBB), circumventricular organs, secretion
of cytokines by the BBB in response to systemic inflammatory stimuli as well as relay of
information via second messengers across the BBB into the brain (Quan and Banks
2007).

LPS was shown to induce sickness behavior by a vagally mediated mechanism;
this was the first evidence to imply the role of vagus in relaying peripheral immune
stimulus to the brain (Bluthe er al. 1994). Subsequently an exodus of experiments
(Watkins et al. 1994) that followed attempted to mechanistically imply the role of vagus
by using a technique called sub-diaphragmatic vagotomy did not yield unequivocal
results, unfortunately. For example, one study shows that sub-diaphragmatic vagotomy
does not block fever during intraperitoneal LPS administration (Hansen et al. 2000) while
another study states it does block fever but does not affect cytokine production (Gaykema
et al. 2000). Those discrepancies apart, results from a different set of studies provides
some evidence that vagal route indeed is involved in relaying the immune signal from
periphery to the brain. Vagal paraganglia are capable of binding to IL-1RA and levels of
IL-1 increase in the abdominal vagus as early as 45 min after LPS administration
(Goehler et al. 1997). Also, dendritic cells and macrophages associated with abdominal
vagus have been shown to be express IL-1 immunoreactivity within 60 min after
intraperitoneal injection (Goehler et al. 1999). Support for this ‘hard-wired’ neural route

of communication keeps building due to the fact that this presents an attractive
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hypothesis to explain the speed with which signals travel to the brain and how specific
targets of the brain are activated without the interference of the BBB.

IL-1 can also enter the brain by crossing the BBB. A saturable transport
mechanism for IL-1 to cross the BBB by using transporter has been described (Banks et
al. 1991). IL-1 by itself is capable of modifying the permeability of BBB and this could
also account for easy access of IL-1 to the brain (Blamire et al. 2000). The cellular
elements of the BBB by themselves have been shown to be capable of producing IL-1 in
response to immune stimuli. In that context, IL-1 is also described as a neurotransmitter
across the BBB (Quan and Banks 2007). Some studies have described the leakage of IL-1
into the brain, through the circumventricular organs (CVO) which are outside the BBB
(Breder et al. 1988; Komaki et al. 1992). After intravenous injection of IL-1, it has been
estimated that 0.08% of that dose would reach the brain by using kinetics of iodinated-IL-
1(Banks and Kastin 1991). Also using similar technique, it was shown that saturable
transport through the BBB accounts for the major mode of transport while CVO mediated
extracellular transport accounted only for 5% of the total transported IL-1 (Plotkin e al.

1996).

J. EFFECTS OF IL-1p ON THE REPRODUCTIVE AXIS:

Immune stress compromises reproduction. During an infection or an
inflammatory process, release of cytokines mediates numerous changes in the
neuroendocrine systems. One of the principal cytokine that has been extensively studied
with regard to its effects on the reproductive axis is IL-1. It is beyond any doubt that IL-1

is inhibitory to the HPG axis; however there are a few discrepancies between various
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studies with regard to nature and extent of its effects. It would be very helpful to
appreciate the animal model used— whether it is male/female, intact/gonadectomized or if
the treatment was acute/chronic or peripheral/central in drawing conclusions from the
studies in question.

The effect of cytokines on LH secretion was first shown in castrated male rats
(Rivier and Vale 1989). In this study, it was shown that centrally injected IL-la
interfered with the HPG axis at hypothalamic level and not at the pituitary level to affect
LH secretion. Later studies in this model showed that when equimolar doses of IL-1a and
IL-1B were administered, the latter had more pronounced inhibitory effect on LH
secretion and that probably glutamate or hypothalamic opiate pathways might be
involved in mediating this inhibition (Bonavera et al. 1993b, a). During an endotoxin
challenge, by using neutralizing antibodies to downstream cytokines, the role of IL-1B
was implicated in the suppression of LH (Ebisui et al. 1992). The release of GnRH into
the median eminence was decreased by IL-1p and the involvement of prostaglandins was
postulated (Rivest and Rivier 1993a). Central administration of IL-18 was able to
decrease GnRH mRNA, translational efficiency of GnRH as well as hypothalamic levels
of GnRH receptor (Kang et al. 2000).

In female rats, the prevoulatory LH surge on proestrus and ovulation was shown
to be blocked by central administration of 40ng of IL-1B or 400ng of IL-1a (Rivier and
Vale 1990). This block was similar to that produced by 10 pg of GnRH antagonist.
However in this experiment, iv administration of 500ng of IL-1p failed to producé this
effect. Interestingly systemic injection of the same dose of IL-18 produced changes in

body temperature similar to the ones observed with central administration. Apart from
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these effects on LH, central administration of IL-1B a time dependent block on the
induction of c-fos, a neuronal marker of activation in GnRH neurons on proestrus (Rivest
and Rivier 1993c). 50ng of icv IL-1P given at 1200h significantly reduced percentage of
GnRH neurons expressing c-fos, but no effect was observed when given at 0830 or at
later time points of 1430h, 1700h. This raises the possibility that there is a narrow
window of time during which the GnRH system is most susceptible to immune stress.
Also GnRH release from the median eminence in proestrus females also was decreased
upon treatment with IL-1PB. Taken together, IL-1B is capable of perturbing the GnRH
neuronal system at the level of mechanisms controlling, transcription, translation and/or
release. Among the areas of GnRH neuronal network, MPA appears to be most
susceptible to IL-1B, as direct infusions into this area produced effects similar to those
with icv administration whereas infusions into arcuate nucleus did not yield the same
results (Rivier and Rivest 1993).

In ovariectomized-steroid-primed model of inducing LH surge, central
administration of 30ng of IL-1PB completely blocked LH while 1ug intravenous dose was
reported to be ineffective (Kalra et al. 1990a). In the same model, immobilization stress
was able to abrogate the increase in LH induced by steroid administration (Kam et al.
2000).

In in-vitro studies, direct application of IL-1f on MBH-preoptic area significantly
reduced GnRH production while application on the median eminence did not produce
such effect (Kalra et al. 1990a).

During a sub-chronic icv infusion of 4ng/h IL-1B for 4-6 days, it was observed

that estrous cyclicity was disrupted and the animals remained in diestrus. The levels of
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LH in circulation as well as GnRH mRNA in the MPA were decreased by IL-1B (Rivest
et al. 1993). This effect was similar to to that obtained by daily s.c injections of GnRH
antagonist. At the gonadal level, an increase in progesterone levels and induction of
pseudopregnant-like corpora lutea were observed (Rivier and Erickson 1993). However,
this effect was not observed by the treatment with GnRH antagonist. From these
experiments, it might be inferred that IL-1p primarily affects the HPG axis at the level of
hypothalamus but has inhibitory effects on the ovary too. Exposure to cold stress daily
for 3-9 days could disrupt estrous cyclicity, decrease plasma LH, GnRH mRNA and
increase hypothalamic levels of IL-1p (Tanebe et al. 2000) indicating that chronic stress
induced reproductive dysfunction could be mediated through the effects of endogenous
cytokines.

Peripheral administration of IL-1B has also been shown to affect sexual behavior
and partner preference. Female rats injected with Spg/kg IL-1B showed decreased
proceptive behavior, lordosis (Yirmiya et al. 1995) and during partner preference, males
preferred saline-treated rats over IL-1B-treated rats (Avitsur et al. 1997). This indicates
that during an immune challenge, apart from the endocrine disturbances of the HPG axis,

behavioral alterations that decrease chances of conception are manifested.

K. EFFECTS OF IL-1p ON THE HYPOTHALAMIC-PITUITARY-ADRENAL
AXIS:

The hypothalamo-pituitary-adrenocortical (HPA) axis is the primary
modulator of the stress response. Activation of the HPA axis takes place in response to a

variety of homeostatic perturbations. This involves activation of corticotrophin-releasing

31



hormone (CRH) neurons in a discrete hypothalamic area, the paraventricular nucleus
(PVN). CRH is secreted into the portal circulation to influence the release of
adrenocorticotrophic hormone (ACTH) from the pituitary which enters into the
circulation to act on the adrenals to secrete corticosteroids. The level of corticosterone in
the circulation is often used as measure of the activation of the HPA axis. The PVN
receives numerous direct inputs from the brainstem noradrenergic neurons, the bed
nucleus of the stria terminalis and the dorsal raphe, which modulate the secretion of CRH
from this area (Champagne et al. 1998). Apart from these direct inputs, it also receives
numerous indirect inputs from areas like the hippocampus, central amygdala and the
lateral septum (Herman et al. 2003).

The activation of the HPA axis by IL-1 is one of the most studied phenomena in
neuro-immune interactions. Besedovsky et al., demonstrated for the first time that
peripheral immune challenges stimulate the production of glucocorticoids (Besedovsky e?
al. 1986), thereby providing evidence for interactions of the immune system with
neuroendocrine systems. Subsequently the involvement of CRH in this phenomenon was
described by two independent groups, interestingly at the same time (Berkenbosch et al.
1987; Sapolsky et al. 1987). The increase in ACTH as well as corticosterone could be
blocked by immunoneuralization of CRH whereas incubation of pituitary cultures with
IL-1 did not produce any effect. Hence it was inferred that cytokine-mediated inhibition
of HPA axis is at the hypothalamic level and not by direct interactions at either the
pituitary or adrenal levels. Among the hypothalamic areas, direct infusion of IL-1p into

the PVN alone showed responses comparable to i.c.v or i.v administration highlighting
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the role of this area in mediating the HPA responses to immune challenges (Barbanel et
al. 1990; Watanobe and Takebe 1993).

One of the principal stimulatory inputs to the CRH neurons in the PVN is derived
from the noradrenergic system (Szafarczyk et al. 1987). The central as well as peripheral
administration of IL-1P resulted in increased ACTH and this could be blocked by using
noradrenergic receptor antagonists (Rivier et al. 1989). Also, lesioning the noradrenergic
innervation of PVN using 6-OHDA prevented IL-1B-induced increase in HPA activity,
underlining the involvement of NE in process (Matta et al. 1990; Chuluyan et al. 1992).
The metabolism of norepinephrine was shown to be affected by injection of IL-1
providing further evidence for the relevance of NE in neuro-immune interactions
(Kabiersch et al. 1988).

Sub-chronic administration of IL-18 for showed a centrally mediated adaptive
response by the HPA axis. Repeated administration of IL-1B by central and peripheral
routes for three days showed increases in ACTH and corticosterone. However, by the
third day, the responses were comparable to baseline values (van der Meer et al. 1996).
The levels of NE in the PVN, a marker of CRH activation as well as corticosterone levels
which increased after acute administration of IL-1B, failed to show such effect upon
repeated injections for five days (MohanKumar et al. 2003). Chronic stress paradigms
have been shown to induce IL-1 in the brain and the expression of glucocorticoid receptor
has been shown to decrease by such treatment (Bartolomucci et al. 2003).

Most of the above cited studies had used the male rat as their experimental model.
The effect of immune challenges on the HPA axis in female rats has not been well

studied. In female rats, the response of the HPA axis has shown to be dependent on the
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stage of estrous cycle. During an acute restraint stress paradigm, it was found ACTH and
corticosterone responses were more pronounced on proestrus compared to estrus or
diestrus. Also, in ovariectomized rats, administration of estrogen and progesterone
accentuated the HPA responses compared to oil-treated controls indicating the role of
gonadal steroids in mediating these responses (Viau and Meaney 1991).

HPA responses to immune challenges have been shown to be sexually dimorphic
(Spinedi et al. 1992; Da Silva et al. 1993; Shanks et al. 1994; Lee and Rivier 1996). In
immature, 40d old and 70d old rats, administration of 0.5-2 pg/kg i.v showed an
exaggerated ACTH, corticosterone responses in female rats when compared to their male
counterparts which was negated upon gonadectomy (Rivier 1994). In similar studies, the
HPA responses of females have consistently been higher than the males (Frederic et al.
1993; Spinedi et al. 1997). However, the intact females in these experiments were used at
random stages of estrous cycle. Given the fact that HPA responses differ with respect to

the stage of the estrous cycle, it is hard to draw meaningful conclusions from such results.

L.THESIS OBJECTIVE:

The mechanisms underlying IL-1P’s action on the HPG axis are still rather
unclear. Several possible candidates have been investigated-among them are
neurotransmitters like NE, GABA, opioids, CRH, tachykinins (Kalra et al. 1990b; Kalra
et al. 1998; MohanKumar and MohanKumar 2002; Akema et al. 2005). The medial
preoptic area (MPA) of the hypothalamus houses a large number of GnRH cell bodies.

We have shown that peripheral administration of IL-1P drastically disrupts rhythmic
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release of NE in the MPA and thereby blocks LH surge in steroid-primed ovariectomized
rat model (MohanKumar and MohanKumar 2002). The logical extension of this idea
would be to explore how this decrease in NE is brought about by IL-1p and at what level
of the noradrenergic system does IL-1p act to produce these effects.

The regulation of GnRH neurons in the MPA involves a complex interplay
between stimulatory neurotransmitters like NE and inhibitory ones like GABA. NE
dynamics include the changes in the release and reuptake patterns in the axon terminals
as well as the changes in the biosynthesis at the level of cell bodies. The cell bodies of the
NE neurons that project to the MPA are located in the brainstem. IL-1f could affect
locally at the MPA or rather more globally at the level of brainstem. However the
questions of how IL-1B interacts with this complex network of neurotransmitters and
would GABA come into this equation remains unexplored.

We hypothesize that IL-1B could affect the HPG axis by acting at the level of
noradrenergic terminals and/or the cell bodies in the brainstem and GABA would play a
role in this process. To test this hypothesis, the present study is designed with the
following specific aims: 1. To determine if systemic IL-1B is capable of affecting NE
biosynthesis to suppress LH and if this can be reversed by using a NE precursor, L-dopa.
2. To determine if systemic IL-1f acts on GABA inter neurons in the noradrenergic
terminals to suppress LH and if GABA antagonists can reverse this phenomenon. 3. To
determine if systemic IL-1 differentially affects the levels of NE in the hypothalamic
areas associated with the HPA and HPG axes, 4. To determine if this differential action

of systemic IL-1PB is due to its action at the level of brainstem involving changes in the
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expression of the key enzyme for NE biosynthesis, tyrosine hydroxylase (TH) and other

genes in the IL-1p signaling pathway.
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CHAPTER 2. MATERIALS AND METHODS

A.Animals:

Three-to-four-month-old female Sprague Dawley rats weighing approximately
250g were obtained from Harlan Inc. (Indianapolis, IN). They were housed in air-
conditioned (23 + 2 °C) and light controlled (lights on from 0500 to 1900 h) animal
rooms and provided with rat chow and water ad libitum. Animals were used in the
experiments in accordance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals, and the protocol was approved by the Institutional Animal

Care and Use Committee at MSU.

B.Cytology:
Vaginal Cytology:

To assess the stage of estrous cycle, vaginal lavage was performed daily at 0800-
0900 h for all the rats. Smears were made by lavage with lukewarm, autoclaved nanopure
water of the vagina using a medicine dropper and thinly spread on a pre-numbered clean
glass slide. The smears were allowed to dry for 15 minutes at 60°C and stained with 0.5%
Methylene blue (Sigma) using a staining rack. The stained slides were rinsed in clean tap
water and then allowed to dry. The smears were examined under light microscope using
10x objective. The stage of the estrous cycle was determined using the criteria described
in previous studies (Everett 1989; Mohankumar et al. 1994; Goldman et al. 2007). Rats in
proestrus are identified by presence of clusters of round, nucleated epithelial cells, which

often have a granular appearance under the microscope with few to no cornified cells.
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Proestrus lasts for one day and is followed by estrus, routinely identifiable by the
presence of large numbers of cornified cells or more rounded cells with jagged edges.
The following day diestrus I is characterized by the presence of a combination of
leukocytes and comified and rounded epithelial cells. The concentration of leukocytes
can vary, and the smear can often be almost exclusively leukocytic. The second day of
diestrus (diestrus II) may also show a few small clumps of nucleated epithelial cells,
leukocytes and a few cornified cells; but the absolute cell numbers are decreased. This

stage is followed by the next proestrus.

C. Surgical procedures:
Jugular vein catherization and Blood sample collection

The rats were maintained under anesthesia using Isoflurane (2%) and oxygen
mixture during the procedure. The catheter was prepared with Silastic lab tubing
(0.64mm ID x 1.19 mm OD, Dow Corning, Midland, MI) and sterilized with ethanol
prior to surgical implantation. With the rat resting in supine position, the skin caudal to
the base of the neck was sterilized and a small incision made. The vein was carefully
isolated and freed from adhering membranous tissue. A small incision was made on the
vein using an 18 ga needle and the catheter introduced. The catheter was secured to the
vein by black braided 3-0 silk thread (Ethicon, Somerville, NJ).The catheter was
exteriorized at the nape using a trochar. The catheter was flushed with heparinized saline
and then a blunt piece of a 22 ga needle was used to plug the line. The surgical incision
was secured by wound clips. The rat was allowed to recover in a clean cage over a

temperature-regulated heating pad.
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During the experiment, blood samples were collected every hour. Samples were
centrifuged at about 800xg and plasma collected and frozen at -20°C until they were

analyzed for LH by RIA.

Ovariectomy

After a two-week acclimatization period, all the animals were weighed and randomly
divided into six groups. All animals were bilaterally ovariectomized and were implanted
with a push—pull cannula in the MPA and an icv cannula as described before. Briefly, the
animals were given Atropine sulphate (2.2 mg/kg, subcutaneous (s.c)) as a preanesthetic
anti-sialagogue and were anesthetized using sodium pentobarbital (35 mg/kg, i.p.). The
ovaries were removed through a midventral incision after ligation of the uterine horns
and the ovarian vasculature. The abdominal muscles were sutured using sterile chromic
gut 2-0 sutures and the skin incision was closed using sterile wound clips (Beckton

Dickinson, Sparks, MD).

Intracerebroventricular cannula implantation

For the intracerebroventricular injections, the rats were implanted with a stainless steel
cannula (22-G) in the lateral ventricle stereotaxically(Kopf, Tujunga, CA), using the
following coordinates: 1.8 mm posterior, 2.6 mm lateral, 3.6 mm ventral to bregma. After
the cannula was secured with dental cement, a stylet made of 29-G stainless steel tubing
was used to plug the guide cannula to avoid blockage. At the time of the experiment, the
stylet was removed and a 30G inner cannula connected to a Hamilton syringe with

polyethylene tubing was used to deliver the drugs used.
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Push — pull cannula implantation

In Chapter 3, intact cycling rats and in chapter 4, ovariectomized rats were implanted
with push-pull cannulae in the MPA as described before (MohanKumar and
MohanKumar 2005). The rats were given atropine sulphate (0.1mg/kg) and anesthetized
with a combination of xylazine (7mg/kg) and ketamine (55mg/kg) i.p. After the rat was
secured with a stereotaxic apparatus (Kopf, Tujunga, CA), it was implanted with a push-
pull cannula in the MPA with the coordinates: 8.5 mm ventral, 0.3 mm posterior, and 0.3
mm lateral to the bregma. The cannula was constructed as described before
(Mohankumar et al. 1994). It consisted of an 8.5Smm-long outer cannula made from a 22-
ga-aluminium hub hypodermic needle (Jeffers Inc, Dothan, AL). The cannula was
secured in place with screws and dental cement. After implantation, a 29-ga stainless
steel stylet was introduced to prevent clogging of the outer cannula. The rats were
allowed to recover and have free access to food and water during the rest period of two

weeks.

Push-pull perfusion procedure

The push—pull perfusion procedure has been described in detail earlier (Mohankumar et
al. 1994; MohanKumar and MohanKumar 2004, 2005). On the day of push—pull
perfusion, the stylet was replaced with an inner cannula assembly, which consisted of two
29-ga stainless steel tubes of unequal lengths. The longer tube (3.5 cm), which protruded
0.5 mm beyond the outer cannula, was used to introduce (push) the perfusion medium at

the implantation site. The shorter tube (2.0 cm) was used to collect (pull) perfusate from
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the implantation site. The two tubes were kept together in a 2 mm-long piece of Silastic
tubing which was mounted with epoxy resin in the lower part of a tuberculin syringe cut
at the 0.05 ml mark. The push and pull tubes were connected to two identically calibrated
peristaltic pumps (Pharmacia, Uppsala, Sweden). Before starting the perfusion, it was
ensured that the pumps were perfectly balanced. Artificial cerebrospinal fluid (ACSF)
was used as the perfusion medium. It consisted of CaCl, (0.087 g/1), NaCl (7.188 g/1),
KCl (0.358 g/1), MgSO4 (0.296 g/1), and Na,HPO4 (1.703 g/1) and had a pH of 7.3. Pump
speeds were adjusted to achieve a flow rate of 10 pl/min. The rats were introduced into
the perfusion cages at 1000 h and perfusion was started at 1200 h. Push—pull perfusates
were collected in both groups from 1300 to 1800 h/1900h at 30-min intervals at the rate
of 10 ul/min. Perfusates were mixed with 0.5 M HCIO, at the rate of 25:1 v/v and stored
at —70°C until HPLC analysis. Venous blood samples were collected through the jugular
catheter at 1-h intervals from 1300 to 1800h/1900h. Blood samples were centrifuged at
3000rpm for 15 min to separate the serum. Serum samples were stored in —20°C until

they were used for LH-RIA.

D.Histology

Brain Histology

The animals used for perfusion study were sacrificed at 1830h/1930h and their brains
quickly removed, frozen and stored at -70°C until further processing. Coronal sections
(60um thick) of the brain were obtained using a cryostat maintained at -10°C. The
sections were arranged on precleaned Superfrost slides (Fisher, Pittsburgh,PA) and

stained with FD Cresyl violet (FD Neurotech, Elliot city, MD) as per the manufacturer’s
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instructions. The stained sections mounted with Permount medium (Fisher) and examined

under light microscope to verify the cannula implantation site.

Ovarian Histology

Adult, cycling female rats were randomly subjected to one of the four treatments:
control (PBS-1.0% BSA; n=4), IL-1B (5ug i.p; n=4), L-dopa (50mg/kg BW i.p; Sigma,
St. Louis, MO; n=4) or IL-1B + L-dopa (n=4) at 1300 h on proestrus. They were
sacrificed between 1400-1500 h on the following day (estrus) and the ovaries were
collected in neutral buffered formalin and processed for sectioning. The sections were
stained with hemotoxylin and eosin for detailed histological examination.

The histological sections of the ovary stained by hematoxylin-eosin were
analyzed for the presence of fresh corpora lutea (FCL), indicated by the presence of
increased vascularity within the CL. The numbers of old corpora lutea (OCL) as well as
mature follicles (MF) were also enumerated. Fresh corpora lutea (FCL) were identified
by the histological presence of a hemorrhage and the transition from a follicular
appearance to luteal phenotype, old corpora lutea (OCL) by the presence of densely
packed luteal cells while the mature follicles (MF) were identified by the presence of

prominent antral space (E, 100x magnification).

E. Microdissection
Palkovits microdissection of discrete brain areas
Serial coronal sections (300 um thick) of the brainstem were obtained using a cryostat

(Slee Mainz, London, UK) maintained at —10°C. The sections were transferred to
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precleaned microscopic slides placed on a cold stage at —10°C. The brain areas —
organum vasculosum lamina terminalis (OVLT), diagonal band of Broca (DBB), medial
preoptic area (MPA), suprachiasmatic nucleus (SCN), arcuate nucleus (AN),
paraventricular nucleus (PVN), central amygdala (CeA), bed nucleus of the stria
terminalis (BNST) and the brain stem areas - catecholaminergic nuclei A1, A2 and A6
were microdissected by the Palkovits’s micropunch technique using a 500-pm-diameter
punch with the rat brain stereotaxic atlas as a reference. Tissue samples were obtained
bilaterally, and all the subdivisions of the nuclei were included. For the microdissection
of brainstem areas, precleaned microscopic slides were wiped with RNAseZap (Sigma-
Aldrich Co., St. Louis, MO) prior to mounting sections for inactivation of potential
RNAases. The samples were kept in dry ice before they were used for neurotransmitter

detection by HPLC-EC or RNA extraction.

F.HPLC

HPLC - EC for detection of Norepinephrine:

The HPLC-EC procedure for determination of NE has been described previously.
(MohanKumar and MohanKumar 2004, 2005).Briefly, the HPLC-EC apparatus consisted
of an LC-10 AT/VP pump (Shimadzu, Columbia, MD), a phase II 5-um ODS reverse-
phase C3 column (Phenomenex, Torrance, CA), a glassy carbon electrode (Bioanalytical
Systems, West Lafayette, IN), a model CTO-10 AT/VP column oven (Shimadzu,
Columbia, MD) maintained at 37°C, and an LC-4C amperometric detector (Bioanalytical
Systems, West Lafayette, IN). The data were integrated using a computer with the Class-

VP chromatography Laboratory Automated Software system (ver 7.3 SP1,Shimadzu).
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The mobile phase was made with pyrogen-free water and contained monochloroacetic
acid (14.14 g/L), sodium hydroxide (4.675 g/L), octanesulfonic acid disodium salt (0.3
g/L), EDTA (0.25 g/L), and acetonitrile (2.8%). The mobile phase was then filtered and
degassed through a Milli-Q purification system (Millipore Co., Bedford, MA).
Tetrahydrofuran (0.7%) was added to the mobile phase and pumped at a flow rate of 1.8
mL/min. The range of the detector was 1 nA full scale, and the potential of the working
electrode was 0.65 V. The sensitivity of the system was less than 1 pg.

Analysis of perfusates: At the time of analysis, the samples were thawed at room
temperature and 120 pl of perfusate and 25 pl of the internal standard (0.05 M dihydroxy
benzyl amine; Sigma Chemical Co., St. Louis, MO) were loaded on to the autosampler
model SIL-10AF (Shimadzu, Columbia, MD) with a sample cooler maintaining samples
at 4°C.

Analysis of microdissected brain areas: At the time of HPLC analysis, microdissected
brain tissue samples were homogenized in 150 pl of 0.1 M HClO4 using a micro-
ultrasonic cell disruptor (Kontes, Vineland, NJ) and centrifuged at 12,000 x g for 10 min.
60 ul of the supernatant was mixed with 30 pl of the internal standard (0.05 M

dihydroxybenzylamine) and 75 pl of this mixture was injected into the HPLC system.

HPLC determination of GABA:

The HPLC apparatus consisted of an ESA model 584 pump (ESA, Chelmsford, MA), a
Waters XTerra MS C-18 2.5 um 3x50mm column (Waters, Milford, MA), a coulometric
electrode model 5014B, microdialysis cell (ESA), a column oven maintained at 35°C.

The data were integrated using a computer with ESA’s Coularray for Windows
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automated software system (ver 2.0, ESA). The mobile phase was made with pyrogen-
free water and contained 100mM disodium hydirgen phosphate pH 6.7 with phosphoric
acid, 20% methanol, 3.5% acetonitrile. The mobile phase was then filtered and degassed
through a Milli-Q purification system (Millipore Co., Bedford, MA) and pumped at a
flow rate of 0.5 mL/min. There was no gain on this system and the potential of the
working electrode was 550mV. At the time of analysis, the samples were thawed at room
temperature and 19ul of perfusate and 1 pl of the internal standard (Homoserine at
1ng/pul; Sigma Chemical Co., St. Louis, MO) were loaded on to the autosampler model
542 (ESA, Chelmsford, MA) with a sample cooler maintaining samples at 4°C. The
autosampler performed derivitization of the samples before injection as follows: addition
of 30 pul of working reagent (2.5ml of derivitization reagent and 7.5ml of 0.1M
tertraborate buffer) to the perfusates, mixing four times, incubation for one minute and
injecting 20ul. The working reagent was made fresh daily. The derivitization reagent
consisted of 0.2 M O-phthalaldehyde in 1ml methanol, 0.05% B-mercaptoethanol, 9ml

0.1M tertaborate buffer pH 9.3. The sensitivity of the system was less than 1 pg/pl.

G.Immunoassays:
LH-RIA:

Double antibody RIA was used to determine LH levels in the serum samples as
described before (Mohankumar et al. 1994; MohanKumar and MohanKumar 2002). The
reference preparation for LH was NIDDK rLH-RP-3. The primary antibody used was anti
rLH-S11. LH standards, iodination quality LH protein and LH primary antibody were

obtained from Dr A.F. Parlow, NIDDK. LH was iodinated by Peptide Radioiodination
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Service, University of Mississippi. Serum samples (50-75ul) were assayed in duplicate.
The assay had a sensitivity of <10 pg. The inter-assay variability was 10.4+6.7% and the
intra-assay variability was 3.8+2.16%.
Corticosterone —RIA

Double antibody RIA was used to measure corticosterone levels in the serum as
described previously (Francis et al. 2000) . Corticosterone standards and the 1125 labeled
corticosterone were obtained from Diagnostic Products Inc. (Los Angeles, CA). The
primary and secondary antibodies were raised in our laboratory and were used at
dilutions of 1:17500 and 1:11000 respectively. The sensitivity of the corticosterone assay

was 0.2 ng/ml.

Serum IL-1B-ELISA:

Serum IL-1B levels were measured in duplicate using a commercial ELISA kit
(TiterZyme Kits, Assay Design, Ann Arbor, MI). The assay was carried out according to
the manufacturers’ instructions. The sensitivity of the kit was <12 pg/ml. All data are

expressed as ng cytokine per ml serum.

H.Protein determination

Protein concentrations in the brain tissue homogenates (10 pl) were used
in duplicates for protein quantification using the micro-Bicinchoninic acid (micro BCA)
assay (Pierce, Rockford, IL). Bovine serum albumin was used as a reference and the

absorbance values were obtained at 562 nm using an ELX 800 microplate reader (Biotek
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Instruments, Winooski, VT). The neurotransmitter concentrations were expressed as

pg/ug protein.

I.Quantitative RT-PCR:

RNA extraction:

The RNA was extracted from the brainstem punches using MELT Total Nucleic Acid
Isolation System (Ambion Inc, Austin, TX) according to the manufacturer’s protocol.
Using the Multi-Enzymatic Liquefaction of Tissue (MELT) mix provided in the kit, the
tissue was digested. After on-bead Turbo DNAse digestion (Ambion), the RNA was
eluted in a volume of 500 pl. First strand cDNA was synthesized by reverse transcribing
250ng of total RNA using Superscript III First strand synthesis Supermix for qRT-PCR

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

qRT-PCR:

The real-time quantitative PCR mix consisted of 1x Platinum SYBR Green PCR Masterr
Mix-(Applied Biosystems, Foster city, CA) and 300 nm of forward and reverse primers.
2.5 ul (equivalent of 50ng of single-stranded cDNA) of the RT reaction was used for
quantization of B-actin mRNA, TH mRNA. A 115-bp product for rat tyrosine
hydroxylase (Gen Bank accession no. NM 012740) was amplified using the following
primers: forward, 5’-CTACCAGCCTGTGTACTTTGTGTC-3’; reverse, 5’-
CAGTGTGTACGGGTCAAACTTC-3. Similarly, a 146-bp product of rat B-actin
(GenBank accession no. NM 031144) was amplified using the following primer set:
forward, 5’-ATCATGAAGTGTGACGTTGACAT-3’; reverse, 5°-

ATGATCTTGATCTTCATGGTGCTA-3’. The reactions were performed in The Applied
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Biosystems 7500 Real-Time PCR System (Applied Biosystems) with the following
settings: 50 C for 2 min, 95 C for 2 min, followed by 40 cycles of 95 C for 15 sec, 60 C
for 60 sec, and 72 C for 35 sec. At the end of amplification, a melting curve analysis was
done by heating the PCR products to 65-95 C and held for 15 sec at increments of 0.2 C,
and the fluorescence was detected to confirm the presence of a single amplification
product. Each sample was run in duplicate to obtain average Ct values for TH mRNA,
and B-actin mRNA. For negative controls, No-RT controls were used as template in place
of single-stranded cDNA in the real-time quantitative PCR. TH mRNA, quantity were
expressed as a proportion of B-actin mRNA quantity following the standard curve method
for converting log-linear Ct values to RNA values. The relative amounts of TH mRNA in
various brain stem areas were then compared.

qPCR array

Quantitative mRNA expression analysis of 84 genes related to IL-1B signaling pathway,
chemokines and their receptors in brainstem regions — A1, A2 and A6 were performed
with the rat TLR RT? profiler PCR array system-Pathway-Focused gene expression
profiling using real-time PCR (SuperArray Bioscience Corporation, Frederick, MD).
Total RNA was isolated from brainstem areas of individual rats with vehicle and IL-1B-
treated groups (n=4) using the MELT Total Nucleic Acid Isolation System (Ambion Inc,
Austin, TX). 400ng of RNA from each sample were then converted to cDNA using RT?
First strand kit (SuperArray Bioscience Corporation). cDNAs from each experimental
condition were pooled, and PCR array analysis was performed according to the
manufacturer's protocol with the RT?> Real-Time SYBR Green PCR Master Mix

(SuperArray Bioscience Corporation). PCRs were performed using RT? profiler PCR

48



array PARN-018A (rat TLR) on the Applied Biosystems 7500 system. The total volume
of the PCR was 25 pl. The thermocycler parameters were 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 1 min. mRNA expression of each gene was
normalized using the expression of multiple house keeping genes — Beta actin, Lactate
dehydrogenase and Ribosomal protein L13A and compared with the data obtained from
with the control group (vehicle treated) according to the 22T method. The data analysis
was performed using the Excel macro provided with the kit and Ingenuity Pathway

analysis software (Ingenuity Systems Inc, Redwood City, CA).

J.Statistical analysis:

All statistical procedures were performed using SAS software (Cary, NC) unless
specified otherwise. Changes in NE, GABA and LH profiles were analyzed by repeated
measures ANOVA followed by Fisher’s LSD. The average values of NE and LH were
compared using one way ANOVA followed by post-hoc Fisher’s LSD. Changes in
ovarian histology were analyzed by Kruskal-Wallis test followed by post-hoc Bonferroni-
Dunn test. Changes in NE concentrations in brain areas at various time points were
analyzed by two way ANOVA followed by Fisher’s LSD. The differences in levels of
corticosterone, LH and IL-1B were also analyzed by two-way ANOVA followed by
Fisher’s LSD. The differences in the expression of TH mRNA were analyzed by two-way
ANOVA followed by Fisher’s LSD. The differences in the gene expression in the PCR
array were performed by t-test which was in-built in the Ingenuity pathway analysis

software.
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CHAPTER 3. SYSTEMIC IL-1p-INDUCED SUPPRESSION OF LH SURGE -

EFFECT OF NORADRENERGIC AGONISTS AND L-DOPA

INTRODUCTION:

The cytokine interleukin-1B (IL-1B) produces profound effects on the
neuroendocrine system (Neveu and Liege 2000),(Rivier and Rivest 1993). These effects
affect the immune, endocrine and nervous systems (Licinio and Frost 2000). For
example, IL-1B stimulates the hypothalamic-pituitary-adrenal (HPA) axis (Rivier et al.
1989; Smagin et al. 1996), (Tsagarakis et al. 1989), which in turn affects the immune and
endocrine systems. It also inhibits the hypothalamic-pituitary-gonadal (HPG) axis, which
results in loss of reproductive function (Rivier and Vale 1989; Rivier et al. 1989; Kalra et
al. 1990b; Kalra et al. 1990a; Rivier and Vale 1990). This is marked by a reduction in
luteinizing hormone (LH) levels and failure of ovulation, which could translate into a
number of reproductive problems such as hypothalamic amenorrhea, anovulation and

infertility (Bulun and Adashi 2008)

The mechanism by which IL-1p affects the HPG axis to suppress reproductive
functions is still unclear. Since LH secretion is under the direct stimulatory control of
gonadotropin releasing hormone (GnRH) neurons of the hypothalamus, this has been
suggested to be a possible site of action (Rivier and Vale 1990). There are at least two
sets of GnRH neurons in the female rat: one that regulates pulsatile secretion of LH
throughout the reproductive cycle, and another that regulates the surge in GnRH that
results in a peak in LH levels during the afternoon of proestrus (Sarkar et al. 1976; Gallo

1980; Barraclough and Wise 1982, 1984; Lee et al. 1990). GnRH neurons that regulate
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the LH surge are organized as the preopticosuprachiasmatic tuberoinfundibular system in
the hypothalamus (Barraclough and Wise 1982) and the cell bodies of the neurons
belonging to this system are located in the suprachiasmatic nucleus, medial preoptic area
(MPA), and the arcuate nucleus. Of these, the MPA houses a large number of GnRH
perikarya (Ibata et al. 1979; Witkin et al. 1982) and plays a major role in the generation
of the LH surge. The terminals of these neurons extend to the median eminence. GnRH
that is released from these terminals enters the portal circulation and reaches the anterior
pituitary to release LH, which in turn causes the growth and eventually ovulation of the

follicles in the ovary (Mueller and Nistico 1989a).

Regulation of GnRH secretion is highly complex and a large number of
neurotransmitters and neuropeptides are believed to be involved in this process (Mueller
and Nistico 1989a; Barraclough 1992; Kalra and Crowley 1992; Pau and Spies 1997).
The earliest to be identified were the catecholamines, and several studies support their
role in LH regulation (Kalra 1977) (Barraclough 1983) reviewed in (Barraclough and
Wise 1982). Techniques such as measuring turnover, concentration and release have
been used to demonstrate a stimulatory role for NE in the preovulatory LH surge (Wise
1984; Mohankumar et al. 1994, 1995). Moreover, lesioning of specific noradrenergic
nuclei that innervate the hypothalamus, were also capable of suppressing LH levels
(Anselmo-Franci et al. 1997) indicating a positive role for norepinephrine in the LH
surge. Thus, it is possible that IL-1B-induced suppression of LH secretion could be
mediated through reductions in hypothalamic NE. To study this, we used an intact
female rat model. We hypothesized that IL-1B could decrease NE levels in the

hypothalamus by decreasing biosynthesis and/or release of NE from the terminals. To
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investigate this possibility, we attempted to reverse the effects of IL-1B by using NE
agonists and a noradrenergic precursor, L-dihydroxy phenylalanine (L-dopa). We also
attempted to reverse the effects of IL-1p on plasma LH and ovulation by using L-dopa.
This could provide possible treatment options in cases of reproductive failure associated

with chronic inflammatory conditions.
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EXPERIMENTAL DESIGN:

Experiment 1: Effects of systemic administration of IL-18 on serum LH in intact cycling
animals: Estrous cyclicity was monitored by daily vaginal cytology and rats that showed
regular estrous cycles were selected and implanted with indwelling jugular catheters on
the day of diestrus. The next day (proestrus), after collecting a pretreatment sample at

1300 h, they were randomly injected i.p. with either 250ul of PBS-1.0% BSA (control;

n=7) or 5ug of recombinant rat IL-1B (Abazyme, Needham, MA; n=6). Blood samples
(0.5 ml) were collected at hourly intervals from 1300-1800 h. Serum was separated by
centrifugation at 3000 rpm and stored at -20 °C until further analysis for LH levels by

RIA.

Effects of adrenergic agonists on IL-1-induced suppression of LH: Rats that had regular
estrous cycles were implanted with a jugular catheter on the day of diestrus. The next day
(proestrus), after collecting a pretreatment blood sample at 1300 h, they were injected i.p.
with either 250ul of the vehicle for IL-1f (PBS-1.0% BSA; control; n=7) or 5ug of
recombinant rat IL-1B (Abazyme, Needham, MA; n=6). Other groups of rats were treated
i.p. with either an a, adrenergic agonist, cirazoline (CZ; 0.6mg/kg BW; n=6), an o,
adrenergic agonist, clonidine (CLON; 0.3 mg/kg BW; n=8), or a B-adrenergic agonist,
isoproterenol (ISO; 0.2 mg/kg BW; n=5) alone or in combination with Spg of IL-1f (n=6
each for IL+CZ, IL+CLON, and IL+ISO) at 1300 h. Adrenergic agonists were obtained
from Sigma, St. Louis, MO. The doses of the agonists were based on a previous study
conducted in the lab (Clark et al. 2008). Blood samples were collected at hourly intervals
from 1300-1800 h. Serum was separated and stored at -20 °C until analysis for LH levels

by RIA.
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Effect of L-dopa on IL-1B-induced suppression of NE in the MPA and serum LH :

Rats were implanted with a push-pull cannula in the MPA as described earlier. Two
weeks post—surgery, regularly cycling rats were implanted with a jugular catheter on the
day of diestrus. On the day of proestrus, after collecting a pretreatment perfusate sample
from the MPA and a blood sample, they were randomly subjected to one of the following
four treatments: control (PBS-1.0% BSA; n=6), IL-1B (5pg i.p; n=6), L-dihydroxy
phenylalanine (L-dopa; 50mg/kg BW i.p; Sigma, St. Louis, MO; n=4) or IL-1p + L-dopa
(n=9) at 1300 h. Perfusate samples were collected every 30 minutes and blood samples at
hourly intervals from 1300-1800 h. Perfusates were stored at ~70°C until HPLC-EC
analysis for NE. Serum was separated and stored at -20 °C until analysis for LH levels by
RIA. At the end of the experiment the animals were sacrificed and the brains were
removed, sectioned and stained with cresyl violet to verify cannula location. Only those

animals that had a cannula in the MPA were included in the analysis.

Effects of L-dopa on IL-1[-induced suppression of ovulation in rats: Adult,

cycling female rats were randomly subjected to one of the four treatments: control (PBS-
1.0% BSA; n=4), IL-1PB (5ug i.p; n=4), L-dopa (50mg/kg BW i.p; Sigma, St. Louis, MO;
n=4) or IL-1p + L-dopa (n=4) at 1300 h on proestrus. They were sacrificed between
1400-1500 h on the following day (estrus) and the ovaries were collected in neutral
buffered formalin and processed for sectioning. The sections were stained with

hemotoxylin and eosin for detailed histological examination.
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RESULTS:
Effect of i.p. administration of IL-1 on serum LH in intact cycling animals:

The patterns of serum LH (ng/ml; mean £SE) in control and IL-treated animals
are shown in Fig 3-1A,B. In control animals, LH levels at 1300 h were (0.19+0.06) and
increased gradually to 2.42 + 0.89 at 1500 h and 4.37 £ 1.19 at 1600 h before reaching a
peak at 1700 h (6.28 + 1.67, p<0.05; Fig. 3A). In contrast, treatment with IL-1p
completely blocked this surge (Fig. 1a). In these animals, LH levels were 0.13+0.07 at
1300 h and remained at about the same level throughout the entire period of observation.
Similarly, average serum LH levels (Fig. 3B) during the observation period in control
animals were 3.8610.49 and these levels were significantly higher compared to that in IL-

treated animals (0.1510.49; p<0.05).
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Figure 3-1A: Intact female Sprague Dawley rats (n=6/7 per group) were treated with
PBS-1%BSA (Control), or Sug of IL-1B at 1300h on the afternoon of proestrus. Blood
samples were collected at hourly intervals and the serum was analyzed for LH levels by
RIA. ‘a’ indicates significant difference (p<0.05) from levels at 1300 h and ‘b’ indicates
difference (p<0.05) from levels in IL-1P treated animals. Note that the peak levels of LH
in controls were at Spm and this surge in LH was blocked by treatment with IL-1p.
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Figure 3-1B: Average LH during the entire period of observation in the control and IL-
1B treated animals (*p<0.05). Note that treatment with IL-1B significantly reduced the
levels of serum LH measured during the entire treatment period.
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Effects of adrenergic agonists on IL-1B-induced suppression of LH:

The patterns of serum LH (ng/ml; mean + SE) in rats treated with alpha and beta
noradrenergic agonists alone or in combination with IL-1p are shown in Fig. 3-2.

The effects of alpha and beta noradrenergic agonists on IL-1f induced
suppression of LH are shown in Fig. 3-2 A,B and C. The effect of treatment [F (5,139) =
4.39] was found to be significant (p<0.05). However, the effect of either time [F
(6,32)=1.85] as well as the interaction between treatment and time [F(26,32)=1.08] were
not significant. Effects of CZ (an a; adrenergic agonist) and CLON (an a, adrenergic
agonist) are shown in Fig. 3C and 3D respectively. The effect of the B-adrenergic
agonist, ISO is shown in Fig. 3E. Administration of either clonidine or isoproteronol
along with IL-1p failed to reverse the IL-induced suppression of LH. Treatment with the
adrenergic agonists alone failed to increase the LH surge. Adrenergic agonists in

combination with IL-1p failed to prevent the suppression of LH by IL-1.
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Figure 3-2A: Intact female Sprague Dawley rats (n=6-7 per group) were treated with
0.6mg/kg BW of Cirazoline (CZ) i.p or a combination of Sug of IL-18 and CZ at 1300h
on the afternoon of proestrus. Blood samples were collected at hourly intervals and
plasma analyzed for LH levels. Profile of LH levels in control animals is provided in gray
for comparison purposes. Note that LH surge present in the control animals could not be
reproduced in the animals treated with CZ or IL-1p+CZ.
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Figure 3-2B: Intact female Sprague Dawley rats (n=6-7 per group) were treated with
0.3mg/kg BW of Clonidine (CLON) or a combination of 5ug of IL-1f and CLON at
1300h on the afternoon of proestrus. Blood samples were collected at hourly intervals and
plasma analyzed for LH levels. Profile of LH levels in control animals is provided in gray
for comparison purposes. Note that LH surge present in the control animals could not be
reproduced in the animals treated with CLON or IL-18+CLON.
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Figure 3-2C: Intact female Sprague Dawley rats (n=6-7 per group) were treated with
0.2mg/kg BW of Isoproterenol (ISO) i.p or a combination of Sug of IL-1p and ISO at
1300h on the afternoon of proestrus. Blood samples were collected at hourly intervals
and plasma analyzed for LH levels. Profile of LH levels in control animals is provided
in gray for comparison purposes. Note that LH surge present in the control animals
could not be reproduced in the animals treated with ISO or IL-1B+ISO
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NE release in the MPA:

The location of the push-pull cannulae in animals subjected to perfusion are
shown in Fig 3-3. The profiles of NE release in the MPA in rats treated with IL-1p, L-
dopa or IL-18 in combination with L-dopa are shown in Fig 3-4A. The effect of treatment
[F(3,93)= 43.33], time [ F(11,53)=3.46] as well as the interaction between treatment and
time [F(33,53)=1.73] were found to be statistically significant (p<0.05). In control
animals, NE levels (pg/min, MeantSE) increased gradually from 1300 h (7.63%1.15),
reached a peak at 1530 h (21.53+1.6; p<0.05), were 16.94+1.8 at 1600 h and declined to
12.69+1.28 at 1700 h. Similary, in the group treated with L-dopa alone, NE levels
increased from 6.77+1.94 at 1300h, by more than two-fold to 17.79+1.16 at 1530 hrs
(p<0.05), were 15.06+3.34 and 15.15+1.71 at 1600 h and 1700 h respectively. They were
not different from the levels in control group. In contrast, treatment with IL-1f
suppressed the rise in NE levels. NE levels in this group were 2.34+1.59 at 1300 h and
remained at that level for the remaining period of observation. However, treatment with
L-dopa in combination with IL-1f partially reversed the suppressive effect of IL-1p on
NE. The levels of NE in these animals increased significantly from 5.86+£1.99 at 1300 h
to 12.2+2.6 at 1600h (p<0.01). These levels were not different from the group treated
with L-dopa alone at 1600 h (15.06+3.5) but was significantly higher compared to the IL-
1B-treated group (3.6+2.2; p<0.05) at this time point. The average levels of NE over the
entire period of observation are shown in Fig 3-4B. NE levels in control animals
(12.26+1.06), animals treated with L-dopa alone (10.24+1.3) and in animals treated with

IL-1B+L-dopa (7.67+1.51) were significantly higher than those in animals treated with

IL-1B alone (3.01%1.30; p<0.05).
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Figure 3-3:

Schematic representation of the sagittal section of a rat brain indicating the locations of
the push—pull cannulae in control (PBS-1%BSA-treated group, n=6), IL-1p treated (n=6),
L-dopa treated (n=6) and the group treated with both IL-1p and L-dopa (n=9). The
numbers A1-P3 represent coronal plates extending 1 mm anterior (A1) to 3 mm posterior
(P3) to the bregma (AP0). MPA=medial preoptic area, SCh=suprachiasmatic nucleus,

=anterior hypothalamus, LA=lateroanterior hypothalamic nucleus, MPO=median
preoptic nucleus, StHy=striohypothalamic nucleus, VMH=ventromedial hypothalamus,
OX=optic chiasm, and SOX=supraoptic decussation. The location of the push—pull
cannulae in individual animals was determined by examining stained serial brain sections
under a light microscope. Note the location of the cannulae predominantly in the medial
preoptic area.
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Figure 3-4A: NE release profiles in intact female Sprague Dawley rats (n=6-7 per
group) treated with PBS-1%BSA (Control), Spg of IL-18, 50 mg/kg BW of L-dopa
or IL-1B in combination with L-dopa at 1300h on the afternoon of proestrus. Rats
were subjected to push-pull perfusion of the MPA. Perfusates were collected at 30
min intervals and analyzed for NE levels by HPLC-EC. ‘a’ indicates significant
difference (p<0.05) from levels at 1300 h and ‘b’ indicates difference (p<0.05) from
levels in IL-1p treated animals.
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Figure 3-4B. Average levels of NE during the entire period of observation in the
different treatment groups. *p<0.05 when compared to the rest of the groups.
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Plasma LH levels:

Concurrent changes in plasma LH levels in the animals subjected to push-pull
perfusion are shown in Fig 3-5. The effects of treatment [F (3, 58) =8.57], and time [F (5,
10) =3.34] were found to be significant (p<0.05). In control animals, LH levels (ng/ml,
mean+SE) were 0.5 + 0.2 at 1300 h and gradually increased to peak concentrations of 4.2
+ 0.8 at 1700 h (p<0.05), closely following the increase in NE levels in the MPA that
occurred at 1530 and 1600 h. In the group treated with L-dopa alone, LH levels increased
from 0.55+0.31 at 1300h to 3.29+0.93 at 1700h (p<0.05). These levels were not different
from those in the control animals. In contrast, in IL-1p treated animals, LH levels were
0.05+0.3 at 1300 h and remained at that level during the rest of the observation period,
parallel to the low levels of NE observed in the MPA. The suppressive effect of IL-18 on
LH was partially reversed by co-treatment with L-dopa. In this group, LH levels at 1700
h (1.99+0.49) were significantly higher than the levels observed in the IL-1p-treated
group (0.4+0.7; p<0.01). Average LH levels over the entire period of observation in
control animals and those treated with L-dopa alone were 1.91+0.39 and 1.6+0.4
respectively. IL-1P treatment decreased average LH levels significantly to 0.28+0.31
(p<0.05). However, the average LH levels in IL-1B+L-dopa-treated animals (0.97+0.23)
were in between the control and IL-1p treated groups and were not different from either
group (Fig. 3-5B). This suggests that L-dopa partially reversed the IL-1B-induced

suppression of the LH surge.
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Figure 3-5A. Plasma LH levels in intact female Sprague Dawley rats (n=6-7 per
group) treated with PBS-1%BSA (Control), Spg of IL-1B, 50 mg/kg of BW of L-
dopa or IL-1B in combination with L-dopa at 1300h on the afternoon of proestrus.
Animals were implanted with jugular catheters for concurrent blood sampling at
hourly intervals. Plasma samples were analyzed for LH levels by RIA. ‘a’ indicates
significant difference (p<0.05) from levels at 1300 h and ‘b’ indicates difference
(0<0.05) from levels in IL-18 treated animals.
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Figure 3-5B. Average levels of LH over the entire observation period in the
different treatment groups. *p<0.05 when compared to the rest of the groups.
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Ovarian histology:

Representative sections of one ovary from each of the treatment groups are
depicted in Fig 3-6A. The histological sections of the ovary were analyzed double-blind,
for the presence of post-ovulatory fresh corpora lutea (FCL), indicated by the presence of
increased vascularity within the CL. The numbers of old corpora lutea (OCL) as well as
mature follicles (MF) were also enumerated (Fig 3-6B). The numbers of FCL (Mean+SE)
in the control and L-dopa treated groups were 7.5+0.96 and 5.75+0.85 respectively.
Treatment with IL-1f significantly decreased the FCL numbers to 1.25+0.48 (p<0.05). In
contrast, treatment with IL-1B + L-dopa increased the number of FCL to 6.5+0.5, which
was significantly higher than tﬁat in the IL-1p treated group (p<0.05).

Besides producing a significant reduction in FCL, IL-1P treatment was also associated
with higher numbers of OCL. The number of OCL in the IL-1f treated group (6.0+ 0.57)
was significantly higher (p<0.05) compared to control (2.25+0.63), L-dopa (2.25+0.24)
and IL-1PB+L-dopa treated (2.23+0.15) groups. The numbers of mature follicles were not

significantly different between the different treatments.
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Figure 3-6A. Representative histological sections of ovaries (40x magnification) from
female Sprague-Dawley rats (n=4) treated with PBS-1%BSA (Control) (A), Sug of IL-
1B (B), 50 mg/kg of BW of L-dopa (C) or IL-1P in combination with L-dopa (D) at
1300h on the afternoon of proestrus and sacrificed between 1400-1500h on the
following day. Postovulatory, fresh corpora lutea (FCL) were identified by the
histological presence of a hemorrhage and the transition from a follicular appearance
to luteal phenotype, old corpora lutea (OCL) by the presence of densely packed luteal
cells while the mature follicles (MF) were identified by the presence of prominent
antral space and follicular fluid (E, 100x magnification).

70



[1 conTrOL
B -
[l L-oopa
10 - E= iL-1p+L-DOPA
s |1
8 -
o - *
8 =
| —
2 5 =
£ =
= —
s —
S 3 - =
i —
@ —
g =
< —
o = =

Figure 3-6B. Average numbers (Mean+SE) of post-ovulatory fresh corpora lutea
(FCL), old corpora lutea (OCL) and mature follicles (MF) in the different treatment
groups are shown. Female Sprague-Dawley rats (n=4 per group) treated with PBS-1%
BSA (Control), 5pg of IL-1B, 50 mg/kg BW of L-dopa or IL-1P in combination with
L-dopa at 1300h on the afternoon of proestrus and sacrificed between 1400-1500h on
the next day. *p<0.05 when compared to the rest of the groups.
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DISCUSSION:

Results from this study indicate that systemic administration of IL-1B blocks the
preovulatory LH surge in intact cycling animals and confirms earlier findings that IL-1§
is capable of suppressing reproductive functions. This was accompanied by a reduction in
NE release in the MPA indicating a role for NE in this effect. Further, treatment with the
noradrenergic precursor, L-dopa was able to block the effect of IL-1B and partially
restore NE levels in the MPA. This suggests that the IL-1 most probably affects the
biosynthesis of NE to produce its effect. Moreover, L-dopa treatment was also capable of
partially reversing the effect of IL-1p on the LH surge and this was sufficient to cause
ovulation in IL-1B-treated animals. This can therefore be considered as a viable
treatment option in patients who have ovulation failure due to chronic illnesses that are

associated with elevated IL-1p levels.

IL-1’s effects on the HPG axis became apparent when it was first demonstrated
that IL-1a could decrease LH secretion in male rats (Rivier and Vale 1989). Subsequently
this finding was extended to cycling female rats in which the more potent isoform, IL-18
not only blocked the preovulatory LH surge but also inhibited ovulation (Rivier and Vale
1990). A similar reduction in LH levels was also observed after IL-1B treatment in
ovariectomized, steroid-primed rats (Kalra et al. 1990a). Interestingly, these effects on
LH secretion and ovulation were observed only when IL-1B was administered i.c.v and
not when given systemically (Kalra et al. 1990a; Rivier and Vale 1990). This could be
attributed to the doses of IL-1P that were used in these studies. Rivier and Vale (1990)

used 40 ng i.c.v and 25 ng i.v., while Kalra et al (1990) used 30 ng i.c.v. and 1pg i.p.
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Earlier studies demonstrated that lower i.c.v. doses of IL-1B (3 ng) can elicit
neuroendocrine responses, but much higher doses (300 ng) are required when it is given
iv (Katsuura et al. 1988). We have previously shown that a dose-dependent change in
neurotransmitter levels occurs in response to i.p. administration of 1, 2.5 and 5 pg of IL-
18 (MohanKumar and Quadri 1993; MohanKumar et al. 1998). Based on previous
findings with iodinated IL-1(Banks et al. 1991), we estimate that only 4 ng of IL-1B
(0.08%) would have crossed the blood brain barrier after administration of 5 pg i.p. The
present study demonstrates that this dose could suppress the HPG axis effectively. This is
supported by our previous study in ovariectomized steroid-primed rats (MohanKumar

and MohanKumar 2002).

The mechanism by which IL-1p produces its effect on the LH surge is not clear.
Any of the multitude of neurochemicals that are implicated in LH regulation may be
involved in this phenomenon (Smith and Jennes 2001). Results from the present study
indicate that IL-1P acts by decreasing NE levels. There are several lines of evidence to
indicate that NE is stimulatory to GnRH neurons and LH secretion. NE concentration,
turnover and release are known to increase parallel to the LH surge (Wise 1984;
Mohankumar et al. 1994, 1995). Further, adrenergic antagonists (Le et al. 1997b) and
inhibition of NE synthesis (Brann and Mahesh 1991), both block the LH surge.
Moreover, the MPA is richly innervated by brainstem noradrenergic nuclei and lesioning
these areas suppresses the preovulatory LH surge (Anselmo-Franci et al. 1997).
Therefore, it is possible that IL-1p inhibits the LH surge by decreasing NE levels in the
MPA. The decrease in NE levels in the MPA produced by IL-1B treatment in the present

study is in agreement with this notion.
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To understand the possible mechanisms that are involved in the IL-1B-induced
decrease in NE release, we treated animals with several types of adrenergic agonists in
combination with IL-1p. However, the NE agonists were unable to block the effect of IL-
1B on the LH surge. Several reasons could have contributed to this effect. CLON, for
example, has an inherent property of inhibiting NE by acting at presynaptic sites (Mueller
and Nistico 1989b). This can account for the lack of the LH surge with CLON treatment
and the more severe inhibition of LH secretion seen with IL-1B+CLON treatment. It is
possible that a bolus injection of NE agonists as given in the present study could not
mimic the profile of NE release in the MPA that is known to be important for the
initiation of the LH surge (Mohankumar et al. 1994). Nevertheless, results from this study
indicate that systemic bolus administration of NE agonists is ineffective in blocking the

IL-1pB-induced suppression of the LH surge.

L-dopa, on the other hand was able to partially reverse the effect of IL-1p on NE
levels in the MPA and the LH surge. L-dopa is the product of the enzymatic action of
tyrosine hydroxylase (TH) on L-tyrosine. This also happens to be the rate limiting step in
NE biosynthesis (Nagatsu 1995) and therefore TH is critically involved in LH regulation.
TH activity increases significantly in the MPA during the afternoon of proestrus along
with the LH surge (Mohankumar et al. 1997b). Also, decreases in TH activity has been
implicated in the age-related loss of LH surges in rats (Mohankumar et al. 1997b). This
suggests the possibility that IL-1PB can decrease TH activity to suppress the LH surge. To
test this, we used L-dopa to by-pass TH and provided the substrate required for NE
biosynthesis. L-dopa crosses the blood-brain barrier easily and has been used to reverse

acyclicity and increase LH levels in old animals that have low hypothalamic NE levels
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(Huang et al. 1976; Forman et al. 1980). The results from the present study indicate that
administration of L-dopa along with IL-1p can indeed partially reverse the IL-1B-induced
suppression of the LH surge. This was accompanied by a partial but significant
restoration of NE levels in the MPA. The partial rather than complete reversal suggests
that IL-1p may affect enzymes downstream of TH such as dopa decarboxylase or
dopamine B-hydroxylase that are involved in NE synthesis. This needs further

investigation.

Further support for L-dopa’s ability to reverse the effect of IL-1p on the HPG axis
comes from the histological examination of the ovary. Ovaries of animals treated with IL-
1B alone had less numbers of fresh CL compared to the rest of the groups suggesting
suppressed ovulation. In contrast, control rats and the rats treated with L-dopa alone or
IL-1B+L-dopa had larger numbers of freshly formed CL suggesting that ovulation had
occurred in these groups. Moreover, the numbers of old CL were higher in the IL-1B
treated animals. This supports an earlier study that observed retention of CL with chronic
IL-1pB treatment (Rivier and Erickson 1993). The effect of IL-1B treatment on the rat
ovaries in vivo has not been studied in detail. An endogenous IL-1 system appears to
exist in the ovary and is essential for ovulation (Simon et al. 1994). Exogenous
administration of IL-1 appears to have the opposite effect. A previous study reported
failure of ovulation after central administration of IL-1p (Rivier and Vale 1990). Results
from the present study indicate a failure of ovulation in IL-1B-treated rats. In contrast,
control rats had larger numbers of freshly formed CL suggesting that ovulation had
occurred in this group (Figs 4 and 5). Moreover, the numbers of old CL were higher in

the IL-1P treated animals suggesting lack of luteolysis. Although the reasons for this are
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not clear, it is possible that systemic IL-1B could block prostaglandin F,, production
which is necessary for luteolysis and progression of the oestrous cycle (Dauffenbach et
al. 2003). Results from the present study also indicate that L-dopa was effective in
reversing IL-1P3’s actions on the ovary. Since L-dopa also reversed the effects of IL-IB'
on hypothalamic NE and plasma LH levels, it is possible that the effects observed on the
ovary are mediated through LH rather than through a direct action on the ovary. Since
the minimum levels of LH required for successful ovulation are only a fraction of the
peak levels (Gosden et al. 1976), it is possible that the modest increase in the LH levels

produced by L-dopa was sufficient to cause ovulation in IL-1p treated animals.

The exact route by which IL-1p affects noradrenergic neurons or their terminals is
unclear. IL-1p receptors have been identified in several parts of the brain and brain stem
(Wong and Licinio 1994; Ericsson et al. 1995; Gayle et al. 1997) and have also been
localized in para abdominal ganglia of the vagus nerve (Goehler et al. 1997). Since the
vagus projects to the brainstem nuclei, systemic IL-1B could act through the vagus to
affect central noradrenergic neurons. On the other hand, systemic IL-1B can also cross
the blood-brain-barrier to affect the hypothalamus and other brain areas such as the area
postrema that lie in close proximity to the brainstem NE neurons (Brady er al. 1994).
Regardless of the route, results from this study indicate that systemic IL-1B is capable of
inhibiting the HPG axis most probably by decreasing NE levels in the hypothalamus.
This effect could be partially reversed by treatment with L-dopa indicating that this could
be a viable treatment for reproductive failure, especially in the face of chronic infections

or inflammatory conditions.
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CHAPTER 4. SYSTEMIC INTERLEUKIN-18 BLOCKS STERIOD-INDUCED LH

SURGE - INTERACTION BETWEEN GABA AND NOREPINEPHRINE

INTRODUCTION:

Immune stress has a negative impact on the reproductive axis. We have used systemic
administration of a potent cytokine, IL-1p, to model immune stress and study its effects
on the female reproductive axis. As demonstrated in Chapter 3, IL-1p suppresses the pre-
ovulatory LH surge and inhibits ovulation in female rats. We have also demonstrated
that this suppression involves a decrease in the stimulatory input of NE on the GnRH
system. IL-1B could induce this decrease in NE as a direct action on noradrenergic
neurons or it could be an indirect effect involving other neurotransmitters like GABA.

The involvement of GABA release in the hypothalamus in regulating LH secretion
has been previously demonstrated (Mansky et al. 1982; Adler and Crowley 1986). GABA
has been shown to have a reciprocal relationship with NE in the MPA. During the LH
surge on proestrus in female rats, NE levels increase in the MPA while GABA levels
decrease gradually (Demling et al. 1985; Akema et al. 1990). Further, administration of
GABA receptor agonists has been shown to inhibit LH secretion as well as decrease
GnRH gene expression (Leonhardt et al. 1995). There is also neurochemical evidence
pointing to the role of GABA in tonic inhibition of presynaptic release of NE (Mansky et
al. 1982; Lamberts et al. 1983).

In this study, we have used an ovariectomized, steroid-primed model to examine the
role of GABA in IL-1B-induced suppression of NE levels in .the MPA. The

ovariectomized steroid-primed rat model consistently and reproducibly simulates the
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proestrus LH surge and has been well documented (Kalra and Kalra 1979, 1983; Kalra et
al. 1990a). In previous studies, we have used this model to show that IL-1p decreases NE
levels in the MPA and suppresses the LH surge (MohanKumar and MohanKumar 2002).
In the present study, we hypothesize that systemic IL-1B increases GABA levels in the
MPA, concurrently decreases NE levels and thus blocks serum LH levels. We also intend
to investigate if this decrease in NE and LH could be reversed by central administration

of GABA-A and GABA-B receptor antagonists.
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EXPERIMENTAL SETUP:

Three-to-four month-old female Sprague Dawley rats obtained from Harlan Inc.
(Indianapolis, IN) were used in these experiments. The protocols used in this study were
approved by the Institutional Animal Care and Use Committee at Michigan State
University. After a two-week acclimatization period, all the animals were weighed and
randomly divided into six groups. All animals were bilaterally ovariectomized and
implanted with a push—pull cannula in the MPA and an icv cannula as described in detail
in the Methods chapter.

Steroid treatment protocol was followed as previously described (MohanKumar
and MohanKumar 2002). On the 8th day after surgery, the rats were treated with a
subcutaneous injection of estrogen (20 pg/0.1 ml corn oil) at 1000 h. On the 10th day, the
rats received a subcutaneous injection of progesterone (2 mg/0.1 ml of corn oil) at 1000 h
and were subjected to push—pull perfusion. On the day of the push-pull perfusion, after
collecting a pretreatment blood sample and perfusate at 1300 h, they were injected i.p.
with either 250 ul of the vehicle for IL-1B (PBS-1.0% BSA; control; n=7) or 5 pg of
recombinant rat IL-1B (Abazyme, Needham, MA; n=6) and intracerebroventricularly
with 5 uL. CSF. Other groups of rats were treated i.c.v with either a GABA-A antagonist,
bicuculline (Sigma, St Louis, MO) (BIC+saline; l1pg in 5 pL; n=6), a GABA-B
antagonist, CGP-35348 (Sigma; CGP+saline; 20 pg in 5 pL; n=6), in combination with
either PBS-1.0% BSA i.p or 5 pg of IL-1P i.p (n=5-6 each for IL-1p +BIC, IL-1B +CGP)
at 1300 h. The effective doses of BIC and CGP were titrated based on preliminary pilot

studies such that they were low enough not to cause any convulsions.
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RESULTS:
Effect of IL-1p on GABA:

The changes in levels of GABA in the MPA in rats treated with vehicle or IL-1p are
shown in Fig 4-1. The effect of treatment [F(1,47)= 46.71], time [ F(11,38)=3.31] as well
as the interaction between treatment and time [F(11,38)=3.19] were found to be
statistically significant (p<0.05). In the vehicle-treated controls, the levels of GABA at
1300 h were 62.43+15.87 and decreased to 9.12+16.15 at 1530 h and then regained
baseline values. Treatment with IL-1p significantly increased GABA levels from 1300 h
at 41.82+22.85 to 116.91£13.25 at 1500 h, 235.53+15.5 at 1530 h which gradually
decreased to baseline values. The average levels of GABA in IL-1B-treated group were
189.3+29.14 which was significantly higher than the levels in controls (49.88+10.97;

p<0.05).
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Figure 4-1A. Effects of IL-1f on GABA release in the MPA. GABA release
(mean+SE;pg/min) profile in the MPA measured at 30-min intervals in ovariectomized
steroid primed animals that were either treated with with PBS (Control, n=7), or 5 pg of
IL-1B (n=6) at 1300 h. ‘a’ indicates significant difference (p<0.05) from levels at 1300 h
and ‘b’ indicates significant difference (p<0.05) from levels in control animals. Note that
the GABA levels in IL-1B-treated animals increased within 2 hrs post injection and
remain high until 4 hrs post injection.
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Figure 4-1B: Average GABA levels (mean+SE;pg/min) during the entire period of
observation in the control and IL-1pB treated animals (*p<0.05). Note that treatment
with IL-1B significantly increased the levels of GABA measured during the entire
treatment period. '
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Effect of IL-1B on NE: Role of GABA antagonists:

The profiles of NE release in the MPA in rats treated with vehicle, IL-1B,
Bicuculline, CGP-35348 or IL-1B in combination with bicuculline or CGP-35348 are
shown in Figs 4-2A, B, C and D. The effect of treatment [F(5,184)=18.33], time
F(11,108)=15.7] as well as the interaction between treatment and time [F(55,108)=3.07]
were found to be statistically significant (p<0.05). In control animals, NE levels (pg/min,
Mean+SE) increased gradually from 1300 h (5.53%0.79), reached a peak at 1630 h
(22.49+2.23; p<0.05) and declined to 4.8+1.6 at 1800 h. In contrast, treatment with IL-1
suppressed the rise in NE levels. NE levels in this group were 4.62+1.47 at 1300 h and
remained at that level for the remaining period of observation. In the group treated with
bicuculline alone, NE levels increased from 4.44+0.93 at 1300 h, by more than three-fold
to 18.69+2.6 at 1630 h (p<0.05), were 15.01£2.6 at 1700 h. Treatment with bicuculline in
combination with IL-1p partially reversed the suppressive effect of IL-18 on NE. The
levels of NE in these animals increased significantly from 4.57+1.21 at 1300 h to
13.31+£2.96 at 1630 h (p<0.01). These levels were not different from the group treated
with bicuculline alone at 1630 h but were significantly higher compared to the IL-1B-
treated group (5.41+£3.31; p<0.05) at this time point. In the group treated with CGP-
35348 alone, NE levels increased from 5.2+0.85 to 17.03+2.2 at 1630 h (p<0.05). The
levels at 1530 and 1700 h were 13.43+1.21 and 12.06+2.35, respectively, which were
different from the control values at those time points. The combination of CGP-35348

along with IL-1p failed to reverse the suppressive effect of IL-18.
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The average levels of NE over the entire period of observation are shown in Fig
4-F. NE levels in control animals (9.51+0.48), animals treated with bicuculline alone

(9.16+£0.83), CGP-35348 alone (9.43+1.14) and in animals treated with IL-
1B+bicuculline (6.94+2.2) were significantly higher than those in animals treated with

either IL-1PB alone (5.3+0.59) or IL-1B+CGP-35348(4.18+0.95; p<0.05).
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Figure 4-2A: Effects of IL-18 on NE release in the MPA. NE release (meantSE;
pg/min) profile in the MPA measured at 30-min intervals in ovariectomized steroid
primed animals that were either treated with PBS (Control,n=7), or 5 pg of IL-1B
(n=6) at 1300 h. ‘a’ indicates significant difference (p<0.0S5) from levels at 1300 h
and ‘b’ indicates difference (p<0.05) from levels in IL-1B-treated animals. Note that
the NE levels in control animals increased from 1530 h and reached a peak at 1630 h.
But the levels in IL-1p treated rats remained unchanged during the treatment period
and were significantly lower than respective levels in controls.
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Figure 4-2B: Effects of IL-18 on NE release in the MPA. NE release (meantSE;
pg/min) profile in the MPA measured at 30-min intervals in ovariectomized steroid
primed animals that were either treated with bicuculline (veh+BIC, n=6), or a
combination of 5 pug of IL-1B and bicuculline (IL-1p +BIC,n=6) at 1300 h. The NE
profile in control animals is provided for comparison purposes in grey. ‘b’ indicates
difference (p<0.05) from levels in IL-1B-treated animals. Note that the NE levels in
veh+BIC animals were not different from control levels. Treatment with bicuculline
reversed the suppressive effect of IL-18 on NE.
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Figure 4-2C: Effects of IL-1B on NE release in the MPA. NE release (mean+SE;
pg/min) profile in the MPA measured at 30-min intervals in ovariectomized steroid
primed animals that were either treated with CGP-35348 (veh+CGP, n=6), or a
combination of Sug of IL-1p and bicuculline (IL-1B +CGP,n=6) at 1300h. The NE
profile in control animals is provided for comparison purposes in grey. ‘a’ indicates
significant difference (p<0.05) from levels at 1300 h, ‘b’ indicates difference
(p<0.05) from levels in IL-1B-treated animals and ‘c’ indicates difference from levels
in control animals (p<0.05) . Note that the NE levels in veh+CGP animals were not
different from control levels at 1630h. Treatment with CGP 35348 failed to reverse
the suppressive effect of IL-1p on NE.
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Figure 4-2D: Average NE levels (meantSE;pg/min) during the entire period of
observation in the control, IL-1B, veh+BIC, IL-1p +BIC, veh+CGP, IL-1p +CGP
treated animals at 1300 h. Note that treatment with IL-18 significantly decreased the
levels of NE measured during the entire treatment period and CGP 35348 failed to

reverse it.
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Effect of IL-1P on plasma LH levels - Role of GABA antagonists:

Concurrent changes in plasma LH levels in the animals subjected to push-pull
perfusion are shown in Fig 4-3A,B,C and D. The effects of treatment [F (5, 163) =8.3],
time [F (6, 11) =11.66] and the interaction between treatment and time [F (30,11)=3.35]
were found to be significant (p<0.05). In control animals, LH levels (ng/ml, mean+SE)
were 0.45 = 0.19 at 1300 h and gradually increased to peak concentrations of 5.9 + 1.02
at 1800 h (p<0.05), closely following the increase in NE levels in the MPA that occurred
at 1630 and 1700 h. In contrast, in IL-1p treated animals, LH levels were 0.57+0.25 at
1300 h and remained at that level during the rest of the observation period, parallel to the
low levels of NE observed in the MPA. In the group treated with bicuculline alone, LH
levels increased from 0.99+0.22 at 1300h to 6.82+1.02 at 1700h (p<0.05) and decreased
to 4.65+1.18 at 1800h. These levels at 1800h were not different from those in the control
animals but the levels at 1700h were higher than those in controls (P<0.05) indicating
that the peak in LH was advanced by bicuculline treatment . The suppressive effect of IL-
1B on LH was reversed by co-treatment with bicuculline. In this group, LH levels at 1800
h (4.68+1.29) were significantly higher than the levels observed in the IL-1B-treated
group (0.6+0.7; p<0.05). In the group treated with CGP-35348 alone, the levels at 1300h
were 0.49+0.25, which significantly increased to 5.65+1.44 at 1800h (p<0.05). The levels
at 1800h were not different from control levels but higher than CGP-35348+IL-1p treated
group. In the IL-1B+CGP-35348 group, the levels of LH remained similar to IL-1pB-
treated group indicating that CGP-35348 did not reverse the effect of IL-1B. The average
levels of serum LH during the entire observation period is shown in Fig 4-J. Average LH

levels in control animals (2.41+0.23), animals treated with bicuculline alone (2.74+0.39),
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CGP-35348 alone (2.025+0.19) and in animals treated with IL-1B+bicuculline

(1.64+£0.24) were significantly higher than those in animals treated with either IL-1B

alone (0.67+0.05) or IL-1B+CGP-35348(1.1+0.0.27; p<0.05).
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Figure 4-3B: Effects of IL-18 on serum LH levels. Serum LH (mean+SE; ng/mL) profile
measured at hourly intervals in ovariectomized steroid primed animals that were either
treated with bicuculline (veh+BIC, n=6), or a combination of Spug of IL-1B and
bicuculline (IL-1p +BIC,n=6) at 1300h. The LH profile in control animals is provided for
comparison purposes in grey. ‘a’ indicates significant difference (p<0.05) from levels at
1300 h, ‘b’ indicates difference (p<0.05) from levels in IL-1B-treated animals and ‘c’
indicates difference from levels in control animals (p<0.05) . Note that the peak LH
levels were advanced by an hour in veh+BIC animals but were not different from control
levels at 1800h. Treatment with bicuculline reversed the suppressive effect of IL-1p on
LH.
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Figure 4-3D: Average serum LH levels (meantSE;pg/min) during the entire period of
observation in the control, IL-1B, veh+BIC, IL-1p +BIC, veh+CGP, IL-1p +CGP treated
animals at 1300 h. Note that treatment with IL-1P significantly decreased the levels of
LH measured during the entire treatment period and CGP 35348 failed to reverse it.
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DISCUSSION:

The present study further explores the mechanisms by which systemic IL-1p produces
a suppressive effect on the steroid-induced LH surge. The results of this study provide
evidence for the involvement of GABA, the interaction between NE and GABA and
additionally delineate the role of specific GABA receptors involved in transducing the
effects of systemic IL-1B on LH secretion. This is in fact the first study to simultaneously
measure NE and GABA levels in the MPA with corresponding measurements of serum
LH during a systemic challenge with IL-1B.

Systemic IL-1pB increased GABA levels in the MPA in ovariectomized-steroid primed
rats. Parallel to this increase in GABA, there was a decrease in NE levels in the MPA as
well as suppression of the steroid-induced LH surge. Furthermore, we attempted to
reverse IL-1P’s inhibitory effects on the HPG axis by using GABA antagonists. The
GABA-A antagonist, bicuculline reversed the suppressive effect of IL-1 on LH by
increasing the levels of NE while the GABA-B antagonist, CGP 35348 failed to produce
such an effect. This suggests that systemic IL-1B is capable of modulating both
stimulatory as well as inhibitory inputs on the GnRH system to influence the HPG axis.

The potentially adverse effect of cytokines on the reproductive axis is well known.
IL-1B was believed to affect the HPG axis more likely at the hypothalamic level and
inhibit ovulatory function (Rivier and Vale 1990). Several candidate molecules have been
proposed to mediate the inhibitory effect of IL-1B on the HPG axis (reviewed in (Rivier
and Rivest 1993; Kalra et al. 1998)) and the mechanistic evidence is constantly growing.
This is because regulation of LH secretion is not simplistic but involves an intricate

coordination of a horde of neurochemicals at the hypothalamic level (Levine 1997; Smith
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and Jennes 2001). GABA is one of the important regulators of LH secretion. It has been
shown to exert an inhibitory tone on LH surge (Donoso et al. 1994). Administration of
GABA agonists was shown to suppress steroid-induced LH surge (Adler and Crowley
1986). In female rats during proestrus, when LH levels increase in the afternoon, the
levels of GABA were found to be low (Demling et al. 1985; Jarry et al. 1988). This
decrease in GABAergic input has been proposed to be permissive to the generation of the
LH surge by increasing the responsiveness of GnRH neurons (Barraclough 1994; Dobson
et al. 2003). The effects of pharmacological manipulations of GABA receptors on LH
surge have yielded indecisive results, though. Bicuculline, GABA-A receptor antagonist
is shown to cause an advance in peak of LH by one group (Kimura and Jinnai 1994)
while another reports no such effect (Herbison and Dyer 1991).

The effects of GABA on LH secretion can be a result of i) its direct actions on the
GnRH neurons or ii) by modulating the effects of other neurotransmitters like NE. There
are several lines of evidence to point out the direct connections between GABA neurons
and the GnRH neuronal network. Direct synaptic connectivity between GABAergic
neurons with GnRH neurons at the MPA has been reported (Jennes et al. 1983; Leranth et
al. 1985). Also, GnRH neurons express GABA receptors and electrophysiologically
respond to different pharmacological manipulations, under both in vivo and in vitro
conditions (Herbison and Dyer 1991; Favit et al. 1993; Jung et al. 1998).

Numerous studies point to the existence of a reciprocal relationship between GABA
and NE (Mansky et al. 1982; Ondo et al. 1982; Demling et al. 1985). Also, direct
synaptic connections between NE terminals and GABA interneurons has been described

(Horvath et al. 1992). Release rates of GABA are low in the MPA while NE and LH
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levels are high, and when LH levels are low in diestrus, levels of GABA were found to be
high (Mitsushima et al. 2002). Moreover, administration of GABA-A agonist, muscimol
has been shown to reduce NE turnover rate, paralleling an attenuation of the LH surge
(Adler and Crowley 1986; Akema et al. 1990). The relationship between the levels of
NE, GABA and LH found in this study do corroborate with existing results.

The levels of GABA in control animals during the steroid-induced LH surge in the
present study (20-60 pg/min) are comparable to previous studies (Tin Tin Win et al.
2004) using a similar animal model (54 pg/min). In the present study, in control animals,
corresponding to increase in NE levels in the MPA and the serum LH in the afternoon,
the levels of GABA were low. In contrast, systemic IL-1B increased GABA release in the
MPA allowing us to speculate that immune challenges are capable of influencing a wide
range of aspects of the GABAergic system. Systemic administration of LPS has been
shown to increase the synthesis of the GABA-synthetic enzyme, glutamic acid
decarboxylase (GAD67) in the MPA as well as GABA levels (Feleder et al. 1996; Akema
et al. 2005). Moreover, IL-1 has been shown to enhance inhibitory GABAergic post
synaptic potentials and inhibit the activity of preoptic neurons by increasing presynaptic
GABA release (Tabarean et al. 2006; Brambilla et al. 2007). It also has been shown to
augment the expression of GABA-A receptors at the neuronal surface (Serantes et al.
2006).

On the role of GABA antagonists, we show here that bicuculline, a GABA-A receptor
when administered along with IL-1B was able to block the effect of IL-1B on NE levels in
the MPA and serum LH. No such effect was observed upon administration of CGP-

35348, a GABA-B antagonist suggesting that IL-1B’s modulation of the GABAergic
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system to influence the HPG axis is probably mediated though GABA-A receptors.
Several other studies provide substantial evidence for the preponderance of GABA-A
receptor over GABA-B receptor in mediating LH secretion. Direct administration of
GABA-A agonist, muscimol, was demonstrated to rapidly reduce LH release and
decrease the expression of GnRH in the hypothalamus (Leonhardt et al. 1995) while the
GABA-B agonist, baclofen, did not have such effect. Activation of GABA-A receptors is
shown to be inhibitory to GnRH electrical activity (Kimura et al. 1993) while GABA-B
receptor activation inhibits mRNA expression and peptide synthesis of GnRH (Bergen et
al. 1991). Taken together, these studies support an inhibitory role for GABA in LH
secretion. The involvement of NE in GABA-induced LH suppression has not been
studied in great detail. The few studies that have examined the role of NE in this
phenomenon were done in male rats. Nevertheless, these were found to be GABA-A
receptor mediated (Feleder et al. 1999a; Sakamaki et al. 2003) strengthening the results
of the present study that bicuculline alone and not CGP-35348 reversed IL-1B’s effects
on NE and LH.

The role of GABA-A receptor in modulating the inhibitory effects of stress on LH has
been documented in the context of other stressors also. Metabolic stress following
glucoprivation is known to increase central GABA levels and this effect suppresses
reproductive function (Singh et al. 2004). During such metabolic stress, central GABA-A
but not GABA-B receptors have been demonstrated to be responsible for the inhibition of
LH surge (Singh and Briski 2005). In forskolin-induced suppression of LH surge,
GABA-A receptors have been implicated (Taleisnik et al. 1993). This involvement of

GABA receptors in mediating stress-induced inhibition of LH does not seem to be a
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global phenomenon though. In a neurogenic stress paradigm, like acute restraint, GABA
antagonists were ineffective in reversing the inhibition on LH (Roozendaal et al. 1997)
suggesting that the role of GABA receptors is exclusive to homeostatic stress paradigms.

Apart from studies in rodents, experiments in other species also suggest the
involvement of GABA-A receptors in bringing about the inhibitory effect of GABA on
LH secretion. Activation of GABA-A receptors in sheep during the breeding season has
been shown to inhibit LH secretion leading to anovulation (Scott and Clarke 1993).

The present study presents interesting findings that inhibition of the steroid-induced
LH surge in female rats by systemic immune challenge is mediated by a central increase
in GABAergic inhibitory input. This increase also corresponded to a decrease in
noradrenergic stimulatory input. This study also provides insight into the receptor
mechanisms involved in GABA-mediated inhibition of LH. Specifically, GABA-A
receptor mediated mechanism was found to reverse the inhibitory effect of systemic IL-
1B on levels of NE in the MPA and serum LH while GABA-B blockade did not have
such effect. Taken together, these findings suggest that systemic IL-1B inhibits HPG
activity by interaction between GABA and NE at the MPA and this is accomplished most

probably by a GABA-A receptor mediated mechanism.

99



CHAPTER 5: SIMULTANEOUS EFFECTS OF SYSTEMIC INTERLEUKIN-1B

ON THE HPA AND HPG AXES: ROLE OF NOREPINEPHRINE

INTRODUCTION:

Interaction between the immune and neuroendocrine systems during an immune
challenge often results in activation of the hypothalamic-pituitary-adrenal (HPA) axis and
suppression of the hypothalamo-pituitary-gonadal (HPG) axis (Kalra et al. 1998;
Beishuizen and Thijs 2003; Webster and Sternberg 2004). Interleukins are proteins that
are released by activated macrophages during a systemic immune challenge. They play a
major role in conveying to the CNS the occurrence of immune stimulation (Besedovsky
and del Rey 1996; Dinarello 1996). In particular, the cytokine, interleukin-1p (IL-1B) has
been shown to affect both the HPA and the HPG axes (Berkenbosch et al. 1987; Sapolsky
et al. 1987; Kalra et al. 1990a; Rivier and Vale 1990).

Central and peripheral administration of IL-1B has been shown to block
reproduction. Specifically it has been shown to suppress the preovulatory LH surge and
thereby block ovulation (Kalra et al. 1990a; Rivier and Vale 1990; MohanKumar and
MohanKumar 2002). Numerous studies have demonstrated the involvement of central
pathways in mediating this effect. IL-1P not only decreases c-fos immunoreactivity in the
gonadotrophin releasing hormone (GnRH) neurons (Rivier and Rivest 1993), but is
capable of blocking the transcription and translation of GnRH culminating in the decrease
of GnRH from the hypothalamus (Rivier and Rivest 1993; Kang et al. 2000). The

mechanism by which IL-1B mediates these effects is not well established. It is possible
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that atleast some of the multitude of neurochemicals implicated in regulation of LH
(Kalra 1993; Smith and Jennes 2001) might be involved in bringing about these effects.

IL-1B has been shown to activate the HPA axis by increasing c-fos
immunoreactivity in corticotrophin releasing hormone (CRH) neurons, release of CRH
from the paraventricular nucleus (PVN) effecting an increase in circulating
glucocorticoids (Besedovsky et al. 1986; Berkenbosch et al. 1987; Sapolsky et al. 1987;
Brady et al. 1994). Our previous studies indicate that systemic administration of IL-18
activates the HPA axis by increasing the noradrenergic stimulatory input to the CRH
neurocircuitry in the PVN (MohanKumar and Quadri 1993; MohanKumar and
MohanKumar 2005).

Using push-pull perfusion, we have demonstrated that suppression of the
preovulatory LH surge involves decrease in norepinephrine (NE) levels in the medial
preoptic area, one of the areas with highest density of GnRH neurons (MohanKumar and
MohanKumar 2002; Sirivelu et al. 2006). It is interesting to note that the effects of IL-1B
on both the HPA axis as well as the HPG axis have been mediated via NE. And, more
importantly, it is clear that the effect of IL-1B on the noradrenergic system is not
generalized but region-specific.

Studying the interaction between the HPA and the HPG axes during an immune
challenge is essential for understanding the mechanisms by which immune stress
compromises reproduction. Several studies have looked at the isolated effect of IL-1B on
the HPA axis as well as the HPG axis. The simultaneous effects of IL-1B on both the
HPA and the HPG axes in the same animal and the mechanisms involved in precipitating

these changes have not been studied so far. The present study is the first of such
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experiments to evaluate the concurrent changes in the HPA and the HPG axes during a
systemic IL-1 challenge. The role of NE in such an interaction between these two
systems, especially in female rats has not been studied so far. The objective of the present
study is to examine the differential effects of IL-1PB on noradrenergic activity in the HPA

axis related areas as well as the HPG axis related areas of the brain.
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EXPERIMENTAL SETUP:

The estrous cycle of the rats was monitored by daily vaginal cytology after a rest
period of two weeks. The rats that showed regular estrous cycles were selected. On the
day of proestrus, they were randomly subjected to one of the two treatments, Control
(PBS-1.0% BSA), IL-1-p Spg i.p at 1300 hrs. They were sacrificed at three time points:
1300, 1500 and 1700 hrs by rapid decapitation. The trunk blood was collected for
analysis of IL-1B, LH and corticosterone levels. The brain was snap frozen in liquid
nitrogen and stored in —70°C. Serial coronal sections (300 pm thick) of the brain were
obtained using a cryostat (Slee Mainz, London, UK) maintained at —10°C. The brain
areas — organum vasculosum lamina terminalis (OVLT), diagonal band of Broca (DBB),
medial preoptic area (MPA), suprachiasmatic nucleus (SCN), arcuate nucleus (AN),
paraventricular nucleus (PVN), central amygdala (CeA), bed nucleus of the stria
terminalis (BNST) were microdissected by the Palkovits’s micropunch technique. Tissue
samples were obtained bilaterally, and all the subdivisions of the nuclei were included.

The samples were used for neurotransmitter detection by HPLC-EC.
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RESULTS:
Effect of IL-1P on circulating IL-1p levels:

The patterns of serum IL-1B (ng/ml; mean %SE) in control and IL-1B treated
animals are shown in Fig 5-1. The levels of IL-1B in the control animals at 1pm were
0.15 + 0.1 and remained at similar levels at 3pm and 5pm. However, in the IL-1p-treated
animals they increased to 2.08 + 0.44 at 3pm, which were significantly different from
levels at 1pm as well as control levels at 3pm (0.19 = 0.03; p<0.05). At Spm, the levels

dropped to 0.69 + 0.16 which were also higher than control values (0.26 + 0.06).
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Figure 5-1. Serum IL-1B levels (meantSE;ng/ml) in control (n=8+8+8) and IL-1B-
treated female rats(n=8+8+8) on proestrus. ‘a’ indicates significant difference (p<0.05)
from levels at 1pm and ‘b’ indicates difference (p<0.05) from levels in control animals.
Note that treatment with IL-1B significantly increases serum IL-1pB levels within 2 hrs
while the levels in vehicle treated controls remain unchanged during the treatment period.
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Effect of IL-1p on serum corticosterone levels:

The patterns of serum corticosterone (ng/ml; mean +SE) in control and IL-
1P treated animals are shown in Fig 5-2. At 1pm, corticosterone levels in control animals
(492.87+£96.98) were not different from levels in IL-1p-treated animals (524.9+102.86).
At later time points of 3pm and Spm, the levels in control animals gradually decreased. In
contrast, treatment with IL-1p increased corticosterone levels to 812.18+112.68 at 3pm
and 556.0+93.69 at 5pm which were significantly higher (p<0.05) than the levels in

control animals (305.26+70.96, 271.92+43.32 respectively).
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Figure 5-2. Serum corticosterone levels (meantSE;ng/ml) in control (n=8+8+8) and IL-
1B-treated(n=8+8+8) female rats on proestrus. ‘a’ indicates significant difference
(p<0.05) from levels at 1pm and ‘b’ indicates difference (p<0.05) from levels in control
animals. Note that treatment with IL-1P significantly increases serum corticosterone
levels within 2 hrs while the levels in vehicle treated controls remain unchanged during
the treatment period.
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Effect of IL-1f on serum LH levels:

The levels of LH (ng/ml; mean +SE) in control and IL-1p treated animals are
shown in Fig 5-3. In control animals, LH levels at 1pm were 1.48+0.13 and gradually
increased to 1.89+0.24 at 3pm and reached a peak at 5pm (4.91+1.12, p<0.05). However
in IL-1p-treated animals, LH levels at 1pm were 1.29+0.11 and remained at similar levels
at 3pm and 5pm. Treatment with IL-1P blocked the LH peak at Spm compared to control

animals (p<0.05).
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Figure 5-3. Serum LH levels (meantSE;ng/ml) in control (n=8+8+8) and IL-1PB-
treated(n=8+8+8) female rats on proestrus. ‘a’ indicates significant difference (p<0.05)
from levels at 1pm and ‘b’ indicates difference (p<0.05) from levels in control-treated
animals. Note that serum LH level increased significantly in the control animals which
was blocked by treatment with IL-1B.
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Effect of IL-1 on NE levels in HPG axis-related areas:

The levels of NE (pg/ug protein; mean +SE) in control and IL-1p treated animals in
various areas related to the HPG axis are shown in Fig 5-4A-E.

MPA: The levels of NE in control animals at 1pm were 18.22+0.5, which significantly
increased to 24.70+3.2 at 3pm (p<0.05; Fig3a). In IL-1B-treated animals, the levels of NE
at 1pm were 13.07+1.55 which remained at similar levels at 3pm and Spm. At 3pm, the
levels of NE in IL-1B-treated animals (16.89+.87) were significantly lower compared to
the levels in control animals (p<0.05). At Spm also, the levels of NE in control animals
(20.72+2.0) were significantly decreased (p<0.05) by the treatment with IL-1B
(14.26x1.26) indicating a suppression of the reproductive axis.

DBB: In the control animals, the levels of NE at 1pm were 12.15+1.41, which
significantly increased to 20.98+1.41 at 3pm (p<0.05; Fig 3b). This increase in NE levels
at 3pm was blocked by treatment with IL-1f (11.76+2.5; p<0.05). The levels of NE in
the IL-1B-treated animals did not change with time.

OVLT: The levels of NE in control animals at 1pm were 10.47+0.826 (Fig 3c) and
remained at similar levels at 3pm (12.51£.805) and Spm (10.96+1.96). In IL-1pB-treated
animals, the levels of NE at 1pm were 8.22+1.23 and remained at similar levels during
3pm (6.92+.89) and at Spm (8.05+.66). However, at 3pm, the levels of NE in IL-18-
treated animals were significantly lower than those in control animals (p<0.05).

AN: In the control animals, the levels of NE did not change during the timepoints-1pm,
3pm and 5pm (Fig3d). In the IL-1p treated animals also, the levels of NE at 1pm were

15.97+1.5 and showed a trend to decrease over time. At 3pm, the levels of NE in IL-18-
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treated animals (13.01£1.07) were significantly lower (p<0.05) when compared to the
levels in control animals (17.96 +0.82).

SCN: The levels of NE in the control animals at 1pm were 16.26+2.81 (Fig3e) and
remained at similar levels at 3pm and Spm. In the IL-1p-treated animals, the levels of NE
at 1pm were 15.26+1.84 which were not different from the levels in control animals
(16.26+2.81). However at 3pm and Spm, the levels of NE in IL-1B-treated animals
(12.83+0.80 and 10.03+1.27 respectively) were significantly lower (p<0.05) compared to

the levels in control animals (16.85+1.46 and 16.39+.94 respectively).
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Figure 5-4A. Effect of systemic injections of PBS (control, n=8+8+8) and 5ug IL-18
(n=8+8+8) on the concentrations of NE (mean+SE;pg/ug protein) in the medial preoptic
area. ‘a’ indicates significant difference (p<0.05) from levels at 1pm and ‘b’ indicates
difference (p<0.05) from levels in control animals. Note that NE levels increased
significantly in the control animals which were blocked by treatment with IL-1p.
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Figure 5-4B. Effect of systemic injections of PBS (control, n=8+8+8) and Sug IL-1B
(n=8+8+8) on the concentrations of NE (mean+SE;pg/ug protein) in the diagonal band of
Broca. ‘a’ indicates significant difference (p<0.05) from levels at 1pm and ‘b’ indicates
difference (p<0.05) from levels in control animals. Note that NE levels increased
significantly in the control animals which were blocked by treatment with IL-1.
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Figure 5-4C. Effect of systemic injections of PBS (control, n=8+8+8) and Spug IL-18
(n=8+8+8) on the concentrations of NE (mean+SE;pg/pug protein) in the organum
vasculosum lamina terminals. ‘b’ indicates difference (p<0.05) from levels in control
animals. Note that NE levels decreased significantly in the IL-1B treated animals
compared to the controls.
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Figure 5-4D. Effect of systemic injections of PBS (control, n=8+8+8) and Sug IL-1B
(n=8+8+8) on the concentrations of NE (meantSE;pg/ug protein) in the suprachiasmatic
nucleus. ‘b’ indicates difference (p<0.05) from levels in control animals. Note that NE
levels decreased significantly in the IL-1f treated animals compared to the controls.
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Figure 5-4E. Effect of systemic injections of PBS (control, n=8+8+8) and Sug IL-1B
(n=8+8+8) on the concentrations of NE (mean+SE;pg/ug protein) in the suprachiasmatic
nucleus. ‘b’ indicates difference (p<0.05) from levels in control animals. Note that NE
levels decreased significantly in the IL-1f treated animals compared to the controls.
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Effect of IL-1p on NE levels in HPA axis-related areas:

The levels of NE (pg/ug protein; mean +SE) in control and IL-1pB treated animals in
various areas related to the HPA axis are shown in Fig 5-5A-C.

PVN: The levels of NE in the control animals at 1pm were 11.67+2.78 (Fig 4a) and did
not change at 3pm and Spm. In the IL-1B-treated animals, the levels of NE at 1pm were
11.48+2.49 which significantly increased to 20.9+2.24 (p<0.05) at 3pm and remained at
13.14+2.98 at S5pm. At 3pm and Spm, the levels of NE in IL-1B-treated animals were
significantly higher (p<0.05) than the levels in control animals indicating an activation of
the stress axis.

BNST: In control animals, the levels of NE at 1pm were 5.03+.54 (Fig 4b) which showed
a trend to decrease at 3pm and Spm (2.73+.49, 2.66+.41 respectively). In the animals
treated with IL-1, the levels of NE at 1pm were 5.36+0.61 which increased to 7.57+1.56
at 3pm and 6.71+.93 at Spm. The levels at 3pm and S5pm were significantly higher in the
IL-1p-treated animals when compared to the control animals (p<0.05).

CeA: In the control animals, the levels of NE at 1pm did not differ from the levels at 3pm
and 5pm. Treatment with IL-1B significantly increased (p<0.05) the levels of NE

(14.50+3.3) at 3pm when compared to the levels in control animals.
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Figure 5-5C. Effect of systemic injections of PBS (control, n=8+8+8) and Sug IL-1B
(n=8+8+8) on the concentrations of NE (meantSE;pg/ug protein) in the central
amygdala. ‘b’ indicates difference (p<0.05) from levels in control animals. Note that
NE levels increased significantly in the IL-1P treated animals compared to control
animals
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DISCUSSION:

We show here that NE mediates the effects of systemic IL-1B on both the HPG
and the HPA axes. The present study provides the first evidence for the involvement of
NE in the opposing effects produced by IL-18 on the two axes. More interestingly, as a
general trend, there was a suppression of noradrenergic activity in the HPG axis related
areas while NE levels were increased in the HPA related areas. This leads us to conclude
that NE could be one of the key mediators by which a systemic immune challenge
produces diametrically opposite effects: stimulatory effects on the HPA axis and
inhibitory effects on the HPG axis.

There are several lines of evidence to support a stimulatory role for NE in IL-1p-
induced activation of the stress axis. In our previous studies, we have shown that
systemic IL-1f stimulates the release of NE from the PVN of the hypothalamus as early
as 30 min and this increase continued for over 60 minutes, as measured by push-pull
perfusion in male rats (MohanKumar and Quadri 1993). In another study using mice, it
was found that the plasma levels of ACTH and corticosterone reached peak levels 2hrs
after systemic IL-1P administration (Besedovsky et al. 1986). Corroborating with the
aforementioned studies, in the present study too, systemic administration of IL-1B
increased NE levels in the PVN as well as serum corticosterone levels at the measured
intervals of 2 hrs and 4hrs post injection. However, the novel component of the present
study is the measurement of these parameters on the afternoon of proestrus in female rats.
Given the extensive literature on sexual dimorphic responses to stress (reviewed in

(Gaillard and Spinedi 1998), this observation is of particular importance.
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Apart from the activation of hypothalamic components of the CRH network,
several other non-hypothalamic CRH rich areas like the central amygdala (CeA), bed
nucleus of the stria terminalis (BNST) and the locus coeruleus could be involved in
mediating the HPA responses to stress (Koob 1999). The amygdaloid CRF pathways
form an important component of the neuroendocrine responses to stress. Central
injections of CRH into the CeA can cause physiological changes similar to central
injections of CRH. Acute stress paradigms have been shown to increase CRH levels in
the CeA (Merali et al. 1998). Similarly, systemic IL-1B administration also results in
activation of the CeA during the course of mounting a HPA response (Brady et al. 1994;
Ericsson et al. 1997; Day et al. 1999; Xu et al. 1999). Studies involving lesions of the
CeA suggested that it coordinates HPA responses between PVN the brainstem (Xu et al.
1999). NE has been shown to have a stimulatory input on the CRH neuronal system of
the CeA (Raber et al. 1995). Immobilization stress which is associated with an increase in
brain IL-1B levels, also induces NE release in the CeA as measured by in vivo
microdialysis (Quirarte et al. 1998; Ma and Morilak 2005). Taken together, these results
suggest that the neurocircuitry for NE-CRH interaction in the integration of HPA
responses may be present in the CeA similar to the PVN. In the present study, we have
shown that NE levels in the CeA increase at 2hrs and return to pre-treatment levels at
4hrs post injection. Since central CeA is the origin of afferent CRH-pathways to the
brainstem, BNST and other hypothalamic areas also (Gray 1993; Gray and Bingaman
1996), this transient activation of CeA might play a role in integrating HPA responses

between brainstem nuclei which in turn provide input to various hypothalamic areas.
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The BNST plays an important role in the regulation of the HPA responses during
stress and it is one of the principal extra-hypothalamic relay centers to the PVN from the
CeA and the brainstem (Forray and Gysling 2004). Alpha-adrenergic receptors are
thought to play a significant role in the BNST for coordinating these HPA responses
(Cecchi et al. 2002; Banihashemi and Rinaman 2006). Acute immobilization stress
increases NE levels in the BNST by 30 min and these levels remain elevated for about 2
hours in male Sprague-Dawley rats (Pacak et al. 1995). In the present study, systemic
injection of IL-1P in female rats increased NE levels in the BNST at 2hrs and remained
elevated at 4hrs post injection. This sustained increase might be due to the fact that HPA
responses to systemic immune challenges in females are exaggerated especially during
proestrus (Viau and Meaney 1991; Rivier 1994).

Our earlier studies as well as experiments in previous chapters have shown that
systemic IL-1B is capable of inhibiting the HPG axis by decreasing NE levels in the
MPA (MohanKumar and MohanKumar 2002). The critical role of MPA in transducing
IL-1P’s effects on the HPG axis is evident from the fact that direct infusion of IL-1p into
the MPA was enough to suppress LH secretion (Rivier and Rivest 1993). However GnRH
neurons that are scattered over a number of regions in the hypothalamus have been
thought to be involved in the generation of LH surge as well (Smith and Jennes 2001).
Specifically those include the OVLT, the DBB, the preopticosuprachiasmatic
tuberoinfundibular system (PSTS) with perikarya in the MPA, SCN and the AN and
terminals in the median eminence (Barraclough and Wise 1984; Hiatt et al. 1992;
Herbison 2006). Simultaneous changes in all these neuronal populations in the face of an

immune challenge, over a period of time have not been measured before.
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In the present study, we measured NE levels in all these areas after an
intraperitoneal injection of IL-1P. The levels of NE increased in the DBB and the MPA at
3pm, which seem to correlate with the increase in LH at Spm. This increase in NE is in
agreement with previous studies which have shown that changes in NE in the MPA
correlate very well with the changes in the serum levels of LH on proestrus
(Mohankumar et al. 1994; Szawka et al. 2007). Administration of IL-1B suppressed this
increase in NE in the MPA as well as other GnRH-related areas like the DBB, OVLT,
SCN and the AN. The reduction in NE levels could be attributed to three possible
reasons: 1. IL-1B could act on brainstem noradrenergic neurons to decrease NE
biosynthesis, 2. It could act on NE terminals in the hypothalamus to affect release or 3. It
could act indirectly through the stress axis to suppress LH secretion.

Evidence for the first possibility comes from different sources. Using tract
tracing combined with immunohistochemical/electron microscopic evidence various
studies have shown that the input to the MPA and other GnRH areas is provided by the
brainstem areas — ventrolateral medulla (VLM; A1) and nucleus of solitary tract (NTS;
A2) (Day et al. 1980; Jennes et al. 1983; Woulfe et al. 1990; Wright and Jennes 1993).
NE synthesis involves conversion of dietary amino acid, L-tyrosine to L-dopa by tyrosine
hydroxylase, which is the rate-limiting step (Nagatsu et al. 1964). Synthesis of this
enzyme takes place in the brainstem areas and it is transported to the terminals to produce
NE. If IL-1p affects this step in the biosynthesis, then it could result in a decrease in NE
at the terminal. This possibility has been explored in the previous chapter where we have
reversed the suppressive effect of IL-1B on the HPG axis by using L-dopa, a NE

precursor which by-passes this rate limiting step. The other effect on brainstem
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noradrenergic neurons could be targeted towards the synthesis of tyrosine hydroxylase
itself. Direct effects of IL-1B on the expression of TH mRNA will be examined in detail
in Chapter 6.

IL-1P could also act at the level of NE terminals to decrease NE levels. This is
possible by inhibiting NE release by involvement of other inhibitory neurotransmitters.
One such inhibitory neurotransmitter is GABA. The levels of GABA in the MPA have
been shown to be in a reciprocal relationship with NE levels during the generation of LH
surge on proestrus (Adler and Crowley 1986; Akema et al. 1990). When NE levels
increase during the afternoon of proestrus, GABA levels are low. Moreover, there is
evidence for direct synaptic connections between GABA interneurons with the
noradrenergic neurons in the MPA suggesting a direct modulation of NE outflow by
GABA (Horvath et al. 1992). Taken together, it is very much conceivable that the
decrease in NE levels could be mediated by an increase in GABA levels.

Apart from this, the decrease in NE and suppression of LH could involve the
participation of the HPA axis. CRH has been shown to have an inhibitory effect on LH
secretion (Rivest and Rivier 1993b). Moreover, there is evidence for direct synaptic
connections between CRH afferents and GnRH neurons in the MPA (MacLusky et al.
1988). The role of CRH in mediating IL-1B-induced suppression of LH has been
inconclusive, however. Passive immunoneutralization of CRH or use of a-helical CRH
failed to reverse the suppressive effect of IL-1p on LH (Bonavera et al. 1993b; Rivier and
Rivest 1993). However, other groups have shown that administration of a-helical CRH
was capable of reversing the inhibitory effect of IL-1B on LH (Maeda et al. 1994;

Tsukamura et al. 1994; Tsukahara et al. 1999). Besides CRH, glucocorticoids can also be
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involved in the suppression of HPG activity. In studies using LPS in a sheep model, there
is evidence that glucocorticoids might be involved in mediating the activated HPA-
induced inhibitory influence on LH (Tilbrook et al. 2000; Karsch et al. 2002). However,
this contention too has been questioned by later studies in sheep as well as rat models
(Debus et al. 2002; Watanobe and Habu 2003). Though one cannot discount the role of
stress mediated suppression of HPG activity in the context of an immune challenge,
further mechanistic studies are required to clarify this possibility.

In conclusion, systemic IL-1B decreased NE levels in GnRH-rich areas while it
increased NE levels in CRH-related areas. These changes were well correlated with the
decreased serum levels of luteinizing hormone and increased corticosterone supporting
the view that noradrenergic input is a useful index of the state of HPG and HPA axes
during short term activation. The novel finding that NE is differentially regulated by IL-

1B in female rats on proestrous opens up exciting future research possibilities.
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CHAPTER 6. NEUROENDOCRINE EFFECTS OF SYSTEMIC INTERLEUKIN-

18: ROLE OF BRAINSTEM NORADRENERGIC NUCLEI

INTRODUCTION:

The far ranging neuroendocrine effects of IL-1B have been discussed in the
previous chapters. In the earlier experiments described in chapters 3-5, systemic
administration of IL-1B was shown to affect the noradrenergic system and in turn
suppress LH. We have shown that this suppression could be reversed at the
hypothalamic, pituitary and ovarian levels by treatment with a noradrenergic precursor,
L-dopa. This provides evidence that probably IL-1B produces its effects at the level of
NE biosynthesis. Also in chapter 5, we have shown that the levels of NE in the GnRH-
rich areas of hypothalamus were decreased by IL-1B. In the same study, we showed that
NE levels in CRH-rich areas were increased upon treatment with IL-1B. These
diametrically opposite effects could be a result of IL-1B’s effects on the brainstem
noradrenergic neurons that provide innervations to these hypothalamic areas. Retrograde
tracing techniques have identified the role of Al and A2 nuclei in providing
noradrenergic input to the MPA as well as the PVN (Day et al. 1980; Sawchenko and
Swanson 1982). Using double immunostaining and electron-microscopy, it has been
demonstrated that GnRH neurons in the MPA are innervated predominantly by Al and
A2 noradrenergic nuclei. The functional changes in the expression of TH and c¢-fos in the
brainstem noradrenergic nuclei during estradiol induced LH surge has also been
demonstrated (Conde et al. 1995; Temel et al. 2002). Systemic IL-1p administration has

also been shown to induce c-fos expression in A2, A6 nuclei of the brainstem (Brady et

127



al. 1994). Several studies have pointed to regulation of tyrosine hydroxylase at the level
of gene expression by transcriptional control (Kilbourne et al. 1992; Nankova et al. 1994;
Sabban et al. 1995; Serova et al. 1999). Also, the localization of IL-1-RI has been
described in the brainstem (Yabuuchi et al. 1994). IL-1B has show to modulate its effects
on the CNS by multiple pathways (Srinivasan et al. 2004). So we hypothesized that IL-1p
could affect the expression patterns of TH mRNA in noradrenergic nuclei in the
brainstem and this could involve changes in the molecules associated with IL-1PB’s

signaling network.
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EXPERIMENTAL SETUP:

The estrous cycle of the rats was monitored by daily vaginal cytology after a rest period
of two weeks. The rats that showed regular estrous cycles were selected. On the day of
proestrus, they were randomly subjected to one of the two treatments, Control (PBS-1.0%
BSA), IL-1-B Sug i.p at 1300 hrs. They were sacrificed at three time points: 1300, 1500
and 1700 hrs by rapid decapitation. The brainstem was removed and snap-frozen in liquid
nitrogen and stored in —70°C. The brainstem noradrenergic nuclei were microdissected
by Palkovits technique and RNA was extracted from those areas. Quantitative RT-PCR
for TH, B-actin was performed for all the areas at each of the time points. The details of
which are provided in the Methods Chapter. For the RT?-PCR profiler array, the 1500

time point was chosen.
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RESULTS:

Effect of IL-1f on TH mRNA in the brainstem noradrenergic nuclei:

The levels of TH mRNA (mean+SE) expressed as normalized ratio with respect to B-
actin mRNA in control and IL-1 treated animals in the brainstem areas are shown in Fig
6A-C.

Al: In the control animals, the normalized levels of TH mRNA were 1.6+0.1 at 1pm and
significantly decreased (p<0.05) to 1.1+0.1 at 3pm and 0.7+0.2 at 5pm. At each time
point, these levels were not different from those in the IL-1B-treated animals. However,
in the IL-1pB-treated animals also, the levels of TH mRNA at 3pm and 5pm were
significantly lower than those at 1pm (p<0.05).

A2: The levels of normalized TH mRNA in the control animals at 1pm were 1.6+0.25
and remained at similar levels at 3pm and Spm. The levels in the IL-1B-treated group
were 1.4+0.2 at 1pm and were at similar levels at 3pm. However, at Spm, the levels
decreased to 0.6+0.1, which was significantly lower (p<0.05) than the levels observed in
control animals (1.1£0.2).

A6: In the control animals, the TH levels at 1pm were 1.64+0.38 and were at similar
levels at 3pm and Spm. In the IL-1p-treated group, the TH levels were 1.59+0.27 at 1pm
and were not different from the levels at 3pm. The levels of TH at Spm in the IL-1B-
treated group were 1.87+0.26, which were significantly higher (p<0.05) than the levels in

the control animals (1.12+0.28).
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Figure 6-1C. TH mRNA expression in the noradrenergic A6 region in the brainstem
(n=6-8 per group). The values were normalized to B-actin mRNA. Note the there
were no differences in the expression of TH at 1pm and 3pm while levels increased in
IL-1p treated rats compared to controls at Spm. ‘b’ indicates difference (p<0.05) from
levels in control animals.
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Effect of IL-1B on expression of genes associated with IL-1p signaling in the
brainstem noradrenergic nuclei:

A list of genes that were significantly up regulated or down regulated is given in
Table 6A which was generated using the following criteria: significant difference
between the two groups p < 0.05 (¢ test), and absolute value of fold change greater than
two. Between the noradrenergic nuclei, there were expression changes in numerous genes
and there was a degree of overlap too. We thus evaluated the spatial expression of 84
genes in the noradrenergic nuclei and out of which 32 (38%) showed significant up/down
regulation in at least one of these areas. In Al region, 21 (25%) genes showed significant
fold changes of which 3 were down regulated and 18 were up regulated. In the A2 region,
25 (29%) genes displayed a significant fold change, of which 8 were down regulated and
17 were up regulated. In the A6 region, 20 (24%) genes showed significant fold changes
and of which 6 were down regulated and 14 were up regulated. Among all three regions,
there was 38% overlap in the fold change among all the three regions and about 50%
overlap among each of the combinations of A1, A2 and A6.

One of the striking aspects in the expression profiling was the up regulation of the
chemokines-CCL2 and CXCL10 in the noradrenergic nuclei. Compared to the expression
in the controls, the fold changes in CCL2 were 40, 117 and 23 in Al, A2 and A6
respectively. The corresponding fold changes for CXCL10 were 32, 81 and 24
respectively. Among the cytokines, significant up regulation of IL-1B (2 fold) took place
only in the A2 region. It is to be noted that the cognate receptor, IL-1RI is also up
regulated (2 fold) in the same region but not in other regions. Another signaling molecule

interleukin-1 receptor associated kinase-1 (IRAK-2) was up regulated (2 fold, 3 fold) in
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the Al and A6 regions. Between the two major pathways that IL-1p activates in the CNS,
the members of the NF-xB pathway were up regulated while the members of the MAPK
pathway were not affected or downregulated. As a general trend, other proinflammatory
cytokines like IL-6, TNF-a and were upregulated. The other member of the TNF family,
lymphotoxin-A (TNF-B) was up regulated (5 fold) in Al region while it was down
regulated in A6 region (3 fold). The expression of granulocyte-colony stimulating factor,
G-CSF also was up regulated in all the brainstem areas by 7 fold, 21 fold and 7 fold
respectively.

Among the members of the interferon family, IFN-B was up regulated (3 fold) in
the Al region while it was down regulated (3 fold) in the A2 region. IFN-y was down
regulated (4 fold) in the A2 region alone. A transcription factor, which serves as an
activator of IFN-a and B, interferon regulatory factor-1 (IRF-1) was found to be up
regulated (3, 6, 11 fold respectively) in all the noradrenergic areas. A classic anti-
inflammatory cytokine, IL-10 was down regulated (4 fold, 3 fold respectively) in the A2
and A6 regions. IL-2 was also down regulated in all the noradrenergic areas.

COX-2 is a known downstream effector of IL-1 and it was up regulated in all the
brainstem areas by 18, 12 and 15 folds respectively. c-fos, a marker of neuronal
activation was also up regulated in all areas; though was statistically significant only in
Al and A2 (3 fold and 5 fold). The transcription factor-C/EBP-f was also up regulated in

all the areas by 3-, 3-and 4-folds respectively.
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Table 6-1: Effect of IL-1p on expression of genes associated with IL-1p signaling
in the brainstem noradrenergic nuclei

Symbol Description Al A2 A6

RECEPTORS

Cdi4 CD14 antigen 2

Clecsf9 Macrophage-inducible C-type lectin 4

Cd180 CD180 antigen (predicted) 32

Tir2 Toll-like receptor 2 -2

TirS Toll-like receptor 5 -3
DOWNSTREAM SIGNALING EFFECTORS

Map3kl  Mitogen activated protein kinase kinase kinase 1 2
Nuclear factor of kappa light chain gene enhancer in B-

Nfkbl cells 1, p105 2
Nuclear factor of kappa light chain gene enhancer in B-

Nfkbia cells inhibitor, alpha 5 5 6
Nuclear factor of kappa light chain gene enhancer in B-

Nfkbib cells inhibitor, beta 4 4

Ptgs2 Prostaglandin-endoperoxide synthase 2 18 12 15
Nuclear factor of kappa light polypeptide gene enhancer

Nfkb2 in B-cells 2, p49/p100 2 5 8

Ripk2 Receptor (TNFRSF)-interacting serine-threonine kinase 2 2 4

Ube2n Ubiquitin-conjugating enzyme E2N -4
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Table 6-1 continued

Symbol Description Al A2 A6
TRANSCRIPTION FACTORS
Cebpb CCAAT/enhancer binding protein (C/EBP), beta 3 3 4
Fos FBJ murine osteosarcoma viral oncogene homolog 3 5
CHEMOKINE FAMILY
Ccl2  Chemokine (C-C motif) ligand 2 40 117 23
Csf2  Colony stimulating factor 2 (granulocyte-macrophage) 2 -2
Csf3  Colony stimulating factor 3 (granulocyte) 7 21 7
Cxcl10 Chemokine (C-X-C motif) ligand 10 32 81 24
CYTOKINE FAMILY
Ifnbl  Interferon beta 1, fibroblast 3 3
Ifng  Interferon gamma -4
1110 Interleukin 10 4 3
Il1a Interleukin 1 alpha 4 -3
I11b Interleukin 1 beta 2
I11r1  Interleukin 1 receptor, type I 2
2 Interleukin 2 2 6 -3
116 Interleukin 6 3 6 2
Iléra  Interleukin 6 receptor, alpha 3 3 3
Irak2  Interleukin-1 receptor-associated kinase 2 2 3
Irfl Interferon regulatory factor 1 3 6 11
Lta Lymphotoxin A 5 -3
Tnf  Tumor necrosis factor (TNF superfamily, member 2) 4 3 2
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DISCUSSION:

Using gene expression profiling we have provided an assessment of the
expression of TH mRNA and the downstream signaling pathways of IL-1B in the
noradrenergic brainstem nuclei along with in female rats on proestrus. Qur analysis
indicates that distinct pattern in the expression of TH mRNA exists between
noradrenergic nuclei. We have also looked at differential expression between major
cytokines, chemokines, downstream signaling effectors, transcription factors and
receptors affected by IL-1f signaling pathway among these brainstem areas.

Results from our studies in previous chapters showed that the levels of NE
decreased in the areas related to the HPG axis while it increased in areas related to HPA
axis. Brainstem noradrenergic areas provide innervation to these hypothalamic areas
involved in neuroendocrine regulation (Day et al. 1980; Sawchenko and Swanson 1982;
Wright and Jennes 1993). During the various stages of estrous cycle, the levels of
activation of brainstem neurons in Al and A2 cell groups have been shown to be
different. In the present study, no significant differences between the control and the IL-
1B-treated rats were found in the Al region at each of the time points. However,
compared to the level of expression at 1pm, the levels at 3pm and Spm were significantly
lower on proestrus. In A2 region, there were no temporal or treatment differences at 1pm
and 3pm, but a decrease in expression by IL-1pB treatment at Spm was observed. On a
comparative basis, it was found that maximal activation of TH neurons in the A1 and A2
regions took place took place between 9-11am on proestrus (Conde et al. 1995) among all
the stages of estrous cycle. Even in gonadectomized-steroid primed models, TH levels

increased from 8am, 10 am before reaching a peak at 12 am then gradually decreasing
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after that in the Al region; while they kept increasing until 2pm in A2 region before
declining (Curran-Rauhut and Petersen 2003). The expression changes in the control
animals in the present study concur with these findings. However, one of the reasons why
IL-1B might not have had any effect on TH mRNA levels could be the timing of the
injection. By the time IL-1B was injected at 1pm, the kinetics of the TH transcription
machinery responsible for inducing LH surge would have already started to take effect
taking into account, the results of the studies described above. So the injected IL-1p could
not have had the chance to alter the dynamics of TH expression at that point.
Alternatively, it may be argued that IL-1P could be injected at an earlier time point to
observe changes in TH expression if any. However, that involves a different experimental
predicament. Pioneering work by Everett in the 50s introduced the concept of critical
period in the regulation of LH (Everett et al. 1949; Everett and Sawyer 1949). With
respect to studying the interaction between IL-18 and LH regulation, it was found that
administration at 8.30 am or 2.30 pm had minimal effects on GnRH secretion compared
to administration at 12 noon (Rivest and Rivier 1993c), emphasizing the role of timing of
external influences in LH regulation. So simultaneously capturing the effects of systemic
IL-1B on the dynamics of both TH and LH in proestrus rats might rather be an onerous
experimental task. In A6 region, the expression of TH mRNA did not change in the
controls, while it increased significantly 4 hrs after IL-1p administration. Even in other
stress paradigms like immobilization or cold stress, it was shown that induction of TH
mRNA and increase in TH activity in the A6 region was relatively less rapid compared to

mediated by noradrenergic neurons might not be by transcriptionally regulated.
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Expression profiling of the molecules involved in the IL-1B signaling pathway
revealed certain general patterns. The expression of pro-inflammatory cytokines like IL-
6, TNF was increased while the expression of anti-inflammatory cytokines like IL-10 was
down regulated. One of the significant findings is that the expression of chemokines
CCL2 and CXCL-10 were increased by numerous folds along with other
chemoattractants like GM-CSF. The expression of transcription factor C/EBP beta was
also upregulated. Among the two major signaling pathways that IL-1B employs, there
was a preferential induction of the NF-xB pathway over the MAPK pathway.

The expression of immediate early gene, c-fos was increased in all the
noradrenergic areas, though significantly in A1 and A2 which is in agreement with
previous findings (Brady et al. 1994). Also, another downstream modulator COX-2 was
upregulated in all the noradrenergic areas 2 hrs after IL-1f treatment. IL-1B is known to
induce expression of the enzyme COX-2 in various parts of the brain, which is involved
in the synthesis of prostaglandins(Cao et al. 1997; Cao et al. 2001). Prostaglandins have
been the inflammatory intermediates produced by IL-1B in many instances (Cao et al.
1997; Engblom et al. 2002; Nie et al. 2003; Turrin and Rivest 2004). Effects of IL-18 like
the pyrogenic response and the activation of HPA axis have been shown to be mediated
by prostaglandins.(Scammell et al. 1998; Cao et al. 2001; Engblom et al. 2002; Zhang et
al. 2003). Some of the effects of IL-1P at the brain are blocked by using prostaglandin
inhibitors (Scammell et al. 1998). PGE; has been shown to be involved IL-1a mediated
suppression of LH secretion in an in vitro model (Rettori et al. 1991).However it is not
known if the actions of IL-1B on NE system are also mediated by prostaglandins. The

findings of the present study provide allow us to speculate that possibility.
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Chemokines are small secreted proteins whose function in the periphery was
initially confined to chemoattraction and activation of the immune system until recent
discoveries into their involvement in central nervous inflammatory pathologies (Bajetto
et al. 2001; Callewaere et al. 2007). In the present study, within 2 hrs after IL-1P
treatment, there was a dramatic upregulation of chemokine transcripts-CCL-2 and
CXCL-10 in all the noradrenergic nuclei. This is the first study to demonstrate such novel
changes in the chemokine profile at the level of brainstem noradrenergic areas in intact
female rats during a systemic immune challenge.

Though few, there are studies to demonstrate the involvement of central
chemokines in stress induced neuroendocrine alterations. In a transcriptome analysis of
the paraventricular nucleus after peripheral LPS administration, it was observed that
levels of CCL-2 and CXCL-10 were upregulated by 3-5 fold by 1hr and 20-40 fold, 3 hrs
following the immune challenge (Reyes et al. 2003). In another study, systemic
administration of IL-1p induced robust expression of CCL-2 in the circumventricular
organs and the choroid plexus (Thibeault et al. 2001). In the same lines as their roles in
the periphery, it was considered that they would serve to recruit lymphocytes and
monocytes at the barrier-related areas. In other studies, cytokine induced increase in
CCL-2 and CXCL-10 in the components of the blood brain barrier was demonstrated
which was associated with increased leukocytic infiltration (Boztug et al. 2002; Harkness
et al. 2003; Shaftel et al. 2007). However, considering the relatively slow time of
leukocyte infiltration, it was unlikely that acute HPA responses observed by systemic
immune challenge could be explained by this action of chemokines alone. In response to

immune stimuli, chemokines are shown to be produced not only by vascular elements but
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by components of the CNS like astrocytes also (Weiss et al. 1998; Oh et al. 1999),
microglia (Ambrosini and Aloisi 2004) and some chemokines, by even neurons (Harrison
et al. 1998). Recently, the possibility has been raised that they might act as a novel class
of neurotransmitters (Rostene et al. 2007). In their recent review arguing the case for
chemokines as neurotransmitters, Rostene et al., provide evidence for all the criteria put
forth previously (Rotsztejn et al. 1981) for a substance to be considered as a
neurotransmitter. Chemokines are localized in nerve terminal vesicles, are colocalized
with other neurotransmitter systems, are released after membrane depolarization, have
electrophysiological effects and do have pre- and postsynaptic receptors. All the members
of the chemokine family may not satisfy all the above mentioned criteria, but definitely
as a class, chemokines, do fulfill these criteria. CCL2 has been shown to be involved in
regulation of other neuroendocrine functions like osmotic balance and feeding (Plata-
Salaman and Borkoski 1994; Banisadr et al. 2005). Considering the results of the present
study and the other studies which involved stress-induced upregulation of these
chemokines, it is possible that they might serve as neurotransmitters to modulate
neuroendocrine functions.

It has been shown that IL-1P is capable of specific activation of several
downstream pathways which include MAPK pathway and NF-kB pathways (Srinivasan
et al. 2004; Subramaniam et al. 2004; Miggin and O'Neill 2006). NF-xB production has
been shown to be a key marker of IL-1p signaling in the CNS and its blockade has shown
to reduce sickness behavior induced by IL-1p (Nadjar et al. 2003; Nadjar et al. 2005). In
the present study, there was a selective upregulation of the genes associated with the NF-

kB signaling pathway while genes associated with MAPK signaling were either
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unaffected or downregulated. In a neurogenic stress paradigm like immobilization, it was
shown that signaling molecules like p38, JNK1/2/3 and ERK-1/2 associated with the
MAPK pathway were selectively upregulated in the A6 region (Hebert et al. 2005). This
provides novel insight into the differences in downstream transcriptional mechanisms
involved in transducing stress responses at the level of brainstem on the basis of whether
the stressor is metabolic or neurogenic.

In the present study, we found several changes in the expression of members of
cytokine family after treatment with IL-1B. This could be a direct effect or mediated by
the activation of transcription factors or downstream signaling molecules. The mRNA
levels of proinflammatory cytokines like IL-1B, IL-6, TNF-a, TNF-B were increased
while those of anti-inflammatory molecules like IL-10 were decreased. Proinflammatory
cytokines have been associated with activation of the HPA axis and suppression of the
HPG axis (Rivest and Rivier 1993b; Karsch et al. 2002). Surprisingly, IL-2 which is
known to activate the HPA axis (Hanisch and Quirion 1995) is downregulated in the
present study; the reasons for which are not clear. IL-10 has been shown to be involved in
abrogating the neuroinflammatory effects of LPS and it confers neuroprotection in
models of LPS-induced neurotoxicity (Lynch et al. 2004; Qian et al. 2006). The observed
decrease in anti-inflammatory cytokine expression could be one of the strategies by
which IL-1B produces its neuroendocrine effects.

Systemic administration of IL-1p has been shown to induce it own expression as
well as induce other proinflammatory cytokines like IL-6 and TNF-a (Churchill et al.
2006). In the present study, the genes for colony stimulating factors GCSF and GM-CSF

were also upregulated. Apart from their properties of chemoattraction, they have also
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been shown to be involved in production of proinflammatory cytokines like IL-1 and IL-
6 by brain microglia either by direct administration or in neuroinflammatory conditions
(Murphy et al. 1998; Fischer and Reichmann 2001). In the present study the expression of
transcription factor- C/EBP-B increased several fold in the noradrenergic nuclei upon
stimulation by IL-1B. Another isoform, C/EBP-8 has been shown to be upregulated in the
PVN following LPS treatment (Reyes et al. 2003). In astrocytes and microglia, LPS is
capable of specifically upregulating levels of C/EBP-B (Cardinaux et al. 2000; Ejarque-
Ortiz et al. 2007). CEBP-B binding motifs have been described in the promoters of
various inflammatory cytokines including IL-1B, IL-6, TNF, GM-CSF and other genes
associated with inflammation like COX-2 and iNOS (reviewed in (Poli 1998)). So it is
possible that IL-1P induced cytokine expression might involve modulation by
transcription factors like C/EBP or CSFs or they might work in a feed-forward system to
enhance the production of proinflammatory cytokines in the brainstem during a systemic
immune challenge.

Our quest to dissect out the individual roles of these nuclei in explaining the
several neuroendocrine alterations produced by IL-1f has not been very successful due to
the overlap in the signaling molecules and expected redundancy in molecular pathways.
Nevertheless, this study has provided novel insights into understanding molecular
pathways activated during a systemic immune challenge at the level of brainstem and

how this might serve to integrate neuroendocrine functions.
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CHAPTER 7. SUMMARY AND CONCLUSIONS

Stress and reproduction seem to be at loggerheads, almost always. As an
adaptation to stress, higher mammals have evolved mechanisms to budget their limited
energy resources intelligently. At this decision branch point between survi\}al and
procreation, the logical strategy appears to persist with pro-survival strategies and shut
down reproduction which is the oft taken route (Moberg 1991; Cameron 1997). During
activation of stress, the pathways leading to successful reproduction are often turned off.
Beneficial though it may appear, sometimes this supposedly transient shutting off of
reproduction can have undesirable and often permanent changes in the reproductive axis.
It can also result in the organism’s impaired ability to regain its full potential to
reproduce even after the threat of stress has been staved off.

During systemic infections, a complex interaction takes place between immune,
endocrine and the nervous systems. IL-1B, a paradigm of immune stress is capable of
mimicking these changes when administered systemically (Licinio and Frost 2000;
Dinarello 2001; Quan and Banks 2007). It is one of the important mediators of the central
effects of LPS, a hallmark product of bacterial infections (Watanobe and Hayakawa
2003). The effects of IL-1B on reproductive axis include reduction in LH, anovulation,
persistent corpora lutea and pseudo-pregnant like state. Elevated levels of IL-18 have
been reported in serum and peritoneal fluids of women with fertility problems (Akoum et
al. 2007; Kalu et al. 2007). Apart from this, several stressor paradigms like
immobilization have been shown to increase hypothalamic levels of IL-18 (Minami et al.,

1991; Shintani et al., 1995). So not only in disease conditions, but in other stressful
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conditions also, elevations in IL-1 can compromise reproductive function. This aspect is
not limited to human beings but can be applied to breeding of wild animals in captivity
that is constantly challenged by various stressors. Elevated stress levels have been
reported in some captive species (Baker et al., 1998; Terio et al., 2004) and reproductive
failure in some species has been attributed to lower LH and disrupted ovarian cyclicity
(Faulkes et al., 1990). Hence it is important to understand the effect of IL-1 on the
reproductive axis. The results of the present study have not only provided insights into
the systems level, but into the intricate molecular crosstalk between the various
components of the neuroimmune machinery.

IL-1B can cross the BBB through saturable transport mechanisms or can also enter
through the circum ventricular organs or through a neurally mediated route (Banks et al.
1989; Plotkin et al. 1996; Goehler et al. 1999). After intravenous injection of IL-1, it has
been estimated that 0.08% of that dose would reach the brain by using kinetics of
iodinated-IL-1(Banks and Kastin 1991), based on which we estimate that 4 ng of the
injected Spg IL-1p might have reached the brain. We also measured the serum levels of
IL-1B after i.p injection and found that they significantly increased at the measured 2hrs
and 4hrs post injection. The levels of IL-1P in the treatment group (0.7-2.4 ng/ml) were
comparable to the levels (~1.2-1.6 ng/ml) found in previous studies which measured
serum IL-1B levels during acute endotoxemia and adjuvant-induced arthritis (Saito et al.
2003; Barsante et al. 2005). So the model we used in series of experiments in this study
truly mimics an inflammatory process.

It was first demonstrated that IL-1p was capable of decreasing LH secretion in

male rats (Rivier and Vale 1989). Subsequently studies in female rats showed that IL-1f
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could block LH surge and inhibit ovulation also (Rivier and Vale 1990). Continuous
infusions of IL-1P for 4-6 days can also disrupt estrus cyclicity, decreases LHRH mRNA
levels and suppress LH resulting in pseudopregnant-like state in rats with numerous
corporea lutea (Rivest et al. 1993; Rivier and Erickson 1993). The mechanism by which
IL-1B modulates these effects on the HPG axis has been an open question. Numerous
neurotransmitters like opioids, neuropeptides, CRH, prostaglandins have emerged as
candidate molecules for transducing this effect. However, the role of NE, one of the
important stimulatory inputs on GnRH neurons has not been clearly investigated.

A large body of elegant experiments (reviewed in (Barraclough and Wise 1984;
Barraclough 1994; Herbison 1997; Pau and Spies 1997) do point out an important role for
catecholamines in the regulation of GnRH and LH. The regulation of GnRH neurons in
the MPA involves a complex interplay between stimulatory neurotransmitters like NE
and inhibitory ones like GABA. NE dynamics include the changes in the release and
reuptake patterns in the axon terminals as well as the changes in the biosynthesis at the
level of cell bodies. The cell bodies of the NE neurons that project to the MPA are
located in the brainstem. We have shown that peripheral administration of IL-1B
drastically disrupts rhythmic release of NE in the MPA and thereby blocks LH surge in
steroid-primed ovariectomized rat model (MohanKumar and MohanKumar 2002). IL-18
could affect locally at the MPA or rather more globally at the level of brainstem.
However the questions of how IL-1B interacts with this complex network of
neurotransmitters and would GABA come into this equation remains unexplored. The

logical extension of this idea would be to explore how this decrease in NE is brought
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about by IL-1pB and at what level of the noradrenergic system does IL-1B act to produce
these effects.

For the first set of studies, we hypothesized that IL-1p could affect the HPG axis
by affecting TH activity and we attempted to reverse this effect using a NE precursor, L-
dopa. Extending the previous studies in which IL-1f suppressed LH surge in
ovariectomized-steroid primed model, we used intact cycling rats in this experiment. In
the control animals, the LH levels gradually increased from 1pm and reached peak
concentrations at Spm and declined thereafter. This was tightly correlated with the
rhythmic increase in NE levels in the MPA from 1pm which reached highest levels at
4.30 pm and decreased thereafter. In sharp contrast to this profile, in the group treated
with IL-1B, LH levels remained unchanged from 1300h and NE levels did not rise
indicating that systemic IL-1B blocks NE to suppress LH surge. Since GnRH neurons
have been shown to contain adrenergic receptors, as a mechanistic extension of the above
finding, we treated animals with adrenergic agonists in combination with IL-1B to
examine if they could reverse the suppressive effect of IL-1B. However, the NE agonists
failed to block the inhibitory effect of IL-1B on LH surge. Counter intuitive it may sound;
this could be due to several possible reasons. In the present study, a single bolus injection
of the agonist was administered which would not have simulated the endogenous pattern
of NE release. In previous studies, administration of NE itself as a bolus was found to
block LH secretion without simultaneous electrochemical stimulation (Cramer and
Barraclough 1978). In phenobarbital-blocked LH models and in male rats also, NE
agonists failed to reverse the blockade (Al-Hamood et al. 1985; Koh et al. 1985). This

underlines the importance of rhythmic release and not single or continuous dosage for LH
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surge to take place. For instance, in monkeys with hypothalamic lesions continuous
administration of synthetic GnRH failed to restore LH release (Belchetz et al. 1978). It
could be argued that NE agonists could be administered in a pulsatile manner simulating
the endogenous pattern of NE release. However, titration of the dose of the agonist and
the periodicity with simultaneous measurements of the hormonal profile in the same rat
would not only be extremely impractical but would also be so difficult to be consistently
repeatable. To circumvent this experimental predicament, we used a NE precursor, L-
dopa which would relieve the block on NE synthesis if any and not probably restore the
endogenous NE pattern.

L-dopa, on the other hand was able to partially reverse the effect of IL-18 on NE
levels in the MPA and the LH surge. L-dopa is the product of the enzymatic action of
tyrosine hydroxylase (TH) on L-tyrosine. This also happens to be the rate limiting step in
NE biosynthesis (Nagatsu 1995) and therefore TH is critically involved in LH regulation.
TH activity increases significantly in the MPA during the afternoon of proestrus along
with the LH surge (Mohankumar et al. 1997b). This suggests the possibility that IL-18
can decrease TH activity to suppress the LH surge. To test this, we used L-dopa to by-
pass TH and provided the substrate required for NE biosynthesis. L-dopa crosses the
blood-brain barrier easily and has been used to reverse acyclicity and increase LH levels
in old animals that have low hypothalamic NE levels (Huang et al. 1976; Forman et al.
1980). The results from the present study indicate that administration of L-dopa along
with IL-1B can indeed partially reverse the IL-1B-induced suppression of the LH surge.
This was accompanied by a partial but significant restoration of NE levels in the MPA.

The partial rather than complete reversal suggests that IL-1B may affect enzymes
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downstream of TH such as dopa decarboxylase or dopamine B-hydroxylase that are
involved in NE synthesis. This needs further investigation.

Further support for L-dopa’s ability to reverse the effect of IL-1B on the HPG axis
comes from the histological examination of the ovary. Ovaries of animals treated with IL-
1B alone had less numbers of fresh CL cofnpared to the rest of the groups suggesting
suppressed ovulation. In contrast, control rats and the rats treated with L-dopa alone or
IL-1B+L-dopa had larger numbers of freshly formed CL suggesting that ovulation had
occurred in these groups. Moreover, the numbers of old CL were higher in the IL-1B
treated animals. This supports an earlier study that observed retention of CL with chronic
IL-1B treatment (Rivier and Erickson 1993). A previous study reported failure of
ovulation after central administration of IL-1p (Rivier and Vale 1990). Results from the
present study indicate a failure of ovulation in IL-1B-treated rats. In contrast, control rats
had larger numbers of freshly formed CL suggesting that ovulation had occurred in this
group. Moreover, the numbers of old CL were higher in the IL-1B treated animals
suggesting lack of luteolysis. Results from the present study also indicate that L-dopa was
effective in reversing IL-1B’s actions on the ovary. Since L-dopa also reversed the
effects of IL-1PB on hypothalamic NE and plasma LH levels, it is possible that the effects
observed on the ovary are mediated through LH rather than through a direct action on the
ovary. Since the minimum levels of LH required for successful ovulation are only a
fraction of the peak levels (Gosden et al. 1976), it is possible that the modest increase in
the LH levels produced by L-dopa was sufficient to cause ovulation in IL-1f treated

animals.
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In this first series of experiments we have provided evidence for the potential for
noradrenergic precursor, L-dopa to reverse the inhibitory effect of IL-1B. This could be
an action at the level of NE terminals at the MPA. At the level of the MPA, apart from
NE, another prominent input to the GnRH comes from GABA neurons. Moreover,
GABA has been shown to have a reciprocal relationship with NE in the MPA. During
proestrus surge in female rats, paralleling the increase in the levels of NE, the levels of
GABA are found to decrease in the MPA (Demling et al. 1985; Akema et al. 1990).
Taking these into consideration, we intended to investigate the role of GABA in
mediating the suppressive effect of IL-1B on LH and how GABA interacts with NE at the
level of MPA and how this interaction affects IL-1B’s effects on LH in the second set of

studies.

In this study we used an ovariectomized steroid primed model to investigate the
role of GABA in IL-1P mediated suppression of HPG axis. This model has been well
characterized and has advantages of consistent reproducibility and low variability. In
control animals, the levels of GABA in the MPA did not vary significantly from 1pm
while in the IL-1p treated group, the levels increased significantly. Conversely, the levels
of NE in the same contrpl animals in the MPA increased rhythmically paralleling the LH
surge while in IL-1p-treated rats there was a decrease in NE and LH levels. This provides
evidence that there exists a strong inverse relationship between levels of GABA and NE
in the MPA during LH surge and positive relationship between NE and serum levels.
Numerous studies point to the existence of a reciprocal relationship between GABA and
NE (Mansky et al. 1982; Ondo et al. 1982; Demling et al. 1985). Also, direct synaptic

connections between NE terminals and GABA interneurons have been described
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(Horvath et al. 1992). Release rates of GABA are low in the MPA while NE and LH
levels are high, and when LH levels are low in diestrus, levels of GABA were found to be
high (Mitsushima et al. 2002). Though the evidence in the present study is only
correlative, this provides the basis for further experimental characterization of the role of
the interaction between GABA and NE. IL-1B could independently act on both
GABAergic and catecholaminergic neurons to produce its effects on LH. Or there could
be an interaction between these two systems to modulate IL-1p’s effects on LH. To
mechanistically test such possibility we extended the above mentioned idea by using
GABA antagonists. We hypothesized that if such an interaction does exist, GABA
antagonists might be capable of increasing NE levels in the MPA and counter the
inhibitory effect of IL-1B on LH. The results of our studies discussed in Chapter 4 show
that bicuculline, a GABA-A receptor when administered along with IL-1f was able to
block the effect of IL-1B on NE levels in the MPA and serum LH. No such effect was
observed upon administration of CGP-35348, a GABA-B antagonist suggesting that IL-
1B’s modulation of the GABAergic system to influence the HPG axis is probably
mediated though GABA-A receptors. Several other studies provide substantial evidence
for the preponderance of GABA-A receptor over GABA-B receptor in mediating LH
secretion. Direct administration of GABA-A agonist, Muscimol, was demonstrated to
rapidly reduce LH release and decrease the expression of GnRH in the hypothalamus
(Leonhardt et al. 1995) while the GABA-B agonist, Baclofen, did not have such effect.
Activation of GABA-A receptors is shown to be inhibitory to GnRH electrical activity
(Kimura et al. 1993) while GABA-B receptor activation inhibits mRNA expression and

peptide synthesis of GnRH (Bergen et al. 1991). Taken together, these findings suggest
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that systemic IL-1f inhibits HPG activity by interaction between GABA and NE at the
MPA and this is accomplished most probably by a GABA-A receptor mediated

mechanism.

IL-1B has been shown to activate the HPA axis by increasing c-fos
immunoreactivity in corticotrophin releasing hormone (CRH) neurons, release of CRH
from the paraventricular nucleus (PVN) effecting an increase in circulating
glucocorticoids (Besedovsky et al. 1986; Berkenbosch et al. 1987; Sapolsky et al. 1987;
Brady et al. 1994). Our previous studies indicate that systemic administration of IL-1B
activates the HPA axis by increasing the noradrenergic stimulatory input to the CRH
neurocircuitry in the PVN (MohanKumar and Quadri 1993; MohanKumar and
MohanKumar 2005). As described in the series of studies in Chapters 3, 4 we show that
the suppressive effects of IL-1B on the HPG axis are also modulated by NE. It is
interesting to note that the effects of IL-1P on both the HPA axis as well as the HPG axis
have been mediated via NE. The simultaneous effects of IL-1B on both the HPA and the
HPG axes in the same animal and the mechanisms involved in precipitating these
changes have not been studied so far. We chose to measure the concentrations of NE in
specific brain areas from rats sacrificed at three time points on proestrus. This would
provide a spatial and temporal analysis of the changes in NE concentrations in various

brain areas associated with the HPA and the HPG axes.

The findings in Chapter 5 show here that NE mediates the effects of systemic IL-
1B on both the HPG and the HPA axes. More interestingly, as a general trend, there was a
suppression of noradrenergic activity in the HPG axis related areas while NE levels were

increased in the HPA related areas. This study provides the first evidence for the
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involvement of NE in the opposing effects produced by IL-1B on the two axes. This leads
us to conclude that NE could be one of the key mediators by which a systemic immune
challenge produces diametrically opposite effects: stimulatory effects on the HPA axis

and inhibitory effects on the HPG axis.

Our earlier studies as well as experiments in previous chapters have shown that
systemic IL-1p is capable of inhibiting the HPG axis by decreasing NE levels in the MPA
(MohanKumar and MohanKumar 2002).However GnRH neurons that are scattered over
a number of regions in the hypothalamus have been thought to be involved in the
generation of LH surge as well (Smith and Jennes 2001). Specifically those include the
OVLT, the DBB, the preopticosuprachiasmatic tuberoinfundibular system (PSTS) with
perikarya in the MPA, SCN, AN and terminals in the median eminence (Barraclough and
Wise 1984; Hiatt et al. 1992; Herbison 2006). Simultaneous changes in all these
neuronal populations in the face of an immune challenge, over a period of time have not
been measured before.

In the present study, we measured NE levels in all these areas after an
intraperitoneal injection of IL-1B. The levels of NE increased in the DBB and the MPA at
3pm, which seem to correlate with the increase in LH at Spm. This increase in NE is in
agreement with previous studies which have shown that changes in NE in the MPA
correlate very well with the changes in the serum levels of LH on proestrus
(Mohankumar et al. 1994; Szawka et al. 2007). Administration of IL-1B suppressed this
increase in NE in the MPA as well as other GnRH-related areas like the DBB, OVLT,
SCN and the AN. The reduction in NE levels could be attributed to three possible

reasons: 1.IL-1B could act on brainstem noradrenergic neurons to decrease NE
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biosynthesis. 2. It could act on NE terminals in the hypothalamus to affect release. 3.
Since IL-1P activates the stress axis; the products of this activation can in turn act to
suppress the HPG axis.

In the present study, the serum levels of corticosterone increased within 2 hrs and
remained higher than the controls until 4 hrs post injection of IL-1B. Corresponding to
this increase in corticosterone, there was an increase in the levels of NE in the PVN also
by almost two folds. This suggests that in female rats also, systemic immune challenge is
capable of activating the stress axis activity with the involvement of NE. Also, CRH has
been shown to have an inhibitory effect on LH secretion (Rivest and Rivier 1993b).
Moreover, there is evidence for direct synaptic connections between CRH afferents and
GnRH neurons in the MPA (MacLusky et al. 1988). The role of CRH in mediating IL-1f-
induced suppression of LH has been inconclusive, however. Passive
immunoneutralization of CRH or use of a-helical CRH failed to reverse the suppressive
effect of IL-1p on LH (Bonavera et al. 1993b; Rivier and Rivest 1993). However, other
groups have shown that administration of a-helical CRH was capable of reversing the
inhibitory effect of IL-1B on LH (Maeda et al. 1994; Tsukamura et al. 1994; Tsukahara et
al. 1999). Besides CRH, glucocorticoids can also be involved in the suppression of HPG
activity. In studies using LPS in a sheep model, there is evidence that glucocorticoids
might be involved in mediating the activated HPA-induced inhibitory influence on LH
(Tilbrook et al. 2000; Karsch et al. 2002). However, this contention too has been
questioned by later studies in sheep as well as rat models (Debus et al. 2002; Watanobe

and Habu 2003). Though one cannot discount the role of stress mediated suppression of
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HPG activity in the context of an immune challenge, further mechanistic studies are
required to clarify this possibility.

IL-1B could also act at the level of NE terminals to decrease NE levels. This is
possible by inhibiting NE release by involvement of other inhibitory neurotransmitters.
One such inhibitory neurotransmitter is GABA. The interaction between GABA and NE
has been examined in detail in Chapter 4.

Noradrenergic input to the MPA and other GnRH areas is provided by the
brainstem areas — ventrolateral medulla (VLM; A1) and nucleus of solitary tract (NTS;
A2) (Day et al. 1980; Jennes et al. 1983; Woulfe et al. 1990; Wright and Jennes 1993).
NE synthesis involves conversion of dietary amino acid, L-tyrosine to L-dopa by tyrosine
hydroxylase, which is the rate-limiting step (Nagatsu et al. 1964). Synthesis of this
enzyme takes place in the brainstem areas and it is transported to the terminals to produce
NE. If IL-1p affects this step in the biosynthesis, then it could result in a decrease in NE
at the terminal. This possibility has been explored in the previous chapter where we have
reversed the suppressive effect of IL-1B on the HPG axis by using L-dopa, a NE
precursor which by-passes this rate limiting step. The other effect on brainstem
noradrenergic neurons could be targeted towards the synthesis of tyrosine hydroxylase
itself. Direct effects of IL-1B on the expression of TH mRNA were examined in detail in
Chapter 6.

Apart from the activation of hypothalamic components of the CRH network,
several other non-hypothalamic CRH rich areas like the central amygdala (CeA), bed
nucleus of the stria terminalis (BNST) and the locus coeruleus could be involved in

mediating the HPA responses to stress (Koob 1999). Similarly, systemic IL-1B
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administration also results in activation of the CeA during the course of mounting a HPA
response (Brady et al. 1994; Ericsson et al. 1997; Day et al. 1999; Xu et al. 1999). Studies
involving lesions of the CeA suggested that it coordinates HPA responses between PVN
the brainstem (Xu et al. 1999). NE has been shown to have a stimulatory input on the
CRH neuronal system of the CeA (Raber et al. 1995). Also, BNST plays an important
role in the regulation of the HPA responses during stress and it is one of the principal
extra-hypothalamic relay centers to the PVN from the CeA and the brainstem (Forray and
Gysling 2004). So we chose to investigate the changes in NE concentrations in these
areas during systemic IL-1p administration. In the present study, we have shown that NE
levels in the CeA increase at 2hrs and return to pre-treatment levels at 4hrs post injection.
In contrast, NE levels in the BNST increased at 2hrs and remained elevated at 4hrs post
injection. Since central CeA is the origin of afferent CRH-pathways to the brainstem,
BNST and other hypothalamic areas also (Gray 1993; Gray and Bingaman 1996), this
transient activation of CeA might play a role in integrating HPA responses between
brainstem nuclei which in turn provide input to various hypothalamic areas.

Previous studies have noted an exaggerated HPA response during systemic
immune challenge compared to their male counter parts, which was negated upon
gonadectomy (Frederic et al. 1993, Rivier 1994, Spinedi et al. 1992). The prolonged HPA
response observed in the present study could be a result of such sexually dimorphic
gonadal steroid-dependent response. During the various stages of the estrous cycle, the
HPA responses to stress were more pronounced on proestrus compared to estrus or
diestrus. Also, in ovariectomized rats, administration of estrogen and progesterone

accentuated the HPA responses compared to oil-treated controls indicating the role of
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gonadal steroids in mediating these responses (Viau & Meaney 1991). Since the present
studies were conducted in female rats on proestrus, it is possible that the hormonal profile
during this stage might have influenced the outcome of the HPA response.

Though NE is stimulatory to both HPA and HPG axis activities, it is interesting to
note that systemic IL-1P selectively increased NE levels in HPA related areas while it
decreased NE levels in HPG related areas. The noradrenergic innervation to these areas in
the hypothalamus is provided from the brain stem regions Al and A2 and to some extent
A6 (Day et al. 1980; Sawchenko and Swanson 1982). Brainstem neurons have shown to
have differential responses to systemic IL-1B. By selective neurotoxic lesioning, it was
shown that Al and A2 participate in IL-18 mediated increases in PVN while A2
additionally is involved in the recruitment of CeA neurons (Buller et al. 2001). It is
possible that the differential effects of IL-1B on NE profile in these areas are a result of
differential expression of TH at these brainstem noradrenergic areas. So we investigated
the effects of systemic IL-1B on the brain stem expression of TH mRNA.

In the present study, no significant differences between the control and the IL-1B-
treated rats were found in the A1 region at each of the time points. However, compared to
the level of expression at 1pm, the levels at 3pm and 5pm were significantly lower on
proestrus. In A2 region, there were no temporal or treatment differences at 1pm and 3pm,
but a decrease in expression by IL-1P treatment at Spm was observed. On a comparative
basis, it was found that maximal activation of TH neurons in the Al and A2 regions took
place took place between 9-11am on proestrus (Conde et al. 1995) among all the stages of
estrous cycle. Even in gonadectomized-steroid primed models, TH levels increased from

8am, 10 am before reaching a peak at 12 am then gradually decreasing after that in the
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Al region; while they kept increasing until 2pm in A2 region before declining (Curran-
Rauhut and Petersen 2003). The expression changes in the control animals in the present
study concur with these findings. However, one of the reasons why IL-1p might not have
had any effect on TH mRNA levels could be the timing of the injection. By the time IL-
1B was injected at 1pm, the kinetics of the TH transcription machinery responsible for
inducing LH surge would have already started to take effect taking into account, the
results of the studies described above. So the injected IL-1B could not have had the
chance to alter the dynamics of TH expression at that point. Alternatively, it may be
argued that IL-1B could be injected at an earlier time point to observe changes in TH
expression if any. However, that involves a different experimental predicament.
Pioneering work by Everett in the 50s introduced the concept of critical period in the
regulation of LH (Everett et al. 1949; Everett and Sawyer 1949). With respect to studying
the interaction between IL-1B and LH regulation, it was found that administration at 8.30
am or 2.30 pm had minimal effects on GnRH secretion compared to administration at 12
noon (Rivest and Rivier 1993c), emphasizing the role of timing of external influences in
LH regulation. So simultaneously capturing the effects of systemic IL-1B on the
dynamics of both TH and LH in proestrus rats might rather be an onerous experimental
task. In A6 region, the expression of TH mRNA did not change in the controls, while it
increased significantly 4 hrs after IL-1p administration. Even in other stress paradigms
like immobilization or cold stress, it was shown that induction of TH mRNA and increase
in TH activity in the A6 region was relatively less rapid suggesting that the effects of IL-

1B on TH at the noradrenergic neurons might not be by transcriptionally regulated.
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The expression of immediate early gene, c-fos was increased in all the
noradrenergic areas, though significantly in A1 and A2 which is in agreement with
previous findings (Brady et al. 1994). Also, another downstream modulator COX-2 was
upregulated in all the noradrenergic areas 2 hrs after IL-1p treatment. IL-1p is known to
induce expression of the enzyme COX-2 in various parts of the brain, which is involved
in the synthesis of prostaglandins(Cao et al. 1997; Cao et al. 2001). Prostaglandins have
been the inflammatory intermediates produced by IL-1B in many instances (Cao et al.
1997; Engblom et al. 2002; Nie et al. 2003; Turrin and Rivest 2004). However it is not
known if the actions of IL-1B on NE system are also mediated by prostaglandins. The
findings of the present study provide allow us to speculate that possibility.

In the present study, within 2 hrs after IL-1P treatment, there was a dramatic
upregulation of chemokine transcripts-CCL-2 and CXCL-10 in all the noradrenergic
nuclei. This is the first study to demonstrate such novel changes in the chemokine profile
at the level of brainstem noradrenergic areas in intact female rats during a systemic
immune challenge. Considering the results of the present study and the other studies
which involved stress-induced upregulation of these chemokines (Thibeault et al. 2001;
Reyes et al. 2003), it is possible that they might serve as neurotransmitters to modulate
neuroendocrine functions.

Systemic administration of IL-1B has been shown to induce it own expression as
well as induce other proinflammatory cytokines like IL-6 and TNF-a (Churchill et al.
2006). In the present study, the genes for colony stimulating factors GCSF and GM-CSF
were also upregulated. Apart from their properties of chemoattraction, they have also

been shown to be involved in production of proinflammatory cytokines like IL-1 and IL-
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6 by brain microglia either by direct administration or in neuroinflammatory conditions
(Murphy et al. 1998; Fischer and Reichmann 2001). In the present study the expression of
transcription factor- C/EBP-B increased several fold in the noradrenergic nuclei upon
stimulation by IL-1B. Another isoform, C/EBP-3 has been shown to be upregulated in the
PVN following LPS treatment (Reyes et al. 2003). In astrocytes and microglia, LPS is
capable of specifically upregulating levels of C/EBP-B (Cardinaux et al. 2000; Ejarque-
Ortiz et al. 2007). CEBP-B binding motifs have been described in the promoters of
various inflammatory cytokines including IL-1B, IL-6, TNF, GM-CSF and other genes
associated with inflammation like COX-2 and iNOS (reviewed in (Poli 1998)). So it is
possible that IL-1B induced cytokine expression might involve modulation by
transcription factors like C/EBP or CSFs or they might work in a feed-forward system to
enhance the production of proinflammatory cytokines in the brainstem during a systemic
immune challenge.

How do the present findings extend to the context of generalized stress-induced
suppression of LH secretion is an interesting point to contemplate. The present study used
systemic administration of IL-1P as a paradigm for immune stress and studied its effects
on the HPG axis. There are other studies which point to the role of NE and GABA in
mediating the effects of other kinds of stressors. Suppression of LH surge following food
deprivation has been shown to involve catecholaminergic input to the PVN and central
CRH mechanisms are shown to induce LH suppression (Maeda et al. 1994). Further, this
effect is shown to involve alpha adrenergic receptor in the PVN (Tsukamura et al. 1994).
The source of NE input to the PVN during fasting induced stress has been shown to be

emerging from brainstem A2 regions and this effect is estrogen dependent (Nagatani er
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al. 1994). Another metabolic stress paradigm commonly employed is glucoprivation or
lipoprivation and both these strategies have been shown to suppress LH (Schneider
2004). Acute glucoprivation increases NE in the PVN and blocking this increase by
targeted immunolesioning was able to prevent suppression of LH (Nagatani et al. 1996;
I'Anson et al. 2003). Similar findings were obtained in the other paradigm, lipoprivation
too (Sajapitak et al. 2008). Apart from NE, glucoprivation is known to increase central
GABA levels and this effect suppresses reproductive function (Singh et al. 2004) and this
inhibition is shown to involve central GABA-A, but not GABA-B receptors (Singh &
Briski 2005).

The findings of the present study exemplify the effects of a metabolic stressor on the
HPG regulation. The response against the stressor seems to differ based on the nature of
the stressor — whether it is metabolic or neurogenic. Direct injection of CRH into the
noradrenergic A6 region induced GAD 67 neuronal activation in the MPA with
subsequent suppression of LH. In the same study, administration of alpha-helical CRF(9-
41) blocked restraint stress-induced suppression of LH pulses, without affecting the
inhibitory response to hypoglycemia (Mitchell et al. 2005). In a neurogenic stress
paradigm, like acute restraint, GABA antagonists were ineffective in reversing the
inhibition on LH (Roozendaal et al. 1997) suggesting that the role of GABA receptors is
exclusive to homeostatic stress paradigms. In the present study, there was a selective
upregulation of the genes associated with the NF-xB signaling pathway while genes
associated with MAPK signaling were either unaffected or downregulated. In a
neurogenic stress paradigm like immobilization, it was shown that signaling molecules

like p38, JNK1/2/3 and ERK-1/2 associated with the MAPK pathway were selectively
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upregulated in the A6 region (Hebert et al. 2005). This provides novel insight into the
differences in downstream transcriptional mechanisms involved in transducing stress
responses at the level of brainstem on the basis of whether the stressor is metabolic or
neurogenic.

In conclusion, we show that the effects of systemic IL-1B on the reproductive axis
takes place at numerous levels. It can act at the level of brainstem or at the hypothalamus
or directly on the ovary. At the brainstem, it can cause an increase in chemokines and
downstream effectors of IL-1B and this inturn can influence the levels of NE in the
hypothalamus. At the hypothalamus, IL-1B increases NE in the CRH areas while it
decreases NE in the GnRH areas. This decrease in NE in the GnRH areas can cause
suppression of LH and block ovulation. Numerous factors could contribute to this
decrease in NE which include increase in GABA, increase in corticosterone or increased
CRH. It is important to understand the complex interactions at the neuro-immune
interface to device possible strategies to counter the undesirable suppressive effects of

stress on reproduction.
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