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ABSTRACT
The adaptation to pregnancy involves numerous alterations in maternal physiology.
Reversible changes in thermoregulation have been documented in several species. In the
rat, these changes include a decrease in core temperature near the term of pregnancy and
a dramatic increase in core temperature immeciiately after parturition. Furthermore, fever
in response to exogenous and endogenous pyrogens, as well as to proximal mediators of
fever, prostaglandins of thé E series, is attenuated near term of pregnancy. These studies
were carried out to investigate mechanisms of this febrile response. We found that fever
is indeed attenuated in response to intraperitoneal administration of bacterial endotoxin in
a gestation-dependent manner. I also found that the attenuated response to E. coli
lipopolysaccharide is not due to changés in basal cytokine production throughout
pregnancy. Finally, investigation of the cytokine response following challenge with
lipopolysaccharide revealed that systemic release of PGEs was not affected by
pregnancy. However, 1 found that release of endogenous pyrogens (IL-1B, IL-6) is
suppressed near term, andrthat the production of endogenous antipyretic IL-1ra is not
exaggerated, but rather its effects are sustained longer in comparison to nonpregnant rats,
and rats in early to mid gestation. Therefore, there appear to be several mechanisms
acting at the level of the periphery, which serve to limit the increase in core temperature

in response to bacterial endotoxin near term of pregnancy.
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CHAPTER ONE

INTRODUCTION

In 1865 Claude Bernard reflected that the "constancy of the internal milieu was
the essential condition to a free and independent life." This extraordinary property of the
bociy has intrigued many physiologists. By 1929, impressed by "the wisdom of the body"
capable of guaranteeing with such efficiency the control of the physiological equilibrium,
physiologist Walter B. Cannon coined the term homeostasis.2® Homeostasis is one of the
most remarkable and most typical properties of highly complex organisms. A
homeostatic system is any open system that maintains its structure and function by means
of dynamic equilibriums rigorously controlled by interdependent regulation mechanisms.
Such a system reacts to every change in the environment, or to every random disturbance,
through a series of modifications of equal size and opposite direction to those that created
the disturbance. The goal of these modifications is to maintain the internal balances. One
challenge with this view, however, is that homeostasis implies a single optimal condition

which must be defended while in reality, optimal function does not always necessitate a



fixed internal milieu. Mrosovsky’s concept of rheostasis addresses the changes in
regulated levels. Rather than being failures of homeostasis, controlled changes in
defended set-point are often adaptive.'*® Successful temperature regulation, is one such

example of a system operating as a sliding steady state.

1.1 Regulation of Core Temperature

Homeothermy is a “pattern of temperature regulation in which the cyclic variation
in core temperature is maintained within arbitrarily defined limits (2°C) despite much
larger variations in ambient temperature” (IUPS Thermal Commission, 1987). In essence
it describes the condition of homeostasis in the thermoregulatory system.”

In mammals, control of core temperature is achieved reflexively, and believed to
be primarily mediated by the hypothalamus.®® The preoptic area is a region of the rostral
hypothalamus that is critical to internal thermoregulation in response to external changes.
This region of the hypothalamus is also an important center for the determination of an
organism’s basal core temperature as it is the site at which thermoreceptor afferents
terminate.” The preoptic region contains a high density of thermosensitive neurons
whose firing rates can be integrated to obtain a set-point temperature. Additionally, the
preoptic area integrates afferent signals from peripheral thermoceptors. As such, the
preoptic region is sensitive to both central and peripheral body temperature and actively
seeks to regulate these at a constant level. This is essentially the basis for Hammel’s set-
point theory.®’ If preoptic temperature rises above the set-point, various heat loss

responses are initiated to lower body temperature and return the preoptic region back to



the set-point. Conversely, if the integrated signal at the preoptic region indicates a drop in
temperature below the set-point, then various heat retention and heat production
responses are reflexively evoked to raise body temperature and return the preoptic region
to its set-point. As with all reflex arcs, the thermoregulatory system can be modeled as a
feedback loop with five distinct components. The integrative and control neurons of the
central nervous system which act as a comparator; thermoregulatory effectors, which
serve as the controlling elements that bring about alterations in body temperature; body
temperature which is the controlled system; set-point which is the reference temperature
to which the organism regulates its body temperature; and peripheral and deep body
thermoreceptors, which provide feedback to the central nervous system.*® The following

figure adapted from Gordon, illustrates this thermoregulatory control system.

Thermoregulatory Control System

Homeotherms

Temperature
Set-Point Controliing Elements
N\ + Thermoregulatory

Comparator CNS — Effectors

’]\ Feedback \l/

Peripheral & Deep-Body €< Body Temperature

Thermoreceptors Controlled System

Figure 1.1 Generalized diagram of the thermoregulatory control system of homeotherms
as a feedback model consisting of five components. Overall core temperature (the
summation of signals from thermoreceptors) is compared with a central set point
temperature in the central nervous system. When there is a difference, the appropriate
thermoregulatory effect mechanisms are engaged, returning core body temperature
toward the set point.



The feedback loop is activated only when the comparator detects a discrepancy
between the temperature set-point and the input from peripheral and deep-body
thermoreceptors. The resulting error signal triggers the controlling elements or
thermoregulatory effectors to adjust activity in order to eliminate any difference these
two temperatures. In normal physiology, the temperature set-point remains constant,
however, there are many conditions that can alter the hypothalamic set-point. Fever is

one such example.

1.2 Fever

Most simply, fever is a state in which body temperature is actively maintained at a
higher level than normal. In other words, the febrile organism experiences a regulated
hyperthermia or a defended increase in core temperature as the body thermostat is set at a
higher level in response to the presence of pyrogenic substances.!'>'%
Electrophysiological studies show that endogenously derived pyrogens inhibit warm-

101.192%3nd excite cold-sensitive neurons. Inhibition of warm-sensitive

sensitive neurons,
neurons would suppress heat loss responses, while excitation of cold-sensitive neurons
would potentiate heat generation responses. According to Hammel’s theory, these
changes in the hypothalamus mean that, in essence, there has been a shift in set-point,
invoking events within the preoptic region that are consistent with fever. Thus, at the
onset of the febrile episode, the subject recruits thermogenic mechanisms to increase core

temperature to match the new, higher set point.*® Specifically, these mechanisms include

limiting heat dissipation by vasoconstriction of the skin vasculature, activating non—



shivering thermogenesis in brown adipose tissue, and recruiting skeletal muscle for
shivering thermogenesis. The acute phase of fever is an excellent example of
neuroimmunological modulation as it is an element of the host defense response that
requires interaction lbetween the immune system and thermoregulatory processes
occurring in the brain.

Evidence supports the assertion that the increased core temperature that
characterizes fever also enhances the ability of the host immune system to deal with
infection. Leukocyte activity is enhanced, thereby activating T-lymphocytes, stimulating
interferon production and decreasing plasma concentration of iron, which has been
demonstrated to reduce the replicative capacity of various bacterial strains. Furthermore,
the hyperthermia associated with the febrile episode creates a thermal environment that is

inhospitable to microbial proliferation, '+

1.2.1 Mechanisms of Fever

When infectious agents invade the body, a cascade of events is launched to
mitigate the effects of the invading pathogen. Collectively, these events represent the
natural host defense response to infection or the “acute phase reaction”.'” Fever is the
hallmark of infection, a;ld the conventional view of febrigenesis is that it is a highly
regulated process, ﬁwolving the synthesis and release of both pyrogenic and
antipyrogenic cytokines.*®'®* Following exposure to a blood-borne exogenous pyrogen,
such as the cell wall of Gram-negative bacteria (e.g. E. coli lipopolysaccharide),

immunocompetent cells (e.g. peripheral blood mononucleocytes) synthesize and secrete



endogenous pyrogens (e.g. IL-1p, IL-6).% Classically, these cytokines interact with
elements in the organum vasculosum lamina terminalis (OVLT), a circumventricular
organ in the preoptic anterior hypothalamic area (POA) that lacks a blood-brain barrier.
In this way, blood-borne pyrogenic signals are transduced to the POA, resulting in the
elaboration of E series prostaglandins. PGE, acts centrally on thermosensitive neurons,
activating heat producing and heat conserving mechanisms that increase core temperature
by binding to receptors in neuroanatomical sites along the ventromedial aspect of the
POA just anterior to the OVLT.%13925 More recently however, and depending upon
concentration and perhaps species, IL-f and other cytokines have been thought to evoke
the central nervous system synthesis and release of E-series prostaglandins via alternate
routes including active transport mechanisms® and by stimulation of vagal afferents.?%
Barrier cell-mediated pathways have also been suggested such that perivascular
phagocytic cells and microvascular endothelial cells in the brain may be the direct targets

of circulating cytokines, inducing COX-2, consequently producing PGE,, and invoking

fever.?82% These mediators will be discussed extensively in subsequent sections.
1.2.2 Mediators of Fever

In 1871, Liebermeister stated that it is “part of the character of fever that the heat
regulation is set for a higher temperature level”. Further, any substance that induces this
regulated elevation in body temperature through the activity of heat-generating and/or

heat-conserving mechanisms can be classified as a pyrogen.®



There are two general classes of pyrogen: exogenous and endogenous.
Additionally, there is a third class of fever mediators, the E series prostaglandins, acting

directly on the hypothalamus to affect changes in set point.

1.2.2.1 Exogenous Pyrogens

Exogenous pyrogens generally originate outside of the host from an external
source and may include viruses, fungi, bacteria, and other microorganisms. When these
agents invade the internal milieu they set off a chain of events that culminates in an
elevation of core temperature. One class of exogenous pyrogen that has been used
extensively in fever research is bacterial endotoxin or lipopolysaccharide (LPS). These
large (10° kDa) lipopolysaccharides are a cell-wall component of Gram-negative bacteria.
The O-specific side chain confers specific antigenic properties of the lipopolysaccharide
while the lipid-A portion of LPS is responsible for its pyrogenicity.'*” LPS is a valuable
research tool for studying fever and related host responses in human and other mammals
due to the fact that it induces similar physio‘logical sequelae as Gram-negative sepsis
without the concomitant bacterial infection.

The mammalian immune system uses a family of Toll-like receptors to generate a
response to molecular patterns present on invading microorganisms. In particular, TLR4
is part of a recognition complex for bacterial lipopolysaccharide, and is likely an
important component in the inflammatory response to bacterial infection. Toll-like
receptors are transmembrane proteins that are involved in the innate immune recognition

of microbial constituents. Among them, Toll-like receptor 4 (TLR4) is a crucial signal



transducer for LPS, the pyrogenic component of Gram-negative bacteria in the outer cell
membrane.?!! Recognition of LPS leads to the rapid activation of an intracellular
signaling pathway, highly homologous to the signaling pathway of interleukin-1, which
results in the release of pro-inflammatory mediators.2"?

Despite the fact the exogenous pyrogens are able to induce fever they do not cross
the blood-brain barrier to act directly on the thermoregulatory center. Thus, if the
development of fever can be thought of as the end result of a sequence of events, then
exogenous pyrogens are the upstream mediators that initiate the synthesis of downstream

mediators: endogenous pyrogens.

1.2.2.2 Endogenous Pyrogens

The precise definition of an endogenous pyrogen is any. substance synthesized
within the ‘;issues of the host and subsequently transported to the central nervous system
where it ultimately leads to increases in temperature.’’ Kluger has gone on to describe
endogenous pyrogen as those intermediate agents involved in the pathway between
pathogen exposure and elevation of thermoregulatory set-point.'’” Many substances have
been identified as endogenous pyrogens, including cytokines released by activated
monocytes and macrophages.” Results support the claim that spianchnic tissue
macrophages, especially hepatic Kupffer cells are a major source of circulating cytokines

during endotoxemia.®*



Cytokines are a class of heat—lal;ile, soluble secretory proteins produced by non-
lymphoid nucleated cells in response to signaling events at the cell surface. #1712
Evidence points most strongly to a trio of cytokines primarily responsible for the acute
phase response of fever IL-1B, TNF-a, and IL-6.*" The demonstration of a temperature
response does not necessarily merit the conclusion that all cytokines are endogenous
pyrogens. Instead, it is necessary that the cytokine is detectable in the brain and/or
periphery during the time course of fever, and more conclusively that fever in inhibited
by antibodies or specific inhibitors.?® To date, this has only been reported for IL-1 and
IL-6. Traditionally, IL-B is thought to act with the OVLT, a circumventricular organ in

close proximity to the preoptic area of the anterior hypothalamus to evoke the synthesis

and release of humoral mediators like prostaglandins of the E series, particularly PGE,.**
1.2.2.3 Prostaglandins

By definition, the release of endogenous pyrogen constitutes a necessary step in
the pathogenesis of fever but it is unlikely that they are the final agents in the pathway.**
Rather, endogenous pyrogens cause the synthesis of yet another group of fever mediators.
Prostaglandins are one such example of an end mediator that can be upregulated by
pyrogenic cytokines. Of particular relevance to the development of fever are the E series
prostaglandins. Milton and Wendlandt were the first to show that upon injection into the
cerebral ventricles, prostaglandins of the E series (PGEs) produced fever symptoms. 4714

Furthermore, the increase in core temperature occurred very rapidly. Since initial

experiments with PGEs, much evidence confirming it as a centrally acting mediator of
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fever has been collected. Support for the role of PGEs in fever is the finding that
pharmacological agents that block the synthesis of prostaglandin act as efficient
antipyretics. The formation of PGEs depends on the activity of cyclooxygenase (COX),
which exists in one of two isoforms, the constitutively expressed COX-1 and the
inducible form COX-2. In the rat, induction of COX-2 as measured by mRNA or protein
expression in response to peripheral injection of a febrigenic dose of LPS can be
demonstrated in brain endothelial cells, perivascular microglia and meningeal
macrophages.”’60 Hence, the proﬂuction of PGE; via induction of COX-2 may be an
important step in the manifestation of the febrile response to LPS. We may also point to

108 and in

the following: levels of PGE; in the cerebrospinal fluid from the third ventricle,
microdialysis samples from the preoptic area/anterior hypothalamus (POAH)'! rise in
parallel to the LPS-induced changes in body temperature and fall during defervescence.
Genetically altered mice lacking one of the four PGE receptors, the EP; subtype, show an
impaired fever response following peripheral injection of LPS, intracerebroventricular
injection of prostaglandin E;, or intravenous administration of interleukin-1p.%In rats,
this response is mediated by the EP; type prostanoid receptor.'®*

Prostaglandins are relatively small lipophilic molecules that pass readily into the
POAH where they act directly on hypothalamic cell groups to alter firing rates of
thermosensitive neurons.'®*'* As a result, the activities of warm and cold-sensitive
neurons in the preoptic areas are altered leading to an elevation in the thermoregulatory

set-point. '
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1.3 Endogenous Antipyresis

Fever is a highly regulated process that involves both the release of pyrogens and
antipyretics. Endogenous antipyretic agents do not affect body temperature in healthy,
afebrile subjects.'®? In contrast with cryogens, those agents capable of lowering body
temperature irrespective of the presence or absence of fever, endogenous antipyretics are
compounds releaséd by the host only during a febrile episode that limit the magnitude of
the hyperthermia resulting from fever.'*® Moreover, interfering with the action or release
of an antipyretic during fever prolongs the core temperature increase. Hormones such as
corticosteroids (e.g. glucocorticoid, melanocortins. ACTH and «-MSH), neuropeptides
(e.g. AVi’), and cytokines (e.g. IL-10 and IL-1ra) have all been purported to have fever
blocking effects.!®® Of these, arginine vasopressin, and interleukin-1 receptor antagonist
have been implicated in thermoregulatory responses of pregnancy, and thus will be

discussed in some detail in later sections.
1.3.1 Arginine Vasopressin

Arginine vasopressin (AVP) is a posterior pituitary hormone most commonly
known for its peripheral actions on V,-type receptors resulting in anti-diuretic effects on
the kidney as well as pressor effects on the cardiovascular system. However, acting
through the Vi-type receptor, AVP functions as a centrally acting neuropeptide,

responsible for defervescence.* An abundance of literature suggests that AVP has
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physiological antipyretic activity. Direct microinjection of exogenous AVP into a specific
brain region close to the diagonal band of Broca known as the ventral septal area,
suppressed fever induced by certain agents in several species studied thus far, 110168
Neurons with AVP containing projections to the ventral septal area (VSA), the
paraventricular nucleus (PVN), and the amygdala, have been mapped in rats and in
guinea pigs via immunohistochemical methods,'®*and it has been reported that
hypothalamic and septal staining density of vasopressinergic neurons increases in fever.
As shown by push pull perfusion of the VSA, release of AVP from vasopressinergic
neurons increases in response to central administration of IL-1f and the degree to which
AVP is released is proportional to the magnitude of the fever. Conditions such as
hemorrhage, which increase peripheral as well as central AVP release, are associated

with decreased febrile responses.*!

Perhaps, most importantly, neutralization of
endogenous vasopressin activity during experimentally induced fever either by specific
AVP antibodies or V;-type receptor antagonists increases the time course and magnitude
of the febrile episode. Interestingly, however, there is evidence that because
vasopressinergic innervation of the ventral septal area is less well developed in female
versus male rats, the release of endogenous AVP in response to centrally administered
PGE, occurs in males only.>* This suggests that there are sex-related differences in the
response to PGE, fever and that other mediators may be more integral to limiting the
magnitude and duration of fever in the female rat. Still, as will be discussed later,
arginine vasopressin is purported to play a role in certain physiological states in which

normal fever responses are suppressed; including those in experimental LPS tolerance,

neonates, and periparturient mammals.
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1.3.2 Interleukin-1 receptor antagonist

“JL-1inhibitor”, as it was originally termed, is a 23-25 kDa protein that occurs
naturally in humans and other mammals.® Now commonly known as interleukin-1
receptor antagonist, this peptide was first isolated and purified from the urine of human
subjects with monocytic leukemia.5** Not unlike most cytokines, IL-1ra is produced by
monocytes and released into plasma in response to lipopolysaccharide and other pyrogens
(IL-1, IL-6).>" IL~1ra is a structurally related gene product of IL-1a and IL-1pB. As such,
all three members of the interleukin-1 family of cytokines bind to the same cell surface
receptor IL-1R, albeit with differing affinities. However, unlike IL-1a and IL-1p, IL-1ra
lacks a secondary binding site necessary for intracellular signal transduction.”® As such,
IL-1ra can act as a competitive inhibitor of pyrogenic cytokines at type I and type II IL-
1R receptors without agonist activity. This has been demonstrated both in vitro and in
Vivo, 86:183

In vivo studies with rats have shown a general decrease in eicosanoid (i.e. PGE;)
in response to intravenous IL-1ra during a febrile episode as well as increased survival
rate after a heat stroke.® Mice over-expressing IL-1ra show greater survival rates upon
challenge with LPS as compared to wild-type controls.” Similarly, IL-1ra deficient mice
show increased lethality following LPS challenge.”® This mirrors results for studies in

which exogenous IL-1ra was administered to mice and rats prior to a potentially lethal

exposure of LPS.?? Further, it has been shown that mice overexpressing IL-1ra lack a
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febrile response to I.C.V. administration of IL-1B further confirming that the IL-1 family

of receptors are functionally inactivated by IL-ra.'*!

1.4 Normal Thermoregulation in Pregnancy

There is evidence that thermoregulatory control is altered near term of pregnancy.
In 1949, Stewart reported that body temperature decreases after the third month of
gestation and stabilizes by the end of the 4™ month.'®® Similar decreases in core

160 sheep,'® and in rats.* It appears that

temperature have been observed in rabbits,
during gestation, the ability to thermoregulate is impaired. Vaughn, Veale, and Cooper
have demonstrated that at both exceedingly warm and cold ambient temperatures (33°C
and 3°C), rabbits near term (~3 days prior to parturition) are less able to sustain core body
temperatures.zo2 Imai-Matsumura ef al showed that as compared to nonpregnant controls,
rats late in gestation are less able to defend core temperature against a cold challenge.104
Furthermore, rats studied just prior to parturition (day 20) are less able to maintain core
body temperature at low ambient temperatures (14-16°C) as compared to nonpregnant
controls, and those animals studied earlier in gestation, and during lactation.’” Regulatory
thermogenesis or post-prandial heat production is significantly reduced in human subjects
nearing term of pregnancy.’’ In a study describing basal core temperature responses to
pregnancy and lactation, Fewell found that in Sprague-Dawley rats, mean 24-hour core
temperature is decreased from day 15 to parturition (day 21-22).%* It has been proposed

that the fall in core temperature on day 15 results primarily from a loss of normal

circadian fluctuation in body temperature, as the typical nocturnal increase in Tc¢ is
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abolished at this gestational age.”’ Further decreases in core temperature near term of
pregnancy in rats is a result of a “regulated” thermoregulatory response or regulated
hypothermia, whereby core temperature is actively maintained at a lower level following
a decrease in the central set point for thermoregulation.”’® Programmed rheostasis
involves rhythmic alterations of homeostasis that occur during phases of the life cycle
(e.g. circadian or menstrual cycles).”®” It is quite probable that pregnancy represents a
period of such rheostatic control over core body temperature.

During lactation in rats, steep increases in core temperature have been reported.”’
This increase appears to be the result of a “forced” thermoregulatory response (i.e. forced
hyperthermia). That is, core temperature is unnaturally maintained above the CNS
thermoregulatory set point. This may be due in part to the highly exothermic processes of
parturition and milk production.

There is an adaptive value to alterations in thermoregulatory physiology during
pregnancy. In mammals, metabolic rate decreases by 2.3 times for evéry 10°C decrease in
core temperature.100 In terms of this so called “Q;o effect” lowering core temperature by
even a modest amount in pregnancy may have a significant effect on metabolic rate, and
a downregulation of thermogenesis shifts the balance of blood flow from heat generating
organs such as skeletal muscle and brown adipose tissue to the utero-placental
interface.'*> Additionally, human studies have revealed fetal temperatures to be 6.5-0.9°C
higher than maternal temperatures.”*> Parturition increases both maternal and fetal
metabolic demands.’! Considering that during hyperthermia, fetal temperatures have
been shown to increase in parallel™ or exceed'** the rise in maternal core temperature any

rise in core temperature in the intrapartum period would tend to exaggerate the fetus’



16

oxygen demand in utero, and the potential for neuronal loss.”*>'** This is significant, as
the inability of the mother to protect against increases in temperature can result in low
APGAR scores and morbidity for the hypoxic neonate.’? Increasing the overall oxygen
demands of the mother and fetus in thé case of fever can increase the risk of fetal brain

ischemias, seizures, cerebral palsy, bradycardias, respiratory distress, and

death, 32161166179

1.5 Fever in Pregnancy

In addition to changes in basal temperature during pregnancy, core temperature
responses to a stressor (e.g. exposure to a novel environment) are altered in the pregnant
rat.’” One of the most salient thermoregulatory changes during the maternal adaptation to
pregnancy is the impaired febrile response near term. However, this finding is somewhat
dependent on both species and gestational stage. Despite the apparent normal functioning
of thermoregulatory effector responses there is an attenuated fever response to endotoxin,
and certain pyrogenic cytokines, as well as prostaglandins near the time of parturition.'*!
This line of investigation was pioneered in 1978 by Kasting, Veale, and Cooper who
found that upon intravenous injection of either bacterial endotoxin (ie. LPS from
Salmonella abortus equi), or endogenous pyrogen (i.e. IL-1p) late in gestation (143-145
days), pregnant ewes exhibit an attenuated fever response.''> Moreover, the response is

completely abolished closer to term (146 days), while a vigorous fever is observed earlier
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in ge,station.l’u’”’122 Comparable findings exist for near-term guinea pigs, which do not
develop fever following LPS exposure.”'? Similarly, fever responses are muted after LV.
LPS, and 1.C.V. PGE, in rabbits near term as compared to nonpregnant animals?*'% but
this result has been disputed by other studies.’*!®® Morishima et ol found that the
pregnant baboon develops a normal fever in response to Lps.B!

Pregnant rats experience a febrile response of reduced magnitude to exogenous
pyrogen and develop no fever to endogenous pyrogen (i.e. IL-1B) in the latter phase of
gestation (day 17 to term). 3413518 Also, compared to nonpregnant females, near term
pregnant rats show significantly attenuated fevers following I.C.V. administration of
PGE,.'*%*? Evidence from rats injected with LPS reveals reduced PGE, within the
cerebrospinal fluid’® in the latter part of gestation in rats. Similarly, there is an attenuated
PGE response to endogenous pyrogen near term.%® Given that the induction of COX-2 is
critically important in the formation of E series prostaglandins and the subsequent

manifestation of a febrile response,®

the finding that hypothalamic expression of
cyclooygenase-2'>>  is blunted in pregnancy, may explain why near-term pregnant
animals do not have a normal end-mediator response to exogenous and endogenous
pyrogen.

Non-shivering thermogenesis in brown adipose tissue is an important autonomic
thermoregulatory effector for heat production during the development of fever in rats, >
and has been reported to be impaired near term of pregnancy.“’m’204 However, Eliason
and Fewell did not find that the attenuated febrile response to pyrogen near the term of

pregnancy is a result of impaired efferent limb or effector organ response, but rather an

abbreviated one.*® It is probable that a pregnancy activated endogenous antipyretic
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system is engaged during pyrogen exposure. Though the development of fever has
physiological advantages, one might imagine that under certain conditions, fever may not
be desirable. As maternal fever and infection has been associated with increased risk for

early rupture of membranes, preterm labor, and premature birth, 178180

we may speculate
that refractoriness to pyrogen-induced fever near term could be a rheostatic response in

mammals that has adaptive value.'*®

1.6 Pregnancy Induced Antipyresis
1.6.1 Arginine Vasopressin in Pregnancy

Several lines of evidence suggest that arginine vasopressin (AVP) may be
abrogating the rise in core temperature following pyrogen exposure in the latter part of
gestation.!!! First, AVP levels in several hypothalamic loci including the ventral septal

area and the paraventricular nucleus are higher near the term of pregnancy.”"?

113 and

Furthermore, AVP functions as a endogenous antipyretic in the rat neonate,
parturient rats have been shown to a five-fold eleyation in AVP levels in the dorsal
hippocampus as compared to nonparturient pregnant animals.'® Intracerebroventricular
administration of PGE; after AVP receptor blockade produced increases in core

temperature that were similar in magnitude and duration for both nonpregnant rats and

pregnant rats close to parturition.®® That near term pregnant rats mount a normal fever



19

response to centrally administered PGE; following an I1.C.V injection of a vasopressin Vi-
receptor antagonist, remains strong evidence for AVP as putative mediator of attenuated
fever near term. However, when rats are pretreated with a vasopressin antagonist and
subsequently given an I.V. injection of rrIL-1B near the term of pregnancy, the response
is not “normalized” and the attenuated core temperature response remains unaffected by
AVP blockade.” Considering this, if the end-mediator response to endogenous pyrogen
was abrogated close to parturition, this would argue in favor of a second endogenous
antipyretic agent that is exerting some functional effect upstream in the febrigenic
pathway in near-term animals. Indeed experiments designed to determine the influence of
pregnancy on the synthesis and release of PGEs into the OVLT bear this out. Systemic
administration of IL-1B results in significant increases in peri-OVLT PGEs in
nonpregnant controls that are not observed in near term pregnant rats.® This study did
not explore the mechanisms by which this apparent PGE suppression occurs but we may
note (that while basal core temperatures were found to be higher in nonpregnant animals
as compared to the pregnant group, basal PGE levels were similar in both groups. In light
of this evidence, it seems likely that whatever mechanism is responsible for the central
prostaglandin response to endogenous pyrogen near parturition, it is exerting its
antipyretic effect at a point prior to the action of AVP in the central nervous system.*?
This leads to speculation that antagonism of pyrogenic cytokines such as IL-1B, which
act upstream of PGEs synthesis and action in the febrigenic pathway, may explain the
limited magnitude and duration of fever in late pregnancy. As such, interleukin-1 receptor
antagonist emerges as a promising mediator of this response, which remains a very

interesting component of the maternal adaptation to pregnancy.
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1.6.2 Interleukin-1 Receptor Antagonist in Pregnancy

Interleukin-1 receptor antagonist may play a role in complete absence of fever in
response to 1.V. IL-1B. This hypothesis is promising in light of evidence that AVP does
not mediate the blunted response to IL-1B,” and both the IL-1 receptor and IL-1ra are
present in vasopressin containing neurons of the paraventricular nuclei in the rat
hypothalamus.*® Along with studies indicating that central IL-1B leads to vasopressin
release, 2 co-localization of the IL-1R, IL-1ra, and AVP invites speculation that the
interleukin-1 receptor antagonist may also have a stimulatory effect on vasopressinergic
fibers, which would potentiate its action as an endogenous antipyretic. Further pointing
to the antipyretic properties of IL-1ra, are experiments by Tan and others who have found
that the neutralizing antibody to interleukin-1 receptor antagonist alters LPS induced
fever in adult female rats.'*®

It has been demonstrated that afebrile pregnant mice produce IL-1ra in
concentrations between 5 and 270 fold higher than IL-1a or IL-1p in all tissues analyzed
including serum, uterus, fetal membranes, and placenta.98 It is possible that blood-borne
rr-IL-1B does not elicit a normal end-mediator response because of a pregnancy-related
increase in the circulating levels of IL-1ra. Furthermore, in humans, interleukin-1
receptor antagonist is detectable in the amniotic fluid compartment in the presence of
intrauterine infectior‘l.‘sg’”6 Pillay et al measured basal plasma levels of IL-1ra in late term
women (32 weeks to term) and observed that its concentrations were significantly higher

than in nonpregnant women (~7fold).’®” A second pivotal finding of this study was that
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monocytes of pregnant subjects stimulated with either IL-1a or LPS in vitro produce
approximately 3 times more IL-1ra as compared to stimulated monocytes of nonpregnant
adults. Glomus cells of paraganglia associated with the subdiaphragmatic vagus express
binding sites for biotin labeled IL-1ra,’® and it is possible that local increases in
antipyretic cytokines can mediate fever attenuation despite a lack of significant increases
in the general circulation. It seems likely that IL-1ra binding to the IL-1 receptor in vivo
may be sufficient to suppress the febrile episode following Gram-negative infection in
pregnant subjects.

1.7 Rationale

Although rats may develop similar fevers in response to L.V. or L.P. administration
of pyrogenic stimuli, there is, in fact much evidence that route of administration bas a
profound influence on the fever profile (i.e. latency, magnitude, and time course). It is
apparent that a regulated change in the response to intravenous LPS occurs in the
peripartal period.”®> However, no data have been reported for the pregnant rat regarding
core temperature responses to varying doses of lipopolysaccharide administered
intraperitoneally.

Within the last decade, experimental evidence has accumulated suggesting the
existence of neural communication of immune signals from the periphery of the body to
the brain. This evidence derives from the observation that subdiaphragmatic vagotomy
attenuates or eliminates a number of the illness responses to LP. or I.V. exogenous and

130,206

endogenous pyrogen. Attenuation of LPS induced fever occurs after vagotomy in

rats and other species,'” but this appears to depend upon the dose of LPS as well as on
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the route of administration. Goldbach, Roth, and Zeisberger have demonstrated that the
febrile response to intraperitoneal injection of LPS is abrogated in vagotomized guinea
pigs as compared to sham-operated controls, while intramuscular injection results in
identical fever in vagotomy and sham groups.”’ Thus, we speculate that the mechanisms
involved in the development of fever, and particularly the vagal influence on the febrile
response, may be different following I.P. vs. LV. pyrogen exposure.

The rat is chosen as the species to investigate in this series of experiments for
several reasons. The temperature response to prostaglandin, exogenous and endogenous
pyrogen in pregnant rats has been previously characterized.'®>'*? Additionally, the rat has
been a useful model for studying the involvement of endogenous antipyretics in
pregnancy.>®**” The role of behavioral and autonomic thermoregulatory effectors in rats
during fever challenge has been well investigated as well as these roles in the normal
thermoregulation of pregnancy.””’ From a practical standpoint, the rat is small, easy to
instrument and care for, and the short gestational period facilitates the investigation of
pregnancy related alterations in thermoregulation.

This thesis describes several studies, which, taken together further describe the
mechanisms underlying the attenuated febrile response to pyrogen near the term of
pregnancy. Selecting an appropriate dose of any substance given to an animal is an
essential component of any experimental design. This basic information had to be
established from preliminary experiments before any in depth study of underlying
mechanisms and putative mediators could be initiated. Thus, I attempted to define the
dose response relationship between core temperature and LPS in nonpregnant animals

and animals at days 10, 15, and 20 days. This is described in Chapter 3. From this
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information I was able to optimize experiments by selecting a dose of LPS that produced
a measurable, but submaximal physiological response. A dose-response study is
particularly important in the experiments described here where a physiological process is
being compared between groups and under conditions where the febrile response may be
influenced by variables such as ambient temperature, gender, route of administration, and
most importantly pregnancy. The ECso, as well as the EC;jgp were used in subsequent
experiments. These represent the concentrations of pyrogen that result in half-maximal
(ECso) and maximal (EC,g0) core temperature responses.

Given the possibility of vagally-mediated mechanisms that are specific for fever
following I.P. but not following 1.V. LPS administration, the first study was carried out to
determine if fever is in fact attenuated in rats near the term of pregnancy following I.P.
administration of LPS as it is following 1.V. administration of LPS (Chapter 4). Once the
febrile response to I.P. administration of exogenous pyrogen was characterized, I began
to consider how changes in specific cytokines could alter the febrile response in
gestation. Chapter 5 describes the pregnancy-induced changes in basal interleukin-1f and
interleukin-1 receptor antagonist. This study prompted me to investigate the influence of
pregnancy on the production of endogenous mediators, IL-1§, IL-6, IL-1ra, and PGEs,
following stimulation with exogenous pyrogen (Chapter 6). The specific hypotheses and
aims of each study are described more fully in their respective chapters. These studies, 1
hope, will provide a basis upon which to better understand fever responses following

bacterial infection in the mammalian pregnancy.
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1.8 Specific Aims and Hypotheses

The specific aims of the proposed research were to determine if the febrile
response to pyrogen near term of pregnancy is attenuated following intraperitoneal
administration of E. coli lipopolysaccharide, and to investigate, in particular, interleukin
1-receptor antagonist as a putative mediator of the altered maternal thermoregulatory
responses in pregnancy following pyrogen exposure. Specifically, I tested the hypotheses
that (i) fever is attenuated near term of pregnancy in response to L.P. bacterial endotoxin,
(ii) baseline secretion of IL-1ra is elevated in the plasma of near term (days 17- 21)
pregnant rats compared to nonpregnant females and females in early to mid gestation
(days 10-15) (iii) that during the febrile episode following exposure to pyrogen, plasma
levels of IL-1ra and other cytokines are altered in females near term of pregnancy as
compared to non-pregnant females and females early in gestation. The experiments
described here have generated a baseline cytokine profile for IL-1f, and IL-1ra levels
during the progression of pregnancy in rats (NP, days 10, 15, and 20). Dose-response
studies have described the temperature response to varying doses of endotoxin in
nonpregnant female Sprague- Dawley rats and throughout pregnancy on days 10, 15, 20.
Underlying mechanisms were then explored by describing the cytokine profile during
experimentally induced fever. This helped to uncover correlations between post-LPS
cytokine release patterns (IL-18, IL-6, IL-1ra, and PGE) and the attenuated core

temperature response to pyrogen near term of pregnancy.
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CHAPTER TWO

METHODS & MATERIALS

2.1 Animal Housing and Handling

Experiments were conducted on two groups of Sprague Dawley rats obtained
from Charles River Laboratories: 97 virgin nonpregnant females and 253 time-bred
females undergoing their first pregnancy. All experiments were carried out on rats aged
between 9 and 12 weeks of age weighing between 175-200 g upon arrival. Rats were
housed individually in standard Plexiglas caging containing Aspen-Chip Laboratory
Bedding (Northeastern Products Corporation), which were kept in a humidity-controlled
environmental chamber at an ambient temperature of 25+1°C. The chamber was operated

on a 12-hour alternating light/dark cycle. Lights were turned on at 0700 hours and were
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shut off at 1900 hours. Each rat was provided with enrichment and had continuous access
to a standard lab diet (Lab Diet 5001) and tap water. Pregnant rats arrived between days 4
and 6 of gestation and were studied at either day 10-11, day 15-16, or day 20-21 of
gestation, with term being approximately 22 days. Prior to any experiment, rats were
handled at least five times to acquaint the animals with the investigator. Handling
consisted of picking up the animal, and holding it in the same manner it was to be
handled during any experimental procedures. All experiments commenced between 1000
and 1100 hours to preserve uniformity in circadian influences and each animal was

studied only once to avoid tolerance to stimuli.

2.2 Surgical Procedures

Animals that were to receive LP. injection underwent surgery 3 days prior to
experiments in order to implant catheters and transmitters. Rats were anaesthetized -with
2% halothane in oxygen (for induction and maintenance). In preparation for surgery, the
surgical field was shaved and wiped with an iodine tincture solution to disinfect the skin
(Triad Medical Solution, H&P Industries), followed by dilute ethanol. During surgery,
core temperature was maintained with a heating pad and monitored via a rectal thermistor
probe. Animals remained on the heating pad until they awoke from anesthesia and were
then allowed to recover in the home cage. All surgical procedures were carried out under

aseptic conditions in accordance with the “Guide to the Care and Use of Experimental
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Animals” provided by the Canadian Council on Animal Care, and with the approval of

the Animal Care Committee of the University of Calgary.

2.2.1 Implantation of Biotelemetry Device and Catheterization

A paramedian laparotomy was performed and a free-floating battery-operated
biotelemetry device was inserted into the peritoneal cavity (TA10TA-F20; Data Sciences
International) for later measurement of core temperature. In addition, a sterile catheter of
silicone tubing (Dow Corning Silastic®; Helix Medical Inc.) was implanted into the
peritoneum for administration of injectate. The area between the scapulae was shaved and
a small incision was made. A portion of the catheter was inserted into the abdominal
cavity and the remainder tunneled under the skin and exteriorized at the dorsal scapular
area and sealed with a ligature. Muscle and skin layers were sutured to close the
abdominal incision, and the catheter was secured in place with a purse-string suture and
tissue adhesive (Vetbond™; 3M). Topical antibiotic sprays (Topazone™; Austin) and

spray adhesive bandage (OpSite™; Smith+Nephew), were applied to all wounds.

2.3 Intraperitoneal Injections

Animals with a catheter surgically inserted into the peritoneum, as described
above, received LP. injections according to the following protocol. An injection cannula
was constructed by attaching a 21 gauge, 1-inch blunt needle (Monoject™) to the outlet

end of a three-way stopcock. A 3.0-mL syringe containing 1.5 mL of sterile normal saline
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was placed in the position directly opposite the needle. A second 1.0 mL syringe
containing the injectate solution was attached to the port on the stopcock perpendicular to
the needle. For an injection, the animals were removed from the home cage, wrapped in a
surgical towel, and held in such a way that only the free end of the catheter was exposed.
The end of catheter was trimmed and the injection cannula inserted. The syringe
containing the injectate was emptied into the catheter. Following this, the stopcock was
rotated and the syringe containing saline was emptied into the catheter to flush it as well
as to ensure that the entire injectate reaches the peritoneal space. The animal was then

returned to the home cage.

2.3.1 Verification of Catheter Placement

In this study, injections were made via catheter into the peritoneum. As this was a
novel method of intraperitoneal injection, we wanted to know the accuracy of the
technique prior to beginning experiments. To confirm catheter placement, we injected
one animal with Evan’s Blue and opened the abdomen at necropsy. Correct placement of

the catheter was verified by the presence of the dye localized to the peritoneal cavity.
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2.4 Experimental Apparatus

Animals used in studies that included measurement of core temperature were
studied in a chamber (homecage) (Figure 2.1), which was positioned on a platform
receiver designed to interpret signals emitted from the free-floating telemetry device.
Receivers were connected to a computer outside of the chamber, thereby allowing core
temperature to be continuously monitored in conscious chronically instrumented rats
without the investigator being present in the chamber. See section 2.5.1 for more a

complete explanation of T¢ measurement.

Peripheral Processor  Biotelemetry device  Rat Homecage

/

digitized radio signal

Figure 2.1. Diagram illustrating the chamber, free-floating biotelemetry device, platform
receiver, and peripheral processor used in experiments in which core temperature was
monitored.
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2.5 Plasma Cytokine Analysis

No less than 5 days after arrival, animals that were to be used for cytokine
analysis were removed from the home cage and brought into the laboratory for rapid
decapitation and trunk blood collection. Trunk blood was collected over ice in centrifuge
tubes containing 0.5mL indomethacin (400 pg/mL), 0.5SmL EDTA (30 mg/mL), and
1.0mL aprotinin (3.5 TIU/mg protein) (Sigma, St Louis, MO).%® Plasma samples collected
in this fashion avoid coagulation and give a better determination of free circulating
cytokines in vivo than serum samples which may contain IL-1p and IL-1ra secreted from
monocytes in vitro after the collection process.** Blood was centrifuged at 4°C for 10
minutes. Plasma was then aspirated and stored at -70°C until the volume corrected

samples were analyzed for IL-1f, IL-1ra, IL~6, and PGEs by ELISA assay (BioSource).

2.6 Calculated and Measured Variables

2.6.1 Core Temperature

Each animal’s core temperature was obtained from signals emitted by the battery

operated biotelemetry device in its peritoneal cavity. This device emitted a radio

frequency (Hz), which is proportional to the animal’s core temperature. The animal, in its

cage, was placed over the platform antenna (Physio Tel CTR 86; Data Sciences
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International), which received the output signal from the activated biotelemetry device.
The platform also interfaced with a peripheral processor (Dataquest ART, Data Sciences
International) connected to a PC, which digitized the 10-second signal at a sampling rate
of 250Hz and displayed the averaged value as a temperature. Core temperature was
sampled and displayed at two-minute intervals. Specific calibrations for each
biotelemetry device were obtained from the supplier (DSI), and were entered into the

processor prior to the start of an experiment.
2.6.2 Fever Index & Peak Change from Control Temperature

In order to gain information about the overall febrile response of several groups of
subjects, the maximal change from control core temperature and fever indices were
calculated rather than comparing the response between groups at discrete time points.
Conceptually, fever index represents the integrated area described by temperature versus
time curve. Fever index was a useful summary statistic for making comparisons
regarding the overall magnitude of the febrile response in a given period, because it
eliminates apparent differences in the response at certain time points due to the pattern of
the curve. By removing time as a factor, fever index instead allowed us to compare the
comprehensive response. Fever index was calculated by taking the sum of the change in
core temperature from control at each time point in the experiment, and then dividing that

value by the total number of data points to obtain a value in °C x hours.
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2.7 Drugs & Injectates

2.7.1 Normal Saline Vehicle

Normal saline (0.9% Sodium chloride USP) was used as vehicle in experiments in
which intraperitoneal injections were made. Saline was purchased from Baxter

Corporation Canada®, and was stored in the refrigerator at 4°C until use.

2.7.2 Escherichia coli Lipopolysaccharide

Lipopolysaccharide from E. coli 0111:B4 was purchased as a lyophilized powder
prepared by phenol extraction from Sigma-Aldrich Canada, and mixed with normal saline
(0.9% NaCl) to make solutions from 1 to 1280 pg/mL. LPS solutions were stored in

sterile plastic vials and kept in the refrigerator at 4°C until use.
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CHAPTER THREE

THE EFFECT OF DOSE OF L.P. E. COLI LIPOPOLYSACCHARIDE ON THE
FEBRILE RESPONSE IN FEMALE SPRAGUE-DAWLEY RATS

As has been discussed previously, there are alterations in the thermoregulatory

response to pyrogen in female mammals nearing the term of pregnancy. It is apparent

185 136

that the febrile response to interleukin-1B">> and prostaglandin E; " are significantly
attenuated in pregnant rats in the latter part of gestation. Furthermore, there is a regulated
change in the response to bacterial endotoxin near term, such that an equivalent dose of
I.V. E. coli LPS does not have as great an influence on resetting hypothalamic set
point.'* To date, however, no data have been published regarding the core temperature
response to varying doses I.P. of E. coli lipopolysaccharide in female rats, and this basic
information should be established before any investigation of underlying mechanisms can
be reliably undertaken. A thorough understanding of the relationship between dose of

exogenous pyrogen and fever in nonpregnant animals is essential before any meaningful

conclusions can be made as to how it is altered during pregnancy.
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3.1 INTRODUCTION

Evaluation of the dose-response or dose-effect relationship is crucially important
when studying complex physiological phenomena such as fever. Classical pharmacology
assumes that a biological response increases as the dose is increased. However, there are
many predictable factors which may influence the response for a given drug including,
age, species and strain, route of administration, sex, oestrus, and hormonal status,
pregnancy and lactation. As such, we cannot expect that every hormone-responsive
system will produce identical dose-response curves. In the experiments described here,
the responding variable (core temperature) was dependent on the concentration of
exogenous pyrogen being administered, so it was important to determine the dose-
response relation for this particular drug-effector combination.

Although many investigators have used Gram-negative bacterial endotoxin to
induce fever, many studies which have determined the dose-effect of LPS on core
temperature have administered pyrogen intravenously.'”>!%> Those studies which have
induced fever via the intraperitoneal route have been conducted in male rats of varying
strains.*®*71721! Byen within the same strain, there is much evidence that gender has a
considerable influence on fever. Murakami and Ono found that female rats showed an

attenuated febrile reaction to both lipopolysaccharide and endogenous pyrogen as
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measured by both the maximum increase in rectal temperature and the thermal response
index.!® Fevers in response to prostaglandins are also influenced by sex, endocrine
status, and gestational stage.’*® Thus we may safely conclude that there is gender
dimorphism in the central mechanisms responsible for febrigenesis and antipyresis. Such
sex-related differences are most likely due to the influence of steroid hormones on
thermoregulatory control. In light of this evidence, it seems reasonable to construct
complete dose-response curves for the L.P. administration of bacterial endotoxin in
female Sprague-Dawley rats throughout gestation. The experiments presented in this
chapter were designed to define the relationship between dose of E. coli LPS and core
temperature in female rats, and to test the hypothesis that this relationship is altered

during pregnancy.

3.2 METHODS

3.2.1 Animals

Experiments were carried out on conscious chronically instrumented animals
allocated to one of four groups: 48 nonpregnant and 132 pregnant rats on days 10 (n=44),
15 (n=44), and 20 (n=44), of gestation (term 21-22days). All animals were obtained from
Charles River Laboratories. Pregnant animals were undergoing their first pregnancy, and
arrived between day 4 and 6 of gestation. All animals were fed, housed, and handled as

described in section 2.1.
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3.2.2 Surgical Preparation

No less than three days prior to an experiment, each rat was anaesthetized by
inhalation of halothane (2% for induction and maintenance) in oxygen. A paramedian
laparotomy was performed and a sterile catheter was implanted into the peritoneum for
delivery of injectate, also a free-floating, battery-operated telemetry device (TA10TA-
F20, Data Sciences International) was inserted into the peritoneal cavity for measurement

of core temperature, as described in section 2.21.

3.2.3 Conditions of Observations

During an experiment, each animal was studied in her cage, which was kept in the
environmental chamber maintained at an ambient temperature of 25+1°C for the duration
of the experiments. Core temperature was obtained from the signal emitted from the
previously implanted biotelemetry device, and was recorded at two-minute intervals ,
throughout the experiment (Section 2.5.1). Overall change in core temperature was later

calculated, as described in Section 2.5.2.

3.2.4 Experimental Protocol
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The day before an experiment, each animal was removed from its cage, weighed
and then returned to the cage in the environmental chamber. Rats were randomly divided
into ten groups based on injectate received, and each animal was studied only once. On
the day of the experiment, following an acceptable control period defined as five two-
minute measurements of core temperature that did not vary by more than +0.2°C, the rat
was removed from its cage and given an intraperitoneal injection of either vehicle
(normal phosphate buffered saline) or one of nine doses of E. coli LPS (Escherichia coli,
0111:B4) (1, 5, 20, 40, 80, 160, 320, 640, or 1280 ug per kg body weight) via the
indwelling catheter (Section 2.3). After the injection, the rat was returned to its cage and

core temperature was measured at two-minute intervals for a period of six hours.

3.2.5 Data & Statistical Analysis

Intraperitoneal LPS dose-maximal increase in core temperature, and LPS dose-
overall change in T¢ curves were constructed for determination of the approximate ECso
and ECjgp. Overall mean changes in core temperature per hour are presented as fever
indices, expressed as area under the core temperature-time curve for the six-hour period
following injection. Data analysis for all core temperature experiments was limited to the
first six hours following injection to exclude any thermoregulatory changes that may be
associated with normal circadian fluctuations of temperature in the rat.®! Fever indices
were determined as described in Section 2.5.2. A two-factor analysis of variance

followed by a Newman-Keul's multiple comparison test was done to determine if
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pregnancy or injectate influenced the fever index. All results are reported as means = one

standard deviation.

3.3 RESULTS

3.3.1 Maximal Iricrease in Core Temperature

There was a consistent, dose-dependent increase in the maximum increase in core
temperature from control in nonpregnant animals when LPS was administered directly
into the peritoneum at doses ranging from 1 up to 1280 pg/kg (Figure 3.1). On day 20 of
pregnancy, however, administration of E. coli LPS in doses covering the same range
elicited negligible increases in core temperature as compared to vehicle. At all stages of
gestation, and at all points on the curve the response was less for any given dose of
pyrogen, as compared to nonpregnant rats. The ECjop was reduced in pregnancy, and

furthermore, the dose required to achieve a maximum response is slightly increased on

days 10 and 15.
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Figure 3.1 Relationship between dose of E. coli lipopolysaccharide and the maximal
increase in core temperature in nonpregnant rats (n=48) and in pregnant rats on days 10
(n=44), 15 (n=44), and 20 (n=44) gestation for the six-hour period after intraperitoneal
administration of E. coli LPS in doses ranging from 0 to 1280 pg/kg. Data are presented
as means + standard deviation for an n = 4 for each dose in each group.
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Figure 3.2 Relationship between dose of E. coli lipopolysaccharide and the fever index
in nonpregnant rats (n=48) and in pregnant rats on days 10 (n=44), 15 (n=44), and 20
(n=44) gestation for the six-hour period after intraperitoneal administration of E. coli LPS
in doses ranging from 0 to 1280 pg/kg. Data are presented as means + standard deviation
for an n of no less than 4 for each dose in each group.
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3.3.2 Mean Fever Indices

In nonpregnant animals, intraperitoneal administration of E. coli LPS at varying
concentrations elicited an dose-dependent increase in the fever index (Figure 3.2) as
compared to vehicle with an ECso of ~20 pg/kg and an ECyq of ~160 pg/kg. However,
from a comparison of the dose-response curves it is appareﬁt that the maximum heat gain
was lower in pregnant animals on day 15, and more so in those animals near-term. In
fact, in the latter part of gestation, animals lost heat with higher doses of endotoxin. It
appears as though the pyrogenic activity of lipopolysaccharide is limited in pregnancy,
and that animals on gestation day 20 are notably less responsive to LPS. Given that fever
indices were gradually, but consistently attenuated as gestation advanced, it is likely that
the suppressed core temperature response is not a concentration-related phenomenon, but

rather a generalized modification in the animal’s response to the drug.
3.4 SUMMARY & CONCLUSIONS

Based on evidence that the EP; prostaglandin receptor subtype plays an important
role in the influencing of set-point and the development of fever,” 9 one possibility is that
the suppressed febrile response to varying doses of pyrogen is due to a decrease in
receptor number in pregnancy. However, recent evidence showing that the expression of

the EP; receptor is not impaired near term would seem to refute this claim.
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Alternatively, it has been suggested that endogenous pyrogens (e.g. IL-1B)
triggered by exposure to bacterial lipopolysaccharide may directly affect preoptic neurons
independently of pros’caglandin.m2 Electrophysiological studies of anterior hypothalamic
neurons have shown that endogenous pyrogens produce activity changes that are
consistent with fever production (i.e. inhibition of warm-sensitive and excitation of cold-
sensitive afferents). Therefore, the decreased ability of endotoxin to induce febrile
changes during pregnancy could be due to a reduced ability of LPS-induced IL-1p to alter
thermoregulatory set-point. This may be possibly due to an increased production of

endogenous antipyretics. This hypothesis was tested, and will be discussed in Chapter 3.
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CHAPTER FOUR

INFLUENCE OF PREGNANCY ON THE FEBRILE RESPONSE TO
INTRAPERITONEAL ADMINISTRATION OF BACTERIAL ENDOTOXIN IN
FEMALE RATS

4.1 INTRODUCTION

The experiments reported in Chapter 3 define the dose-response relationship
between I.P. administration of E. coli lipopolysaccharide (bacterial endotoxin) and the
febrile response in nonpregnant and pregnant female Sprague-Dawley rats, with core
temperature used as the parameter of fever. The primary goal of these experiments was to
allow the selection of an optimal dose of LPS to be used in the present study.

There has been considerable emphasis on the involvement of the abdominal vagus
nerve in the systemic cytokine-to-brain communication required for febrigenesis.®?"
This, along with reports that subdiaphragmatic vagotomy inhibits a variety of endocrine,
autononﬁc, and Dbehavioral processes associated with the acute phase

17,90

response " resulting from intraperitoneal exposure to LPS, lead me to wonder if

pregnancy attenuates the core temperature response to I.P. injection of pyrogen as it does
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after I.V. injection of exogenous pyrogen. This chapter describes experiments designed to
investigate the febrile response to low, and high doses of I.P. E. coli LPS in rats at
varying points in gestation, and to test the hypothesis that fever is attenuated near term

when pyrogen is administered intraperitoneally.
4.2 METHODS
4.2.1 Animals

Experiments were carried out on conscious chronically instrumented animals
allocated to one of four groups: 61 nonpregnant and 151 pregnant rats on days 10 (n=48),
15 (1=48), and 20 (n=55), of gestation (term 21-22 days). All animals were obtained from
Charles River Laboratories. Pregnant animals were undergoing their first pregnancy, and
arrived between day 4 and 6 of gestation. All animals were fed, housed, and handled as

described in section 2.1.
4.2.2 Surgical Preparation

No less than three days prior to an experiment, each rat was anaesthetized by
inhalation of halothane (2% for induction and maintenance) in oxygen. A paramedian
laparotomy was performed and a sterile catheter was implanted into the peritoneum for

delivery of injectate, also a free-floating, battery-operated telemetry device (TA10TA-

/
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F20, Data Sciences International) was inserted into the peritoneal cavity for measurement

of core temperature, as described in section 2.21.

4.2.3 Conditions of Observations

During an experiment, each animal was studied in her cage, which was kept in the
environmental chamber maintained at an ambient temperature of 25:1°C for the duration
of the experiments. Core temperature was obtained from the signal emitted from the
previously implanted biotelemetry device, and was recorded at two-minute intervals
throughout the experiment (Section 2.5.1). Overall change in core temperature was later

calculated, as described in Section 2.5.2.

4.2.4 Experimental Protocol

The day before an experiment, each animal was removed from its cage, weighed
and then returned to the cage in the environmental chamber. Rats were randomly divided
into three groups based on injectate, and each animal was studied only once. On the day
of the experiment, following an acceptable control period defined as five two-minute
measurements of core temperature that did not vary by more than +0.2°C, the rat was
removed from its cage and given an intraperitoneal injection of either vehicle (normal
phosphate buffered saline), 20pg/kg or 160uglkg E. coli LPS (Escherichia coli,

0111:B4): the ECso and ECj00 concentrations, respectively. Pyrogen was administered via
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the indwelling catheter (Section 2.3). After the injection, the rat was returned to its cage

and core temperature was measured at two-minute intervals for a period of six hours.

4.2.5 Data & Statistical Analysis

Core temperature-versus-time curves were constructed for the six-hour period
following injection. Statistical analysis for the present experiments was carried out using
a three-factor analysis of variance for repeated measures followed by a Newman-Keuls
multiple comparison test in order to determine if pregnancy, injectate, or time influenced
core temperature. All results are reported as means * one standard deviation; p<0.05 was

considered to be of statistical significance.
4.3 RESULTS
4.3.1 Intraperitoneal Administration of Vehicle

As Fewell has previously reported,’* basal core temperatures were significantly
lower (p<0.05) in near-term pregnant rats (36.7 + 0.3°C) compared to nonpregnant rats
(37.5 £ 0.3C°). This is indicated in Figure 4.1. Intraperitoneal administration of vehicle
via surgically implanted éatheter did not elicit “stress induced hyperthermia” in
nonpregnant or pregnant animals as normally occurs when one pierces the abdominal

wall with a needle for I.P. drug administration. Indeed, there was no change in core
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temperature in response to vehicle at any point during the experimental period, regardless
of state (Figure 4.1). Thus, in the current experiments, any changes in core temperature
following E. coli LPS can be safely attributed to the effects of the pyrogen, and not to an

artifact of the injection process.
4.3.2 Administration of Bacterial Endotoxin

Core temperature time plots, which denote the latency, magnitude, and duration of
the thermoregulatory response of nonpregnant and pregnant animals following
intraperitoneal administration of low and high doses of E. coli LPS are shown in Figures
4.2,and 4.3.

Nonpregnant and pregnant animals developed complex core temperature time
curves after administration of exogenous pyrogen. Latency, magnitude, and duration all
appeared to depend upon state of pregnancy (nonpregnant versus pregnant), gestation
(day 10 versus day 15 versus day 20), and dose of pyrogen (20 versus 160 pg/kg).
Following administration of 20pg/kg E. coli LPS, nonpregnant rats mounted a core
temperature response with a latency, duration, and magnitude of 2.5 hours, at least 3.5
hours, and 0.7°C. On days 15 and 20 of gestation, a distinct period of hypothermia
preceded a modest increase in core temperature. The overall heat-gain following
administration of 20pg/kg E. coli LPS was the same in nonpregnant and pregnant animals
early in gestation on day 10 (Figure 4.2). Following intraperitoneal injection of 160pug/kg
E. coli LPS, nonpregnant rats invoked a cored temperature response with latency,

duration and magnitude of 1.5 hours, at least 4.5 hours, and 1.9°C, respectively. In
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pregnant animals there was a moderate febrile response to L.P. administration of high
dose LPS only after a profound hypothermia, the magnitude and duration of which
appeared to increase with advancing gestation. Figure 4.4. indicates the fever indices for
the six hour period following LPS administration. There was no significant influence of
vehicle on the fever indices in nonpregnant animals and in pregnant animals at any age of
gestation. Overall, animals on daysl5 and 20 of gestation injected with 20ug/kg LPS
were significantly less febrile than nonpregnant animals that received the same dose.
Pregnant animals in early, mid and late gestation receiving high dose LPS were
significantly less febrile than nonpregnant animals. On gestation day 20, the profound
hypothermia observed translated to an overall loss in heat, as evidenced by a negative

fever index value.
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Figure 4.1 Core temperatures measured before and after intraperitoneal injection (1) of
vehicle in nonpregnant rats (n=21) and in pregnant rats on days 10 (n=16), 15 (n=16), and
20 (n=21) of gestation. Data are presented as means + one standard deviation; * p<0.05
versus control temperature.
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Figure 4.2 Core temperatures measured before and after intraperitoneal injection (1) of
20 pg/kg E. coli LPS in nonpregnant rats (n=20) and in pregnant rats on days 10 (n=16),
15 (n=16), and 20 (n=17) of gestation. Data are presented as means + one standard
deviation; * p<0.05 versus control temperature.
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Figure 4.3 Core temperatures measured before and after intraperitoneal injection (1) of

160 pg/kg E. coli LPS in nonpregnant rats (n=20) and in pregnant rats on days 10 (n=16),
15 (n=16), and 20 (n=17) of gestation. Data are presented as means + one standard

deviation; * p<0.05 versus control temperature.
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Figure 4.4 Mean fever indices in nonpregnant rats and in pregnant rats on days 10, 15,
and 20 of gestation for the six-hour period after intraperitoneal administration of vehicle,
20 pg/kg E. coli LPS and 160 pg/kg LPS. Data are presented as means + one standard
deviation for an n of at least 7 for each dose in each group; * p<005 versus NP for a given
dose of E. coli LPS
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4.4 SUMMARY & CONCLUSIONS

The results of the present study complement prior studies which have examined
the febrile response to bacterial endotoxin in near-term females. It has been shown
previously that fever is suppressed in rats close to parturition following intravenous
injection of 25 pgkg E. coli LPS.!*® Taking the route of administration into
consideration, this dose is analogous to those used here—evidence is the fact that in their
study, Martin et al saw fever magnitudes of 1.9 £0.16°C, 2.0 £0.18°C and 1.8 £0.7°C,
respectively, in nonpregnant rats by 1.V. doses of 10, 25, and 50 pg/kg. These cortelate
closely with the values reported here. Thus, their study provides an excellent basis for
comparison, and the present experiments extend their observations as follows. First, our
experiments provide evidence that there is an attenuated febrile response to LP.
administration of both a maximal and submaximal dose of E. coli lipopolysaccharide near
the term of pregnancy. Thus, the results confirm the hypothesis that the mechanisms
responsible for attenuation of the fever in rats in the latter part of gestation are operative
when exogenous pyrogen is administered into the peritoneal cavity as well as when it is
administered directly into the vascular space. Secondly, these data suggest that the
attenuated febrile response near the term of pregnancy is not resulting from a simple
rightward shift of the E. coli LPS dose—core temperature response curve, but rather a
dampening of the overall drug-effector relationship. In other words, there appears to be a
decreased ability of LPS to induce fever in near-term pregnant rats, which is not

dependent on dose.
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Next, the present work provides evidence that there is some characteristic of
pregnancy that evokes a hypothermic response to endotoxin that is not seen in
nonpregnant females in response to either an ECsq or an ECygo dose of E. coli LPS. Two
independent hypotheses may explain the initial hypothermic response to endotoxin. The
first postulate is that endotoxin exerts a direct toxic effect on peripheral vascular smooth
muscle causing vasodilation in the cutaneous vessels.®? Vasodilation precipitates the heat
loss leading to hypothermia. Secondly, it has been proposed that upon initial exposure to
endotoxin, rats recruit the detoxifying properties of the reticuloendothelial cell
sys’cem.69’187 Presumably, endotoxin is so rapidly removed from the circulation that the
stimulus for the synthesis of endogenous pyrogen is considerably weakened. However,
this scheme is at odds with the theory that endotoxin remains in the circulation as a
vasoactive agent. Nor can it be reconciled with the fact that in the present work, animals
displaying an initial hypothermia go on to mount significant fevers. The hypothermia
which seems limited to the latter part of gestation may indeed represent a “forced”
hypothermia mediated by a pregnancy-induced alteration of the passive active properties
of the vasculature. Alternatively it may be a “regulated” hypothermia which Romanovsky
et al have shown to occur following the administration of high dose E. coli LPS in adult
male rats.!”* Further investigation is needed to determine the exact mechanism of this
thermoregulatory response.

Lastly, we have introduced an alternative method for intraperitoneal
administration of pyrogen, which avoids piercing the abdominal wall, as well as blind
administration of drug. Intraperitoneal delivery of pyrogen via a chronically implanted

catheter has the advantage of eliminating the often confounding thermoregulatory effects
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resulting from the stress associated with the injection procedure.” Furthermore, this
novel technique ensured that the entire volume of injectate was administered into the
peritoneal space and not into the bowel, bladder, or other visceral structures. This was an
important consideration in these experiments, as there are several lines of evidence to

suggest that improper injection can influence the route and duration of systémic uptake of

pyrogen and the resulting fevers.”*"



56

CHAPTER FIVE

THE INFLUENCE OF PREGNANCY ON BASAL PRODUCTION OF IL-18AND
IL-1 RECEPTOR ANTAGONIST

5.1 INTRODUCTION

In considering efferent mechanisms of the attenuated febrile response to pyrogen
near term, experiments performed by other investigators have established that this
maternal adaptation is not due to an impairment of the thermoregulatory effectors during
pregnancy. This assertion comes in light of a reduced febrile response to pyrogen in
pregnant rats despite activation of behavioral and autonomic effector mechanisms.*®
Moreover, intravenous administration of recombinant rat interleukin-1f produces
significant increases in peri-OVLT PGEs and core temperature in nonpregnant rats but
not in near-term pregnant rats. It is probable that a pregnancy-related antipyresis is

responsible.'!!

Arginine vasopressin has been extensively investigated in this capacity,
and indeed AVP appears to mediate the attenuated febrile response to centrally

administered prostaglandin near term of pregnancy.’® However, there is reason to believe
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that other antipyretic agents may be important in abrogating the febrile response in rats.
In studies comparing AVP deficient (i.e. Brattleboro) and wild type rats (i.e. Sprague-
Dawley), a marked divergence in the core temperature response to LPS endotoxin was
observed. AVP deficient rats became febrile while wild type controls became
hypothermic.®’ If one were to accept the hypothesis that AVP is the sole endogenous
antipyretic substance involved in controlling fever, then we might expect that in animals
that are devoid of this peptide, the febrile response would also be accentuated in response
to pyrogenic cytokines. However, the results from Stitt et al 11 4id not bear this out. In
response to a downstream mediator of fever, endogenous pyrogen (i.e. interleukin-1),
fevers in both AVP deficient and wild type animals were qualitatively and quantitative
indistinguishable. Perhaps more compelling is evidence from Eliason and Fewell that
AVP does not mediate the suppressed febrile response following I.V. administration of
interleukin-1B in near-term pregnant animals.’ ?

From these lines of investigation, we may conclude the following. Other upstream
antipyretic mediators may be acting to control the magnitude and duration of interleukin
1-induced fever prior to the action of AVP. It is most likely that such a mediator would
antagonize the action of pyrogenic cytokines. Interleukin-1 receptor antagonist is such an
agent, and a pregnancy-related increase in circulating levels of IL-1ra is a feasible
mechanism by which fevers might be attenuated near term. The experiments described in
this chapter were carried out to measure basal plasma levels of IL-1pB and IL-1ra in
nonpregnant and pregnant rats throughout gestation. Specifically, I wanted to test the
hypothesis that basal plasma levels of IL-1ra are increased in rats near the term of

pregnancy compared to those in nonpregnant and pregnant rats early in gestation.
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5.2 METHODS

5.2.1 Animals

Experiments were carried out on 40 conscious animals allocated to one of four
groups: 10 nonpregnant and 30 pregnant rats on days 10 (n=10), 15 (n=10), and 20
(n=10), of gestation (term 21-22days). All animals were obtained from Charles River
Laboratories. Pregnant animals were undergoing their first pregnancy, and arrived
between day 4 and 6 of gestation. All animals were fed, housed, and handled as described

in section 2.1.

5.2.2 Experimental Protocol

On the day of an experiment, the rats were removed from their cages and
decapitated between 1000 and 1100 hours. Trunk blood was collected on ice in centrifuge
tubes containing EDTA, aprotinin, and indomethacin.?> The blood was centrifuged at 4°C
for 10 minutes and the resulting plasma was stored at -70°C until IL-1f and IL-1ra were
determined by ELISA (BioSource; IL-1B sensitivity <3 pg/mL; IL-1ra sensitivity <12

pg/mL).
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5.2.3 Data & Statistical Analysis

Cytokine data were presented as means + one standard deviation. Statistical
analysis was carried out using a one-factor analysis of variance followed by a Newman-
Keuls multiple comparison test to determine if pregnancy influenced basal plasma IL-1§

or IL-1ra; p<0.05 was considered to be of statistical significance.

5.3 RESULTS

5.3.1 Basal plasma IL-1p and YL-1ra levels in nonpregnant and pregnant rats

Basal plasma interleukin-1 beta concentrations did not change during pregnancy
(Figure 5.1A). However, basal interleukin-1 receptor antagonist levels were increased
significantly in pregnant rats on day 15 of gestation compared to nonpregnant, day 10,

and day 20 gestation animals (Figure 5.1B).
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Figure 5.1 Plasma levels of IL-1B (A) and IL-1ra (B) in unstimulated nonpregnant rats
(n=10), and pregnant rats on days 10 (n=10), 15 (n=10), and 20 (n=10) gestation. Data
presented as means + one standard deviation; * p<0.05 versus NP, for a given cytokine.
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5.4 SUMMARY & CONCLUSIONS

While it has been demonstrated in humans that late term pregnancy (>80% of

167 the present experiments did not

gestation) influences the overall cytokine profile,
confirm the hypothesis that circulating levels of IL-1ra are increased in near-term
pregnant Sprague Dawley rats. Contrary to my expectation that interleukin-1 receptor
antagonist is elevated near term in rats, these data show that basal serum IL-lra is
elevated at day 15 and returns to nonpregnant levels by day 20 of gestation. It remains
possible that local increases in IL-1ra on day 20 can still induce centrally mediated illness
responses despite the lack of elevated levels in the general circﬁlation. Presently, we can
speculate that IL-lra is mediating the antipyretic response on day 15 (~70% of
gestation), but perhaps not closer to term.

However, the results of this study do not preclude the possibility that upon
stimulation with pyrogen, interleukin-1ra may be accentuated in late gestation and thus
still mediate the suppressed febrile response to infection near term of pregnancy. So,
while baseline levels of antipyretic cytokines do not appear to be elevated near term on
day 20 in unstimulated animals, patterns in their release during the course of the acute
phase response to pyrogen may still mediate the observed lack of fever. In fact, a recent
study investigating intracellular cytokine expression patterns in the peripartum period,
reported that after LPS exposure, cord blood mono‘cytes produced less TNF-a--an

important proinflammatory cytokine in the host defense response to infection—relative to
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ponpregnant adults.®® Similarly, Pillay ef al have shown that following stimulation with
either IL-1a, or LPS, monocytes of women nearing parturition produce significantly
higher levels of IL-1ra, as compared to nonpregnant controls.!¢’t also remains possible
that reduced production of pyrogenic cytokines (e.g. IL-1B, IL-6) in response to
endotoxin challenge may be a contributing factor responsible for the abrogated fevers
observed in near term rats. Experiments outlined in the next chapter were conducted to

explore these possibilities.
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CHAPTER SIX

THE INFLUENCE OF PREGNANCY ON THE CYTOKINE RESPONSE TO
INTRAPERTIONEAL LIPOPOLYSACCHARIDE IN FEMALE SPRAGUE-
DAWLEY RATS

6.1 INTRODUCTION

Modulations of maternal immune cell function are critical for successful growth
and development of the fetus.2% The utero-placental interface is likely to be the site of the
most prominent immune adaptations to pregnancy,'®? and it has been suggested that
systemic immunity is also suppressed during gestation. Matthiesen ef al have shown that
the ratio of pro-inflammatory to anti-inflammatory cytokine in peripheral mononuclear
cells (PBMCs) is altered during pregnancy.'*® Specifically, pregnancy is associated with

suppression of important regulators of the acute phase response, NFkB, TNF-o, and
macrophage inflammatory protein alpha (MIP-10).141¢

Interleukin-1p is a blood-borne multifunctional cytokine which induces the
production of interleukin-6 and other mediators of infection and fever. Furthermore,

circulating prostaglandin (PGE,) is involved in the development of fever.'™ As part of

the coordinated host defense response, interleukin-1 receptor antagonist is also released
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into plasma by monocytes and PBMCs following exposure to exogenous pyrogen. IL-1ra
serves to modulate the activity of IL-1p and may alter the end-organ responses such as
pyrogen-induced fever. Although the present results confirm that there are pregnancy-
specific changes in immunomodulation that lead to raised plasma concentrations of
interleukin-1 receptor antagonist on day 15 gestation in the Sprague-Dawley rat, the
experiments reported in Chapter 5 do not support the notion that differential regulation in
basal IL-1p and IL-1ra levels near term is responsible for the suppressed febrile response
observed on day 20. However, evidence exists, at least in mice, that following LPS
exposure there are gestation-dependent changes in IL-1( mediated processes.'™

That during pregnancy inflammatory conditions are suppressed is well
established.'** For example, it has been hypothesized that the endocrine environment of
pregnancy is associated with IL-1B deficiency, and reduced LPS-induced cytokine
responses. Considering that LPS-induced fever is attenuated in rats near term, ‘the
experiments described in this chapter were carried out to test the hypothesis that
pregnancy influences plasma IL-1ra relative to IL-1B, IL-6, and systemic prostaglandin E
after administration of E. coli lipopolysaccharide in female rats. The assay used was not
specific for PGE, as such, total plasma PGE was quantified (i.e. PGE; and PGE;) and

these will hereafter be referred to as PGEs.
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6.2 METHODS

6.2.1 Animals

Experiments were carried out on 98 conscious chronically instrumented animals
allocated to one of four groups: 26 nonpregnant and 72 pregnant rats on days 10 (n=24),
15 (n=24), and 20 (n=24), of gestation (term 21-22days). All animals were obtained from
Charles River Laboratories. Pregnant animals were undergoing their first pregnancy, and
arrived between day 4 and 6 of gestation. All animals were fed, housed, and handled as

described in section 2.1.

6.2.2 Surgical Preparation

No less than three days prior to an experiment, each rat was anaesthetized by
inhalation of halothane (2% for induction and maintenance) in oxygen. A paramedian
laparotomy was performed and a sterile catheter was implanted into the peritoneum for
delivery of injectate, also a free-floating, battery-operated telemetry device (TA10TA-
F20, Data Sciences International) was inserted into the peritoneal cavity for measurement

of core temperature, as described in section 2.21.
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6.2.3 Conditions of Observations

During an experiment, each animal was studied in her cage, which was kept in the
environmental chamber maintained at an ambient temperature of 25+1°C for the duration
of the experiments, Core temperature was obtained from the signal emitted from the
previously implanted biotelemetry device, and was recorded at two-minute intervals
throughout the experiment, as described in Section 2.5.1 (temperature data shown in

Chapter 4).

6.2.4 Experimental Protocol

The day before an experiment, each animal was removed from its cage, weighied
and then returned to the cage in the environmental chamber. Rats were randomly divided
into six groups based on injectate and time of blood collection. Each animal was studied
only once. On the day of the experiment between 1000 and 1100 hours, following an
acceptable control period defined as five two-minute measurements of core temperature
that did not vary by more than £0.2°C, the rat was removed from its cage and given an
intraperitoneal injection of either vehicle (normal phosphate buffered saline), 20pg/kg or
160ug/kg E. coli LPS (Escherichia coli, 0111:B4): the ECsp and EC;09 concentrations,
respectively. Pyrogen was administered via the indwelling catheter (Section 2.3). After

the injection, the rat was returned to its cage and core temperature was measured at two-
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minute intervals for the duration of the experiment. At either 2 or 4 hours after injection,
rats were removed from their cage and decapitated for plasma cytokine analysis. The
typical biphasic febrile response to LPS in rats indicates peaks in core temperature at 2.5
_and 4.5 hours.!™ Assuming that circulating cytokine levels increase prior to the elevation
in core temperature, I chose to assay cytokines at 2 and 4 hours following LPS challenge.
Trunk blood was obtained from nonpregnant and pregnant rats collected on ice in
centrifuge tubes containing EDTA, aprotinin, and indomethacin.?® The blood was
centrifuged at 4°C for 10 minutes and the resulting plasma was stored at -70°C until
plasma IL-1pB, IL-6, IL-1ra, and PGEs were determined by ELISA (BioSource: IL-1f
sensitivity <3 pg/mL; IL-1ra sensitivity <12 pg/mL; IL-6 sensitivity <10pg/mL; PGE

sensitivity <36pg/mL).

6.2.5 Data & Statistical Analysis

Cytokine data are presented as raw values for individual animals. Statistical
analysis was carried out using two-way analyses of variance to determine if there were
any significant influences of gestation or time on the plasma levels of IL-1f, IL-6, IL-1ra,
or PGEs, for a given dose of LPS (i.e. statistics performed analyzed effects within
injectate groups). Gestation term indicated variation on any day of gestation versus
nonpregnant. Time term represented variation at 2 versus 4 hours. ‘Gestation x Time’
represented the interaction term between state of pregnancy and time of assay. Finally, a

p value of less than 0.05 was considered to be of statistical significance.



68

6.3 RESULTS

6.3.1 Plasma Levels of Interleukin-1 Beta Following L.P. E. coli LPS

Figure 6.1C illustrates that following I.P. administration of high dose pyrogen
(160 pg/kg E. coli LPS), there were notable increases in plasma IL-1B concentrations at
both 2 and 4 hours noted in nonpregnant animals. Similarly robust increases in IL-1B
occurred both early and late (2 and 4 hours respectively) on days 10 and 15 of gestation
(Figure 6.1C). This is in contrast with the attenuated cytokine response observed on day
20. Administration of vehicle did not elicit a significant rise in plasma IL-1p regardless
of gestational age (Figure 6.1A). By and large, the IL-B response to I.P. LPS was not
distinguishably different when low dose pyrogen (20 pg/kg) was given, as compared to

vehicle (Figures 6.1A and 6.1B).

6.3.2 Plasma Levels of Interleukin-6 Following I.P. E. coli LPS

Plasma levels of IL-6 did not change following I.P. administration of vehicle at

any point in gestation (Figure 6.2A). Likewise, low dose E. coli LPS challenge (20
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pg/kg) did not elicit significant increases in IL-6 in nonpregnant or pregnant animals on
days 10, 15, or 20 (Figure 6.2B). In nonpregnant animals and animals on days 10 and 15
of pregnancy, following I.P. administration of 160 mg/kg LPS, there was an early peak in
IL-6 at 2 hours after injection, thereafier plasma IL-6 levels dropped (Figure 6.2C).
However, animals on day 20 of gestation did not display this early rise m circulating IL-

6; furthermore, cytokine levels remained low at 4 hours after injection.

6.3.3 Plasma Levels of PGE Following LP. E. coli LPS

In general, circulating levels of PGEs were not increased early or late in response
to LP. administration of vehicle (6.3A). Furthermore, there were no differences observed
between exposure to either 20 or 160 pg/kg E. coli LPS on plasma concentrations of PGE
in nonpregnant animals or at any point during gestation (Figures 6.3B and 6.3C). Overall,
there were no significant changes in PGEs at 2 versus 4 hours after injection for any dose

of pyrogen given.
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6.3.4 Plasma Levels of Inteleukin-1 Receptor Antagonist Following L.P. E coli LPS

Figure 6.4A indicates that there was no effect of vehicle on the concentration of
IL-1ra detected at either 2 or 4 hours in the plasma of nonpregnant animals. Nor did
administration of vehicle -evoke increases in IL-1ra levels in pregnant animals at any
stage of gestation (Figure 6.4A). Circulating IL-1ra was only modestly increased in
response to I.P. administration of 20 pg/kg E. coli LPS in nonpregnant animals and on
days 10,15, 20 of pregnancy (Figure 6.4B). Nonpregnant rats and rats on days 10, 15 and
20 of gestation showed notable elevations in plasma IL-lra72 hours following injection of

160 pg/kg E. coli. IL-1ra levels had fallen by 4 hours in all the animals except those near

term, on day 20 (Figure 6.4 C).
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Figure 6.1 Plasma levels of IL-1B in nonpregnant (n=26), and pregnant rats on days 10
(n=24), 15 (n=24), and 20 (n=24) of gestation collected at 2 and 4 hours post injection of
vehicle (A) Gestation 0.424 - Time 0.133 - Gestation x Time 0.038, 20 pg/kg E. coli LPS
(B) Gestation 0.541 — Time 0.138 — Gestation x Time 0.378, or 160 pg/kg E. coli LPS
(C) Gestation 0.016 — Time 0.255 — Gestation x Time 0.037. ANOVA; p<0.05.
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Figure 6.2 Plasma levels of IL-6 in nonpregnant (n=26) and pregnant rats on days 10
(n=24), 15 (n=24), and 20 (n=24) of gestation collected at 2 and 4 hours post injection of
vehicle (A) Gestation 0.249 - Time 0.470 - Gestation x Time 0.278, 20 pg/kg E. coli LPS
(B) Gestation 0.201 — Time 0.213 — Gestation x Time 0.467, or 160 pg/kg E. coli LPS
(C) Gestation 0.056 — Time 0.001 — Gestation x Time 0.091. ANOVA; p<0.05.
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Figure 6.3 Plasma levels of total PGE in nonpregnant (n=26) and pregnant rats on days
10 (n=24), 15 (n=24), and 20 (n=24) of gestation collected at 2 and 4 hours post injection
of vehicle (A) Gestation 0.084 - Time 0.689 - Gestation x Time 0.062, 20 pg/kg E. coli
LPS (B) Gestation 0.436 — Time 0.891 — Gestation x Time 0.910, or 160 pg/kg E. coli
LPS (C) Gestation 0.142 — Time 0.329 — Gestation x Time 0.392. ANOVA; p<0.05.
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Figure 6.4 Plasma levels of IL-1ra in nonpregnant (n=26) and pregnant rats on days 10
(n=24), 15 (n=24), and 20 (n=24) of gestation collected at 2 and 4 hours post injection of
vehicle (A) Gestation 0.413 - Time 0.316 - Gestation x Time 0.062, 20 pg/kg E. coli LPS
(B) Gestation 0.701 — Time 0.431 — Gestation x Time 0.584, or 160 pg/kg E. coli LPS
(C) Gestation 0.034 — Time 0.601 — Gestation x Time 0.006. ANOVA; p<0.05.
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6.4 SUMMARY AND CONCLUSIONS
6.4.1 The Effect of I.P. E. coli LPS on Plasma Interleukin-1

Although the results described in Chapter 4 indicate that nonpregnant and
pregnant rats studied on days 10, and 15 are mounting significant increases in core
temperature in response to both 20 and 160 pg/kg E. coli LPS, it does not appear that
animals elicit increases in IL-1f following the 1?wer ECso dose of endotoxin. In sharp
contrast, when the higher ECjqo dose is given, nonpregnant and early gestation rats have a
vigorous rise in plasma IL-B. As we would expect, circulating levels of IL-1B are
attenuated in rats nearing term of pregnancy after 1.P. administration of high dose
lipopolysaccharide. We may speculate that since during febrigenesis cytokines
communicate to the brain via a neural pathway involving activation of vagal afferents by
interleukin-1p, in addition to blood-borne routes, and that several effects of vagotomy

have been shown to be differentially determined by dose,*”**'%”

that neural signaling
might be expected to be especially important at low doses of cytokine, when local
activation could occur, but when only very small quantities of cytokine would become
systemic. It has thus been suggested that IL-1p-induced, brain-mediated responses such
as fever may be mechanistically distinct depending on dose,”! and this likely explains the

present lack of plasma IL-1§ involvement in fever induced experimentally via

intraperitoneal exposure to low-dose LPS.
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6.4.2 The Effect of I.P. E. coli LPS on Plasma Interleukin-6

Again, dose of intraperitoneal LPS appears to be an important factor in
determining the role for IL-6 in fever. Administration of 20 pg/kg LPS did not elicit an
apparent increase in this pyrogenic cytokine in any of the animals, though from previous
- studies it is clear that nonpregnant rats and rats in early to mid gestation do develop fever
with this dose (Chapter 4). Therefore, it seems reasonable to assume that blood-borne IL-
6 does not mediate fever in response to low dose I.P. pyrogen. Following the higher
concentration of lipopolysaccharide, 160 pg/kg, robust increases in maternal IL-6
occurred early in all animals except those near term of pregnancy, this is consistent with
the core temperature increases induced with this dose of LPS (Chapter 4). The
mechanisms that initiate fever to low dose pyrogen without a concomitant increase in
circulating pyrogenic cytokines are still unclear.

That glucocorticoids, éspecially cortisol, play an important role in the preparation
for birth in humans, including involvement in lung and cardiac development has long
been known.” Furthermore, Dupouy et al have previously reported that in rats, plasma
corticosterone levels reach a peak on day 18 of gestation and remain high until
parturition.”  Considering that glucocorticoids alter fever responses to

lipopolysaccharide, >

one might hypothesize that near term of pregnancy-- which is
characterized by an elevated glucocorticoid profile-- may exert inhibitory feedback on
IL-6 plasma activity, and thus reduce LPS-induced fever. Taken together, these findings
support the notion that reduced synthesis of pyretic agents close to parturition may be a

mechanism underlying the attenuated febrile response in periparturient mammals.



77

The data reported in this chapter provide evidence that a pregnancy-related
alteration in the cytokine response to LPS may mediate the attenuated febrile response in
Sprague-Dawley rats near the term of gestation. As with all previous experiments
described in this thesis, several control groups were studied here in order to ascertain that
the observed cytokine expression respomses were truly physiological influences of
pregnancy and not secondary effects of the injection or plasma collection procedures. In
general, nonpregnant animals showed no apparent increases in any cytokines following
administration of vehicle. Additionally, the conclusion may be made that basal levels of
IL-1$, IL-6, IL-1ra, and PGE are not significantly influenced by pregnancy, as evidenced
by the lack of response to vehicle. As such, these data are largely in ag£eement with the

studies described in Chapter 5.
6.4.3 The Effect of L.P. E. coli LPS on Plasma Interleukin-1 Receptor Antagonist

As one might expect, there were no early or late increases in plasma IL-1ra in
response to vehicle at any point in gestation. In response to Jow dose lipopolysaccharide,
there were slight and insignificant increases in circulating receptor antagonist levels,
however the response did not appear to be influenced by pregnancy. However, an
interesting temporal pattern emerged following administration of 160 pg/kg LPS.
Nonpregnant animals and animals on days 10 and 15 of gestation mounted a very strong
interleukin-1 receptor antagonist response within 2 hours of injection. Thereafter IL-1ra

levels dropped considerably. In contrast, near-term animals mounted a vigorous IL-1ra
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response very soon after injection (2 hours), but unlike animals in early to mid gestation
IL-1ra levels remains high throughout the entire 4 hours following injection.

The absence of fever in response to pyrogenic stimulation can be due to a
depressed induction of endogenous pyrogens or perhaps the enhanced formation of
endogenous antipyretics. Ten years ago, Pillay ef al reported an exaggerated interleukin-1
receptor antagonist response in near term human women between (32-40 weeks
gestation) following stimulation of monocytes in vitro with both endogenous and
exogenous pyrogen.'®” It appears as though data presented in this chapter did not confirm
the original hypothesis that near-term Sprague Dawley rats elicit an accentuated IL-1ra
response to bacterial endotoxin as compared to nonpregnant rats and rats early in
gestation, Rather, the data provide indirect evidence that pregnancy does influence
plasma IL-1ra concentrations relative to IL-1f after L.P. administration of E. coli LPS.
Specifically, there is a sustained antipyretic response in periparturient animals that may
be one potential mechanism accounting for the attenuated febrile response observed near
term.

In animal models of E. coli LPS induced peritonitis, IL-1ra significantly reduces
the severity of disease.’? In human studies of endotoxemia, plasma concentrations of IL-
1ra remain elevated for several hours afier IL-1p has begun to decline, indicating a
possible blockade of IL-1 receptors during the immune response to infection.’? Under
most circumstances however, this mechanism is most likely not sufficient to attenuate the
fever and acute phase responses to pathogenic stimuli. First, a biological response can be
induced by occupancy of less than 5% of IL-1 receptors making the system extremely

sensitive. Second, IL-1ra must exceed IL-1 by fifteen-fold in order to block its binding to
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neutrophils by 50%.%% Lastly, after IL-1/IL-1 receptor complexes are internalized,
recycled receptors are free to return to the cell surface.’® However, the results presented
here indicate that in pregnancy, following stimulation with pyrogen, there is ~100 fold
plasma excess of IL-1ra to IL-1p. This ratio far exceeds the requisite levels of IL-1ra
needed to effectively antagonize receptor binding and cellular actions of interleukin-18.
Thus, we may speculate that at least in the uniquely immunosuppressed milieu of
pregnancy, that IL-1 receptor antagonism is playing a physiologically significant role in

160 have been found to remain

antipyresis. Since guinea pigs,” and sheep!'? and rabbits
afebrile to pyrogen near term, it may be beneficial to establish the plasma IL-1ra response

to LPS in other species in an attempt to determine if this strategy is specific to rats.

6.4.4 The Effect of LP. E. cqli LPS on Plasma Prostaglandin E

It is known that centrally acting PGEs are the ultimate mediators of fever.!?
However, several lines of evidence suggest a role for peripherally synthesized PGE. For
example, 1.V. administration of PGE, has been shown to cross the blood-barrier and
ce;use fever in a dose dependent fashion.”? Moreover, the onset of fever in rabbits and
sheep is associated with an increased PGE, concentration in the venous circulation. 418!
This provided the rationale for the present experiments which sought to investigate any
changes in systemic PGEs that may have been influenced by pregnancy. Yet the data

shown here indicate that stimulation with E. coli lipopolysaccharide does not have an

apparent effect on circulating levels of E series prostaglandins.
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Plasma PGE responses to LP. vehicle were not different from the PGE response to
Jow or high dose of endotoxin, and lipopolysaccharide did not elicit an increase in PGEs
in nonpregnant animals. It is true that prostaglandin dehydrogenase (PGDH) — the
enzyme responsible for degradation of PGE, — is upregulated in reproductive organs
near-term in rats.''™®* Ivanov and Romanovsky have hypothesized that this may
potentially accelerate clearance of PGEs from the circulation thereby increasing the
gradient between systemic and central PGE concentrations, and in turn facilitating
catabolism of PGE; in pregnancy.107 This has been speculated as a putative mechanism
for suppressed fever near-term, however until the present experiments, no studies had
been done which compared circulating levels of PGE; in nonpregnant and pregnant LPS-
challenged animals.!% Indeed, we did not observe an influence of pregnancy on systemic
production and release of PGE with pyrogen stimulation which would argue against
enhanced prostaglandin metabolism as a means for pregnant mammals to maintain febrile
refractoriness to pyrogen. Further consideration would lead to the conclusion that blood-
derived PGEs may be associated with bui perhaps not critical to febrigenesis. Still, these
were important observations as they were consistent with previous investigations in male
Sprague Dawley rats reporting that while PGE; levels in the cerebral spinal fluid rose
during experimentally-induced fever, plasma concentrations of prostaglandin were
unchanged after intraperitoneal LPS injection.’”® This is easily explained given that
alternative routes of communication between the periphery and the CNS involve cytokine
and LPS receptors on the surface of cerebral endothelium of the blood-brain
barrier.!%*%% Furthermore, there are as yet no reports in the literature which compare

circulating PGE levels in nonpregnant and pregnant rats following LPS challenge. The
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results reported here would suggest that peripherally derived PGEs are not
physiologically relevant in mediating fever responses to bacterial endotoxin in female
Sprague Dawley rats, nor is their pattern of release altered in pregnancy. The present

study adds to the understanding of gestation-dependent reception, clearance, and now

production of systemic PGEs.
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CHAPTER SEVEN

DISCUSSION

7.1 SUMMARY AND CONCLUSIONS

Pregnancy is accompanied by many alterations in physiological responses. The
immediate pre and post-partum period represents a unique time where female mammals,
otherwise capable of evoking fever, are unable to mount such a response. In recent years
there has been considerable interest in the mechanisms governing the attenuated febrile
response to pyrogen near the term of pregnancy. This interest was first stimulated by the
work of Kasting et al who reported that pregnant ewes were refractory to fever around
the time of parturition, and that this refractoriness disappeared very soon after birth.!?

Overall, the data presented in this thesis provide some new insight into the
mechanisms underlying the altered febrile response to peripheral pyrogens near the term
of pregnancy. The first series of experiments which involved the construction of dose-

response curves for the effect of IP. E. coli LPS on maximal change in core temperature
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and fever index revealed that febrile responses were gradually attenuated with advancing
gestation. Also noteworthy is that near-term pregnant animals had a decreased
responsiveness to pyrogen rather than a less sensitive response to pyrogen as evidenced
by a dampened curve rather than a curve that was merely right-shifted. Regardless of
dose, animals studied on day 10, 15, and 20 of gestation never developed a fever
equivalent to that of nonpregnant rats (~2°C). However, the doses that produced an
approximate maximal (160 pg/kg) and half-maximal (20 pg/kg) response in pregnant rats
on days 10, 15, and 20 were similar to nonpregnant controls. Thus, I was confident that
the appropriate doses were used to further investigate core temperature and cytokine
responses to LPS fever in pregnant rats. From this we may infer that fever suppression at
term is due to intrinsic mechanisms not related to dose. I have determined that this may
be due to both enhanced endogenous antipyresis and depressed endogenous pyresis.

LPS fevers induced via the intravenous route are attenuated in periparturient
animals. By administering lipopolysaccharide into the peritoneal cavity in the next series
of experiments I was able to simulate bacterial peritonitis, possible sepsis, fever, and
robust cytokine production in rodents. I conclude first, that neural mechanisms
responsible for generating fever in response to intraperitoneal pyrogen exposure, namely
vagal afferent signaling, are suppressed near term, as has been previously reported for
intravascular pyrogen signaling. This was a significant finding because stimuli presented
via the intravenous route are likely to activate receptors humorally in the lung and the
lymphatics, while substances introduced by the intraperitoneal route may activate
peritoneal macrophages, liver macrophages, and Kupffer cells.?? Thus, while there is

good evidence that the febrile response to intravenous LPS is attenuated near term, it



84

could not be assumed that the mechanisms of clearance would be identical for
intraperitoneal LPS. It is known that vagal paraganglia bind interleukin-1 receptor
antagonist. Goehler et al have reported that centrally mediated inflammatory processes
(including fever) caused by endotoxin and IL-1f could be blocked by intraperitoneal
administration of recombinant human interleukin-1 receptor antagonist.”® This is
compelling evidence pointing to the importance of peripheral IL-1 receptors and further
strengthening evidence for immune to brain communication unique to the 1.P. route.

Secondly, I conclude that the attenuated febrile respomse to LP. E coli
lipopolysaccharide in late gestation is not due to changes in constitutive production of
cytokines (IL-1p, IL-1ra) in the plasma. Instead, when stimulated with LPS, pregnant
rats, particularly those studied on day 20 gestation, appeared to have a suppressed
endogenous pyrogen response (IL-18, IL-6) coupled with a prolonged antipyretic (IL-
1ra) response in comparison with nonpregnant controls, and as compared to early (day
10), and mid (day 15) gestation pregnant animals. Therefore, while the studies conducted
as part of this thesis represent a meaningful addition to the understanding of the febrile
response to pyrogens during pregnancy, there are no doubt questions which have arisen in
the course of this research.

A novel finding described here was that LPS-induced hypothermia seems to be
prolonged and more profound with advancing gestation. Peripheral vasoconstriction is an
important autonomic mechanism used to achieve the increase in core temperature
associated with fever and so it is likely that the combined vasodilatory effect of LPS and
the reduced contractile ability of cutaneous vasculature in rats close to term, 46 may

account for the inability of pregnant animals in our study to mitigate heat loss following
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LPS exposure, and further explains the hypothermia we observed in animals late in
gestation.

Though it is unclear why the hypothermic response becomes more accentuated as
pregnancy progresses, our results are consistent the work of Martin ef al who reported
that in the days preceding paxjturition, following a dose of 25 pg/kg LPS, virgin females
responded initially with hypothermia followed by fevers reaching nearly 2°C in
magnitude.'®® Animals within a day of delivery received the same dose but suffered
hypothermia from which most did not recover. As the aforementioned study did not
include a comprehensive temperature dose response experiment, one may speculate that
the concentration of LPS administered was in the upper range of doses eliciting shock.
This may explain the hypothermia reported in virgin females, a phenomenon not
observed in this study, as well as the high percentage of mortality in parturient animals. It
also stresses the importance of the present work, which avoids this complication by
establishing the core temperature response in early, mid, and late gestation to endotoxin

across a wide range of concentrations.

7.2 LIMITATIONS OF THE EXPERIMENTAL DESIGN

Prior to initiating any of the investigations described in the above sections, careful
consideration was made regarding the research question being posed and the
methodology with which the hypothesis would be tested. As such, all of the experiments
described were carried out in what was thought to be the most systematic and appropriate

fashion. Nevertheless, for experixhents to be realistically undertaken, there must be
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limitations to the scope of the investigation. Furthermore, there are undoubtedly issues
that emerge, which in retrospect might have been dealt with differently.

In the experiments described in Chapter 4, the primary focus was to evaluate the
influence of pregnancy on the febrile response to exogenous pyrogen. The effect of
gestation on LPS-induced hypothermia was somewhat unexpected, and suggests that
certain heat conservation mechanisms may have been altered in pregnancy. There is
general agreement that pregnancy is characterized by an increased circulating blood
volume, cardiac output, and heart rate, with a marked fall in peripheral vascular
resistance.’* It is possible that one of the maternal adaptations to pregnancy is alteration
in skin blood flow, which would account for changes in heat conservation ability.
Furthermore, the pathophysiological sequelae of Gram-negative bacterial endotoxin
includes not only fever but also hypotension.141 The telemetry system employed in this
investigation was equipped to monitor cardiovascular variables, and blood pressure could
have been simultaneously recorded in animals that were chronically instrumented for
core temperature determination. As such, there might have been some probative value in
monitoring both the cutaneous blood flow and the hypotensive responses in this study to
determine 1f these variables changed in an exaggerated way during pregnancy in response
to LPS.

The study described in Chapter 5 was designed to evaluate the influence of
pregnancy on basal changes in cytokines. In these experiments, however, plasma was
only assayed for IL-1p and IL-1ra. Contrarily, in the experimental series investigating
cytokine responses in pregnancy following LPS challenge (Chapter 6), plasma IL-1P and

IL-1ra were assayed along with IL-6 and PGEs. In retrospect, it would have been
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appropriate to also determine basal levels of IL-6 and PGE in pregnancy in order for
reliable comparisons to be made. One might argue however, that plasma from those
animals receiving vehicle injection served as suitable controls against which to compare
cytokine responses in animals that received LPS. Lastly, to more fully understand the
mechanism of the hypothermia we observed in mid and late term pregnancy, it might
have been beneficial to have assayed cytokines at 6 hours, when core temperatures had

returned to control values in animals studied on gestation day 20.

73 ALTERNATE MECHANISMS OF THE ATTENUATED FEBRILE
RESPONSE TO PYROGEN NEAR TERM OF PREGNANCY

The results presented in Chapters 5 and 6 suggest that the attenuated febrile response
to exogenous pyrogen may be mediated by different mechanisms on day 15 and day 20
gestation in rats. Conceivably, these differences may be attributable to changes in
hormonal status occurring in the female as pregnancy progresses. The most recent reports
suggest that immune responses are influenced by circulating sex steroids in the female.
Mouihate and Pittman have found that hormone replacement, namely estrogen in
combination with progesterone, in ovariectomized rats attenuated fevers induced by
intraperitoneal administration of LPS, as compared with animals receiving estrogen
alone.’*® Additionally, this study found that treatment with estrogen and progesterone
attenuated COX-2 expression in the hypothalamus as well as circulating plasma IL-1B
induced by 1. P. LPS. Knowing that progesterone levels in ovarian venous blood peak on

day 14 to 15 of gestation in the rat,” it seems possible that the attenuated fever observed
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on day 15 in the present experiments is mediated by progesterone while alternate
mechanisms are responsible for fever suppression observed on day 20.

Corticosterone, which is known to modulate fever in rats following exposure to
lipopolysaccharide,142’153increases markedly between days 18 and 19 of gestation and
stays elevated for the duration of pregnancy.*’ The antipyretic actions of corticosterone
and other glucocorticoids are well documented.*® Furthermore, glucocorticoids stimulate
the produétion of lipocortin-1, a binding protein that inhibits phospholipase A2.301% Thig
is pertinent because phospholipase A2 is responsible for the mobilization of arachadonic
acid, a precursor to the formation of prostaglandins—the central mediators of fever.”!
There is particularly persuasive evidence that inflammatory processes are down-regulated
near-term. For example, Mouihate and colleagues have found that both basal and LPS
induced hypothalamic expression of cyclooxygenase-2 (COX-2), the rate limiting
enzyme in prostaglandin production, as revealed by Western blot analysis, is reduced in
the latter part of gestation in Sprague-Dawley rats.” Likewise, experiments by Imai-
Matsumura ef al reveal that as compared to nonpregnant controls, LPS induced COX-2,
as well as PGE, in brain vasculature and hypothalamus are attenuated in near-term
pregnant animals. % It is still speculative as to whether the increased glucocorticoid levels
characteristic of late term pregnancy are responsible for these observations, however this
hypothesis warrants further investigation.

To exert its biological effects, endotoxin binds to a circulating protein known as
lipopolysaccharide binding protein (LBP) and presents endotoxin monomers to CD14,
which may be a membrane-bound receptor or a soluble molecule.*® The endotoxin-LBP-

CD14 complex interacts with Toll-like receptor 4 and other regulatory proteins leading to
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cellular activation and an inflammatory response.”'’

As such, endotoxin has been
implicated in the mechanism responsible for the setting of infection in preterm labor of
infectious origin. Placentas from normal term pregnancies have been analyzed with
immunohistochemistry, and show a strong immunoreactivity for TLR2 and TLR4 in the
villous and the intermediate trophoblasts. Furthermore, the expression of CD14 has been
shown to increase over gestation.” 12 The relationship of TLRs to the development of fever
near term has yet to determined, however the presence and upregulation of Toll-like
receptors-2 and -4 (TLR2 and TLR4) in the human placenta,”* suggest that these
receptors may be important for immune responses against pathogens during pregnancy.
Alternatively, pregnancy specific anti-inflammatory agents have been postulated
to mediate inflammatory events. Uromodulin is a 90 kilo Dalton glycoprotein which has
been recently isolated from the urine of pregnant women and has not been detected in
males or in nonpregnant females.'® Uromodulin, also known as “urinary IL-1 inhibitor”
has important physiological functions including cytokine binding and catabolism.
Uromodulin is of particular interest here, because of all the pro-inflammatory cytokines it
has been shown to most potently inhibit interleukin-1 induced thymocyte prolifera’cion.186
Given that IL-1 is not only pro-inflammatory, but also pyrogenic, uromodulin’s inhibition
of IL-1 may prove to be important to the development of fever during pregnancy.
Moreover, recent investigations looking at glycosylation patterns in the first, second, and
third trimesters, have revealed gradual changes in the structure of uromodulin as
pregnancy progresses.’! These changes may confer additional immunosuppression as
parturition approaches. To date, none of these postulates have been explored, but they

provide interesting directions for future research.
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7 4 PHYSIOLOGICAL IMPLICTIONS OF LIMITING FEVER NEAR TERM OF
PREGNANCY

Regardless of the mechanism of the altered febrile response to pyrogen near term
of pregnancy in rats, there are unquestionably important physiological implications for
both the mother and the fetus. For the most part, the fever response per se poses no threat
to survival. However, in pregnancy fever affects the thermal status of the developing
baby, as it is thermally clamped to its mother. In terms of oxygen supply and demand, it
may be of some advantage for the mother not to develop fever near term for several
reasons. Fetal oxygen requirement increases secondary to the coefficient of metabolism
(i.e. Quo). In light of the fact that in humans, the Qo is ~2.3, metabolic rate increases
~10% for each 1°C in core temperature.mo Therefore, even a moci;arate increase in
temperature occurring in the latter part of gestation may have deleterious effects for the
fetus. It is probable that such a relationship exists between fetal and maternal
temperatures in the rat. Namely, higher oxygen demand coupled with lower oxygen
affinity and oxygen saturation pursuant to a rightward shift of the oxyhemoglobin
dissociation curve. In primates, maternal hyperthermia in the absence of infection is
directly correlated to fetal hypoxia, metabolic acidosis, and hypotension.lso Though
disruption of normal tissue development is more frequent and more severe if fever occurs
early in gestation there are reports of teratogenic effects in humans exposed to fever in
mid-gestation.”®” In mice, suppressed neuronal migration and increased neuronal
apoptosis was found in late term fetuses briefly exposed to heat.”” Lastly, in situations

where fetal oxygen supply is severely limited such as would occur in maternal fever, an
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increase in body temperature may lgad to birth injuries including neonatal sepsis,
seizures, asphyxia during birth.*%**

Maternal febrigenesis may result in circulatory adjustments resulting in a shift in
blood flow from organs crucial to fetal development (e.g. uterus and placenta), toward
organs responsible for thermogenesis (e.g. brown adipose tissue).” The ensuing decrease
in utero-placental perfusion could compromise placental gas exchange and reduce the
amount of oxygen supplied to the fetus.*® Additionally, during a febrile episdde, fetal
core temperature, which is between 0.5 to 0.9°C higher than maternal temperature, not
only increases in parallel,” but may actually exceed the rise in maternal core
temperature.'” Laburn et al have shown in several studies that during mild,"*?and severe

hyper and hypo-thermia,**

strategies employed by pregnant ewes to maintain homeostasis
in response to thermal stress affect heat exchange between mother and fetus. If we accept
that uterine arteries form part of the mother’s peripheral vasculature, then for a given
umbilical flow to the placenta vasodilation of the peripheral vasculature in response to an
increased heat load (e.g. fever) will lead to the increased uterine blood flow. This in turn,
decreases heat transfer from fetal to maternal circulation. To summarize then, during
intrapartum fever, the threat to the fetus is threefold. First, fetal normal core temperature
is relatively high. Second, the fetus’ core temperature rises along with maternal
temperature, and lastly the major route of fetal heat loss (i.e. utero-placental circulation)
is compromised in the febrile episode. So, from an evolutionary standpoint, it is
reasonable for fever to be avoided during the gestational period.

As has been discussed in previous sections, fever is part of the acute phase

response to infection involving both increases in proinflammatory cytokines and in core
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temperature. There is much evidence that cytokiﬁes released in fever cause perinatal
morbidities independent of the associated hyperthermia. For example, Cai et al reported
recently that prenatal LPS exposure induced IL-1B and TNF-o which caused
abnormalities in the neonatal rat brain, particularly glia cells.”’ While Romero et al did

177 it is now clear that

not find that endotoxin could cross chorioamniotic membranes,
lipopolysaccharide released during Gram-negative bacterial infection can indeed
permeate the placenta.''® Eklind ef al have demonstrated that low dose of endotoxin in
peonatal rats dramatically sensitizes the immature brain to injury and induces cerebral
infarction in response to short periods of hypoxia, this may occur via synthesis of
maternally-derived endogenous pyrogens.>* This has been hypothesized as the underlying
mechanism explaining the increased risk of cerebral palsy in cases of intrapartum fever
and chorioamnionitis.'**

Clinically, it may be beneficial to suppress fever in the latter part of gestation so
as not to set off a cascade of events leading to preterm labor. It is known that preterm
labor is associated with elevated levels of proinflammatory cytokines in the amniotic
fluid in humans.'® For example, the risk of premature delivery is highest in women with
increased plasma or amniotic IL-6, as compared to non-infected controls.** Following
maternal systemic exposure to LPS, the endometrium may secrete proinflammatory
cytokines which then act on the placenta to increase prostaglandin secretion from the

decidual and ammion cells.’!

Elevated prostaglandins ultimately stimulate uterine
contraction and parturition.”>®? The health risks to the neonate born prematurely,
especially when preterm labor is of infectious origin, are many and include pulmonary

complications, (i.e. apneas, respiratory distress syndromes), and abnormal cardiovascular
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function.*>"%16%1%3 From a clinical perspective, limiting infectious processes, including
fever, near the term of pregnancy is critical to avoiding perinatal morbidity and mortality
associated with prematurity.

In closing, there is evidence for fever attenuation during pregnancy in many
species, however the functional significance and the causal mechanisms have yet to be
determined. For this reason, it would be beneficial to repeat the experiments described
here in other species to establish whether the present findings are specific to altricial
species like the rat, or if the conclusions are more broadly applicable. The fact that the
pregnant mammal recruits several hormonal, immune, metabolic, and behavioral
mechanisms in order to achieve antipyresis near term strongly suggest that this is an
protective response of primary importance to the health and survival of offspring. The
experiments outlined in this thesis have contributed to the understanding of the maternal

adaptation to pregnancy, but it is clear that many questions remain unanswered.
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