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ABSTRACT

Pregnancy is associated with impaired baroreflex gain but the mechanism is
unclear. Nitric oxide and angiotensin II increase during pregnancy and can decrease
baroreflex gain. Therefore, I first hypothesized that the decreased baroreflex gain of
pregnancy is due to an action of nitric oxide that is dependent on angiotensin II. To test
this hypothesis, baroreflex gain was measured in rabbits before and after blockade of
nitric oxide production, with and without concomitant blockade of AT, angiotensin II
receptors, in non-pregnant and near term pregnant rabbits. Neuronal nitric oxide
synthase mRNA and protein levels were also measured in brain regions involved in
cardiovascular regulation in non-pregnant and pregnant rabbits. Blockade of nitric
oxide production, with or without AT, receptor blockade, had no effect on baroreflex
gain in either pregnant or non-pregnant rabbits. In addition, nNOS levels were
unaltered in the cardiovascular brain regions of pregnant compared to non-pregnant
rabbits. Other than increases in nitric oxide and angiotensin II, pregnancy is also
associated with reduced insulin sensitivity, which may be linked to reduced baroreflex
gain in a number of conditions. Insulin can act in the brain to increase baroreflex gain,
and insulin resistance appears to decrease the transport of insulin into the brain.
Therefore, [ hypothesized that insulin resistance drives the impairment in baroreflex
gain though reductions in brain insulin concentrations. To test this hypothesis I

determined if, 1) insulin sensitivity and baroreflex gain were correlated in non-pregnant

X1il



and near term pregnant rabbits, 2) the time-courses for the decreases in baroreflex gain
and insulin sensitivity throughout pregnancy matched, 3) treatment of rabbits
throughout pregnancy with the insulin sensitizing drug rosiglitazone, prevented the
decrease in both insulin sensitivity and baroreflex gain, and 4) brain insulin
concentrations were reduced in near term pregnant rabbits. Insulin sensitivity and
baroreflex gain were well correlated in non-pregnant and near term pregnant rabbits (r°
=0.59). In addition, baroreflex gain and insulin sensitivity fell at the same time-point
during gestation (week three of a four-week pregnancy). Treatment with rosiglitazone
throughout pregnancy almost completely reverses the decrease in insulin sensitivity
and, to the same extent, the reduction in baroreflex gain. The concentration of insulin in
the cerebrospinal fluid was reduced in near term pregnant animals. In conclusion, the
decrease in baroreflex gain during pregnancy does not appear to involve nitric oxide or
angiotensin II, but may instead be due to the insulin resistance that develops and the

reduced brain insulin concentrations.
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CHAPTER 1

INTRODUCTION

PREGNANCY AND THE CARDIOVASCULAR SYSTEM

Pregnancy is associated with a number of cardiovascular alterations in multiple
mammalian species (Hart et al., 1985; Heesch and Rogers, 1995; Brooks et al., 1995;
Monga and Creasy, 1999; Thornburg et al., 2000). Since my work has used rabbits in
attempts to understand mechanisms in humans, I will focus on these two species in this
section.

One cardiovascular alteration that occurs during pregnancy is an increase in
blood volume. This expansion is progressive in nature, reaching its peak in the human
in the middle of the third trimester (Hytten and Paintin, 1963), and appears to match the
needs of the fetus (Morton, 1992). Near term, rabbits also show an increase in blood
volume (Brooks et al., 1998).

While blood volume seems to increase in parallel to the needs of the fetus, other
changes occur before the fetus places any real demand on the mother. One such change
is the decrease in systemic vascular resistance. In women this reduction occurs by five

weeks of gestation, and resistance continues to fall until the twentieth week of



pregnancy. After the twentieth week, systemic vascular resistance remains relatively
constant, or increases slightly until delivery (Robson et al., 1989). A similar trend
occurs in rabbits, in which systemic vascular resistance is reduced by the second third
of pregnancy and remains decreased near-term (Nuwayhid, 1979; Brooks et al., 2001a;
Clow et al., 2003).

Heart rate and stroke volume rise during pregnancy and mirror the fall in
systemic vascular resistance. In women, by the fifth week of pregnancy, heart rate is
elevated and continues to rise until the thirty-second week when it remains stable until
the end of gestation (Robson et al., 1989). Similarly, stroke volume initially increases
by eight weeks of pregnancy, rising until the twentieth week, and remains elevated until
term (Robson et al., 1989). Since cardiac output is a function of heart rate and stroke
volume, this parameter must also increase during pregnancy. Indeed, cardiac output
rises continuously from the non-pregnant state until twenty-four weeks of gestation,
when it then remains elevated until delivery (Robson et al., 1989). Anesthetized rabbits
exhibit a similar pattern of changes in cardiac output with a significant expansion by the
second third of pregnancy; however, by the last third of pregnancy, cardiac output
returns to non-pregnant values (Nuwayhid, 1979). This is not the case in conscious
rabbits however, in which cardiac output is increased in near-term pregnant rabbits
compared to non-pregnant values (Brooks et al., 2001a; Clow et al., 2003). Conscious
rabbits also develop tachycardia by the third week of a four week pregnancy, which
persists until term (Quesnell and Brooks, 1997).

The net effect of pregnancy on arterial blood pressure is a function of its effects

on systemic vascular resistance and cardiac output. The reduction in systemic vascular
2



resistance tends to decrease blood pressure, and the elevation in cardiac output tends to
elevate blood pressure. The net effect of these alterations in women is slight
hypotension during the first twenty weeks of pregnancy, followed by a minor rise in
blood pressure until arterial pressure is slightly elevated over non-pregnant values just
before delivery (Robson et al., 1989). Rabbits, on the other hand, develop hypotension
near term but do not exhibit this alteration at mid-gestation (Brooks et al., 1998).

Pregnancy also induces anatomical changes in the cardiovascular system. The
heart remodels such that end diastolic volume increases (Katz et al., 1978) without a
change in filling pressure (Hart et al., 1985). Ejection fraction remains constant (Katz
et al., 1978); thus, the larger heart size underlies the pregnancy-induced stroke volume
augmentation.

Pregnancy also alters autonomic reflexes. The cardiopulmonary reflex, which
induces sympathoinhibition in response to atrial stretch, is attenuated during pregnancy
(Hines and Mifflin, 1995). Finally, pregnancy is associated with a decrease in the
sensitivity, or gain, of the arterial baroreceptor reflex. This decrease in gain has been
seen in humans (Blake et al., 2000; Greenwood et al., 2001) and rabbits (Humphreys
and Joels, 1974; Quesnell and Brooks, 1997; O'Hagan and Casey, 1998), as well as
goats (Olsson et al., 1987), dogs (Brooks and Keil, 1994), rats (Masilamani and Heesch,
1997), and sheep (Lumbers and Yu, 1999). The cause for this decrease in baroreflex
gain is unclear and is the focus of this dissertation. So now we turn to a description of

the baroreceptor reflex.




BARORECEPTOR REFLEX

The baroreceptor reflex is crucial to the maintenance of perfusion pressure in the
face of cardiovascular challenges. It acts as a negative feedback system in which
increases in arterial pressure are counteracted by decreasing sympathetic activity,
increasing parasympathetic activity, and decreasing the release of vasoconstricting
hormones (i.e., vasopressin and renin). These changes result in reduced vascular
resistance and cardiac output (heart rate), thereby decreasing arterial pressure toward
control values. This reflex works to elevate sympathetic activity, inhibit
parasympathetic activity, and stimulate vasoconstricting hormone release when arterial
pressure is reduced. Baroreflex gain is a measure of the effectiveness of this reflex to
prevent changes in pressure [for reviews see (Sunagawa et al., 2001; Chapleau and
Abboud, 2001; Stauss, 2002)].

Figure 1 illustrates the circuitry of the baroreflex. Specialized neuronal
receptors in the adventitia of the aortic arch, carotid sinus and root of the right
subclavian artery sense changes in arterial pressure (Chapleau and Abboud, 2001).
Recent evidence suggests that pressure transduction is mediated by the epithelial
sodium (Na") channel (ENaC) subunits p and y present on the afferent nerve endings.
Responses of cultured baroreceptor neurons to mechanical stimulation is blocked upon
administration of the ENaC blocker amiloride (Snitsarev et al., 2002). In addition,
administration of another ENaC blocker, benzamil, into the isolated carotid sinus of

rabbits blunts the decrease in systemic arterial pressure and blocks the increase in
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baroreceptors in the walls of the carotid sinus, aortic arch and root of the right
subclavian artery. This leads to the stimulation of NTS neurons, which in turn
stimulate parasympathetic preganglionic neurons in the DMNX and the nucleus
ambiguus (NA), and inhibitory neurons in the CVLM. Activation of the
parasympathetic preganglionic neurons leads to activation of the postganglionic
neurons in the parasympathetic ganglia (PG) and decreases in heart rate. The CVLM
responds to the stimulation from NTS neurons by inhibiting neurons in the RVLM,
resulting in a decreased firing of the preganglionic sympathetic neurons in the
intermediolateral cell column of the spinal cord (IML) and thus the postganglionic
neurons in the sympathetic ganglia (SG). Heart rate is then further reduced and
cardiac contractility and systemic vascular resistance fall. These effects combine to

lower blood pressure toward control values. Black = inhibitory, White = stimulatory




carotid sinus nerve activity associated with rises in lumen pressure in the sinus
(Drummond et al., 1998). ENaCs form a Na', and potentially calcium (Ca™"), channel
that opens in response to stretch of the membrane, thus creating a Na™ current which
depolarizes the cell (Chapleau et al., 2001). If the depolarization is strong enough to
reach the spike initiating zone, then an action potential will be fired (Chapleau et al.,
2001) conveying the signal to the nucleus of the solitary tract (NTS) in the medulla
where the baroreceptor afferents first synapse.

The NTS receives input from baroreceptors, chemoreceptors, and
cardiopulmonary receptors (Palkovits and Zaborszky, 1977), as well as inputs from
respiratory and gastrointestinal systems (Andresen et al., 2001). Baroreceptor afferents
synapse in the dorsomedial caudal portion of this nucleus and use glutamate as their
primary neurotransmitter. Glutamate acts predominately on non-N-methyl-D-aspartate
(NMDA) receptors on the second-order neurons in the NTS, since blockade of these
receptors decreases the response of neurons receiving a monosynaptic input from
baroreceptor afferents to stimulation of baroreceptor afferents in the aortic nerve (Zhang
and Mifflin, 1998). Blockade of NMDA receptors was ineffective (Zhang and Mifflin,
1998). The normal activity of barosensitive neurons in the NTS receiving polysynaptic
baroreceptor afferent input was, however, dependent on both NMDA and non-NMDA
receptors, since blockade of either receptor resulted in a decreased response to aortic
nerve stimulation (Zhang and Mifflin, 1998). Thus, both NMDA and non-NMDA
receptors are important for the overall transduction of baroreflex information in the
NTS, since blockade of either receptor results in attenuation of the ability of increases

in blood pressure to decrease heart rate (reduced baroreflex gain) (Ohta and Talman,



1994). In addition, the combined blockade of both types of receptors results in a greater
attenuation of baroreflex-mediated bradycardia than blockade of either receptor alone
(Ohta and Talman, 1994). These data, taken together, suggest that polysynaptic
connections within the NTS are important for baroreflex integrity.

However, glutamate acting through ionotropic receptors cannot account for all
of the baroreceptor neurotransmission in the NTS. While combined blockade of
NMDA and non-NMDA receptors in the NTS results in a failure of the baroreflex to
decrease heart rate, it interferes with baroreflex-evoked vasodilation by only about 50%
(Machado, 2001). This suggests that NTS neurons involved in parasympathetic control,
which is predominately responsible for decreasing heart rate from control levels in the
rat (Stornetta et al., 1987), receive input from baroreceptors through glutamate acting at
iontropic receptors, whereas NTS neurons involved in sympathetic control, which
controls blood vessel constriction (Ferrari et al., 1996; Willis, 1998), must also receive
excitatory input from another receptor.

One candidate for this receptor is the metabotropic glutamate receptor. As
expected, since the baroreflex-mediated decrease in heart rate is predominately through
the parasympathetic nervous system in the rat, blockade of metabotropic receptors in
the NTS does not affect baroreflex-mediated bradycardia (Antunes and Machado,
2003). However, activation of metabotropic glutamate receptors in this nucleus at rest
decreases renal (Matsumura et al., 1999) and lumbar (Foley et al., 1998) sympathetic
nerve activity, suggesting that this receptor may play a role in the baroreflex-mediated

sympathoinhibition.



Barosensitive neurons in the NTS then send projections to the nucleus
ambiguus, dorsal motor nucleus of the vagus (DMNX) and the caudal ventrolateral
medulla (CVLM) (Ross et al., 1985). The nucleus ambiguus and DMNX contain
cardiac vagal preganglionic neurons (Cheng et al., 1999; Cheng and Powley, 2000)
which are activatived by increases in blood pressure (Okada and Miura, 1997).
However, of these regions, only the nucleus ambiguus is necessary for the baroreflex
regulation of heart rate. Lesions of the DMNX do not affect the function of the
baroreflex control of heart rate (Cheng et al., 2002) but lesioning the nucleus ambiguus
almost completely prevents the bradycardia to increases in blood pressure (Cheng et al.,
2004).

Vagal preganglionic neurons in the nucleus ambiguus are part of the
parasympathetic nervous system and are responsible for lowering heart rate in response
to elevations in arterial pressure. NTS neurons release glutamate to activate both
NMDA and non-NMDA receptors in the nucleus ambiguus (Neff et al., 1998), thus
stimulating the preganglionic neurons in this region. These neurons then project to the
heart where they synapse on postganglionic parasympathetic neurons. As with all
preganglionic neurons, the nucleus ambiguus neurons release acetylcholine in the
ganglia which stimulates the postganglionic neuron via activation of nicotinic receptors.
Stimulation of the vagal postganglionic neuron causes it to release acetylcholine on the
pacemaker cells in the sinoatrial (SA) node of the heart. The acetylcholine then acts on
muscurinic M, receptors on the cells of the SA node to slow heart rate (Willis, 1998).

As mentioned earlier, second-order baroreflex neurons in the NTS also send

projections to the CVLM. Here neurons from the NTS release glutamate to activate



NMDA glutamate receptors on y-aminobutyric acidergic (GABAergic) CVLM neurons
(Gordon, 1987; Agarwal et al., 1990). These CVLM neurons then project to the
sympathetic premotor cells of the rostral ventrolateral medulla (RVLM) (Dampney,
1994). Stimulation of the CVLM by the NTS causes the CVLM nerve terminals in the
RVLM to release GABA, thus decreasing the firing of RVLM neurons.

The sympathetic premotor neurons of the RVLM project to the intermediolateral
cell column of the spinal cord where they synapse on sympathetic preganglionic
neurons (Ross et al., 1984; Dampney et al., 1987). Here, RVLM neurons release
glutamate when stimulated, which may (Sundaram and Sapru, 1991; Bazil and Gordon,
1993) or may not (Morrison et al., 1989) act on NMDA receptors on the preganglionic
cell to cause its activation. The preganglionic cell then projects to the pre- or para-
vertebral sympathetic ganglia where it synapses with postganglionic cells. As with the
parasympathetic nervous system, the sympathetic preganglionic neuron releases
acetylcholine to activate ganglionic nicotinic receptors, and thus stimulate the
postganglionic cell. The postganglionic cells project to the pacemaker and myocardial
cells in the heart and to the smooth muscle of the vasculature. In the heart sympathetic
postganglionic neurons release norepinephrine, which acts on 3;-adrenergic receptors
on sino-atrial nodal cells to increase heart rate and on the myocytes to enhance
contractility. In the vasculature, postganglionic cells also release norepinephrine which
acts on a;-adrenergic receptors to cause vasoconstriction [for a review of the events
from stimulation of the preganglionic cell downwards see (Willis, 1998)].

Other nuclei not in the direct baroreflex pathway are involved in baroreflex

function. One such nucleus is the paraventricular nucleus of the hypothalamus (PVN)
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which receives input from the NTS (Sawchenko and Swanson, 1982) and RVLM
(Cunningham, Jr. et al., 1990), and can be inhibited by baroreceptor activation (Lovick
and Coote, 1988). The PVN sends projections to the intermediolateral cell column of
the spinal cord, RVLM, NTS, DMNX and nucleus ambiguous, where it could exert
effects on the baroreflex (Dampney, 1994). Indeed, blockade of the PVN increases the
gain of the baroreflex control of lumbar sympathetic nerve activity (Patel and Schmid,
1988). In addition, electrical stimulation of the PVN results in inhibition of the gain of
the baroreflex control of heart rate (Chen et al., 1996a). Therefore, the PVN appears to
play arole in modulating baroreflex gain.

Another nucleus involved in baroreflex control is the area postrema. This
nucleus is a circumventricular organ (a brain region lacking a blood-brain-barrier) that
allows it to sense and respond to changes in circulating hormones (Ganong, 2000). It
receives major input from the PVN and also a minor projection from the NTS (Shapiro
and Miselis, 1985). Through its efferent connections to the NTS, DMNX, and RVLM
(Shapiro and Miselis, 1985), the area postrema can influence baroreflex control.

The baroreflex can be studied by examining the changes in heart rate or
sympathetic nerve activity (postganglionic sympathetic nerves) in response to
alterations in arterial pressure. Baroreflex relationships are quantified by plotting heart
rate or nerve activity against changes in mean arterial pressure and fitting this
relationship to a sigmoidal curve. As illustrated in Figure 2, a number of parameters
can be measured from this sigmoidal fit, such as the baroreflex-induced maximum and
minimum heart rates or sympathetic activity, heart rate or sympathetic nerve activity

range, the mean arterial pressure at the point midway between the maximum and
10



minimum heart rate or nerve activity (BPsp), and the maximum change in heart rate or

sympathetic activity for a unit change in mean arterial pressure (gain).

Figure 2
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Hypothetical baroreflex curve illustrating maximum heart rate or sympathetic activity

(Max), minimum heart rate (Min), BPso, and maximum gain.

PREGNANCY AND THE BAROREFLEX

Pregnancy is associated with impaired baroreflex gain (Humphreys and Joels,
1974; Quesnell and Brooks, 1997; O'Hagan and Casey, 1998; Blake et al., 2000;

Greenwood et al., 2001). In addition, in rabbits, pregnancy increases the minimum
11




heart rate, causing a decrease in heart rate range (Brooks et al., 1997; Quesnell and
Brooks, 1997; Brooks et al., 2001b; Brooks et al., 2002); renal sympathetic nerve
activity range is also reduced (Masilamani and Heesch, 1997). The BPs decreases,
resulting in a shift of the baroreflex curve to the left, so that at any given mean arterial
pressure, heart rate is lower during pregnancy (Brooks et al., 1997; Quesnell and
Brooks, 1997; Brooks et al., 2001b; Brooks et al., 2002).

The impaired baroreflex gain is of special importance during pregnancy. Due to
the decrease in gain, and thus impaired ability to maintain blood pressure in the face of
challenges, pregnant women are more prone to orthostatic hypotension (Easterling et
al., 1988), and animals, and potentially humans, are less tolerant of hemorrhage (Brooks
et al., 1998). By understanding the cause of the decreased baroreflex gain, potential
new treatments could be developed. This is especially important since 17% of human
maternal mortality in the United States between 1990 and 1999 was related to
hemorrhage (Chang et al., 2003).

Although the cause of the decreased baroreflex gain of pregnancy is not entirely
known, a number of clues have been gathered. Brooks et al. (Brooks et al., 1997) found
that the reduced ability to increase heart rate in response to falls in pressure (reduced
baroreflex gain) was mediated by impaired sympathetic control, since blockade of 3-
adrenergic, but not muscurinic cholinergic, receptors abolished the difference in gain
between non-pregnant and pregnant rabbits. In contrast, decreases in parasympathetic

control appear to be responsible for the increase in minimum heart rate during

pregnancy.
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The location of the alteration has also, to a small extent, been studied.
Alterations at the level of the heart do not appear to be responsible for the decreased
gain of the baroreflex control of heart rate since the hearts of pregnant rabbits respond
equally well to isoproterenol (a B-adrenergic agonist) as the hearts of non-pregnant
rabbits (Brooks et al., 1997).

The baroreceptors themselves provide an additional potential site of impairment.
Hines (Hines and Mifflin, 1995) found that the aortic depressor nerve, which contains
baroreceptor afferents, adapts to changes in arterial pressure (resets) more rapidly in
anesthetized pregnant rats compared to non-pregnant rats. For example, if blood
pressure is increased, then activity of the aortic depressor nerve also increases. With
time, however, as the nerve adapts to the new pressure, its activity is reduced (Andresen
and Yang, 1989; Chapleau et al., 1989). Hines found that while nerves from virgin rats
did not typically adapt within ten minutes, nerves from pregnant rats did. If the
relationship between mean arterial pressure and aortic depressor nerve activity was
examined one minute after blood pressure was altered by infusing different doses of
either phenylephrine (an a-adrenergic agonist) to increase pressure, or sodium
nitroprusside (a nitric oxide donor) to decrease pressure, then no differences between
non-pregnant and pregnant rats existed. However, if the relationship was examined ten
minutes after the start of phenylephrine or sodium nitroprusside infusion, then the slope
or gain was reduced in the pregnant animals. Hines concluded that the rapid resetting of
the aortic depressor nerve, resulting in a decrease in the gain of the aortic depressor
nerve to changes in arterial pressure, could underlie the decrease in baroreflex gain.

Thus, the aortic depressor nerve may be the site of impairment. However, Brooks et al.
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(Brooks et al., 2002) found reductions in baroreflex gain in conscious rabbits during
pregnancy even when changes in heart rate were measured within the first three minutes
of alterations in blood pressure. Presumably, this would not allow sufficient time for
the aortic depressor nerve to adapt. The measurement of a reduced gain of the
baroreflex control of heart rate at a time when the aortic depressor nerve responds
similarly in pregnant and non-pregnant animals (Laiprasert et al., 2001) suggest that the
impairment in baroreflex control of heart rate is not at the level of the aortic depressor
nerve. In addition, baroreflex resetting was similar in pregnant and non-pregnant
conscious rabbits (Brooks et al., 2002).

Thus, enhanced baroreceptor resetting does not appear to be a major contibutor
to pregnancy-induced reflex impairment. Based on these studies it appears that the
alteration in baroreflex gain occurs within the central nervous system. Curtis et al.
found pregnancy reduced the activation (Fos expression) of RVLM neurons following
decreases in blood pressure (Curtis et al., 1999), suggesting that the impairment may
include this region. What has remained elusive, however, is what factor(s) during
pregnancy cause(s) the decrease in gain. Multiple hormone systems change during
pregnancy that may contribute. My work has focused on three of these systems:
angiotensin I, nitric oxide, and insulin resistance. The evidence supporting the role
these substances play in baroreflex gain during pregnancy will be clarified in the
following sections. In addition, the role of allopregnanolone in the decreased baroreflex
gain of pregnancy will be discussed, as this neurosteroid has been extensivly

investigated in this context.
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Allopregnanolone

Allopregnanolone, also called 3a-hydroxydihydroprogesterone, 3a-hydroxy-5o.-
pregnan-20-one, and tetrahydroprogesterone, is synthesized from progesterone, which is
elevated during pregnancy (Concas et al., 1998; Mellon et al., 2001). Progesterone is
converted to Sa-dihydroprogeserone by the enzymes Sa-reductase I and II. From there
it is converted to allopregnanolone by 3a hydroxysteroid dehydrogenase III (Mellon et
al., 2001). These enzymes are present in the brain (Mellon et al., 2001) where
allopregnanolone acts as a potent positive modulator of GABA 4 receptors (Paul and
Purdy, 1992).

Masilamani and Heesch (Masilamani and Heesch, 1997) found that exogenous
systemic administration of this progesterone metabolite to virgin rats decreases the gain
of the baroreflex control of renal sympathetic nerve activity (RSNA), similar to the
effect of pregnancy. However, we cannot be sure that allopregnanolone is fully
responsible for the decrease in baroreflex gain. No specific antagonist for the
allopregnanolone binding site on GABA receptors has been identified (Laiprasert et al.,
1998). Therefore, it is unknown whether the endogenous metabolite exerts the same
effect in the pregnant animal to decrease baroreflex gain. In addition, baroreflex gain
reaches its lowest level, in rabbits (Quesnell and Brooks, 1997), and probably also rats
(Heesch, personal communication), just before delivery. However, levels of
allopregnanolone increase in the cerebral cortex and plasma until nineteen days of
gestation, (Masilamani and Heesch, 1997) but by twenty-one days, levels decrease to

non-pregnant values (Concas et al., 1998). In rats, baroreflex gain is decreased at
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twenty-one days of gestation. This suggests that allopregnanolone is not solely
responsible for the decrease in baroreflex gain near term, implying that other factors are

involved.

Angiotensin I1

Angiotensin Il is a circulating hormone produced by a multi-step process in
which the substrate, angiotensinogen (produced in the liver), is cleaved at its amino end
by the enzyme, renin (produced in the kidney), to create a ten amino acid peptide,
angiotensin I. This peptide is inactive and must be cleaved by a second enzyme,
angiotensin converting enzyme, into its active form, angiotensin II. This is
accomplished by cleaving off two amino acids from the carboxy side to yield an eight
amino acid peptide. Angiotensin II can bind to multiple receptor subtypes, including
the AT, and the AT, receptor. Most of angiotensin II’s known actions (which, in
general, tend to increase blood pressure) are mediated through the AT, receptor [for
reviews see (Nicholls et al., 2001; Carey and Siragy, 2003)].

In addition to the circulating renin-angiotensin system, local production of
angiotensin II is present in a number of tissues, including the brain. Angiotensinogen,
renin, angiotensin converting enzyme, angiotensin I and angiotensin II have all been
found in the brain (Ferguson and Washburn, 1998), but exactly how angiotensin II is
produced in the brain is unknown. The problem is that, while neurons contain
angiotensin II, no one cell in the brain contains all of the components of the renin-
angiotensin system necessary to make it (Ferguson and Washburn, 1998; Saavedra,

2005). This has led to the proposal that angiotensin II is formed in the brain via multi-
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cell interactions (Ferguson and Washburn, 1998) or that different enzymes are used in
the brain to produce angiotensin II (Saavedra, 2005).

The presence of systemic and central angiotensin II production allows for this
peptide to act at numerous brain sites to alter cardiovascular control. The area
postrema, PVN, NTS, and intermediolateral cell column of the spinal cord all contain
angiotensinergic neurons and fibers (Lind et al., 1985). In addition, AT, receptors have
been found in the circumventricular organs (including the area postrema, the subfornical
organ, and the organum vasculosum of the lamina terminalis), PVN, NTS, DMNX,
CVLM and RVLM (Mendelsohn et al., 1988; Allen et al., 1988a; Allen et al., 1988b;
Song et al., 1992). Let us now look at what is known about angiotensin II’s actions on
autonomic control at these various levels.

Systemic. Systemically, angiotensin II acutely and chronically increases blood
pressure and the activity of some sympathetic nerves (Brooks and Osborn, 1995; Li et
al., 1996; Fink, 1997). The effect of chronic angiotensin II appears to be through
activation of circumventricular organs. The area postrema may be involved in the renal
sympathoexcitation as lesions of this brain nucleus prevent the response (Cox and
Bishop, 1991). Acutely and chronically, angiotensin II infusion also enhances resetting
of the baroreflex (Matsukawa and Reid, 1990; Brooks et al., 1993; Sanderford and
Bishop, 2002), and reduces the baroreflex maximum for renal sympathetic nerve
activity (Sanderford and Bishop, 2002), again dependent on the area postrema
(Matsukawa and Reid, 1990; Sanderford and Bishop, 2002).

In normal animals, systemic angiotensin does not affect baroreflex gain

(Matsukawa and Reid, 1990; Murakami et al., 1996; Murakami et al., 1997; Liu et al.,
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1999; Sanderford and Bishop, 2002). However, systemic blockade of angiotensin II
AT receptors increases gain in rabbits with chronic heart failure (DiBona et al., 1995;
Murakami et al., 1996; Murakami et al., 1997; Liu et al., 1999). This, too, is dependent
on the area postrema, as lesioning of this area prevents the effect (Liu et al., 1999).

Central. Angiotensin II can also elicit cardiovascular effects when administered
into the brain. Angiotensin II given into the lateral or third ventricle of the brain
increases blood pressure in cats (Severs et al., 1966) and rats (Hoffman and Phillips,
1976). The rabbit, however, does not respond with increases in blood pressure to
angiotensin II in the lateral or third ventricle (Head and Williams, 1992), but does to
administration in the fourth ventricle (Head et al., 1988; Elghozi and Head, 1990).
Chronic angiotensin II administration into the fourth ventricle decreases baroreflex gain
(Gaudet et al., 2000); however, acute central administration has no effect on gain
(Dorward and Rudd, 1991). The action of angiotensin II in the third ventricle may be
through the PVN, whereas, effects of angiotensin II in the fourth ventricle may be
through the area postrema, RVLM, CVLM or NTS.

PVN. In the PVN, angiotensin II acts through AT, receptors to increase blood
pressure (Bains et al., 1992), partly by stimulating vasopressin release (Shoji et al.,
1989). Besides projections to other brain regions involved in cardiovascular regulation,
the PVN contains magnocellular neurons that project to and release vasopressin from
the posterior pituitary (Gardiner and Bennett, 1986). Since vasopressin induces
vasoconstriction (Gardiner and Bennett, 1986), this may be one mechanism by which

angiotensin II acts in the PVN to increase pressure. Angiotensin II in this area also
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enhances sympathetic nerve activity (Li et al., 2005b), providing another way in which
to elevate blood pressure.

RVLM. In RVLM neurons, application of angiotensin II inhibits potassium
currents, leading to neuronal depolarization (Li and Guyenet, 1996) and excitation
(Chan et al., 1991; Li and Guyenet, 1995), followed by increases in arterial blood
pressure, heart rate, and renal sympathetic nerve activity (Allen et al., 1988b; Sasaki
and Dampney, 1990; Hirooka et al., 1997). AT, receptors mediate these actions since
blockade of these receptors prevents the effects (Li and Guyenet, 1995, Li and Guyenet,
1996; Hirooka et al., 1997). In normal animals, blockade of AT; or AT, receptors in the
RVLM has little effect on basal blood pressure, heart rate, renal sympathetic nerve
activity, or baroreflex gain (Saigusa and Head, 1993; Hirooka et al., 1997), suggesting
that angiotensin Il is not acting in this region at rest. However, RVLM activity
increases in sodium depletion (Dibona and Jones, 2002) and hypertension (Ito et al.,
2002) because of increased stimulation of AT, receptors in this region. The source of
this peptide may be the PVN. Indeed, the hypotensive effect of PVN inhibition can be
prevented by prior blockade of AT, receptors in the RVLM of hypertensive rats (Ito et
al., 2002), and the hypertensive and sympathoexcitatory effects of PVN stimulation can
be partially blocked by inhibition of AT, receptors in the RVLM (Tagawa and
Dampney, 1999).

CVLM. Angiotensin II can also affect CVLM neurons. Application of
angiotensin II into the CVLM decreases arterial pressure and renal sympathetic nerve

activity (Sasaki and Dampney, 1990). This is consistent with activation of GABAergic
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RVLM-projecting neurons by angiotensin II, presumably by inhibiting potassium
currents leading to neuronal depolarization (Li and Guyenet, 1996).

NTS. Inthe NTS, angiotensin II can either increase or decrease pressure,
depending on the dose used (Rettig et al., 1986). At the lower doses, angiotensin II
reduces pressure (Diz et al., 1984), again consistent with activation of this region
(which would stimulate CVLM and inhibit RVLM). At higher doses, angiotensin II
elevates pressure (Casto and Phillips, 1984), and the mechanism behind this may
involve nitric oxide stimulation of GABA release (Paton et al., 2001a), as does its
ability to inhibit baroreflex gain in this area (Casto and Phillips, 1986; Paton et al.,
2001a). At rest, angiotensin II in the NTS does not exert much of an effect on the tonic
level of blood pressure and heart rate, since blockade of AT; or AT, receptors in this
region does not affect blood pressure or heart rate in the basal condition (Matsumura et
al., 1998b). However, endogenous angiotensin Il in this region is involved in baroreflex
control, where it decreases baroreflex gain (Matsumura et al., 1998b).

Angiotensin II and pregnancy. Pregnancy is associated with increases in renin

and angiotensin II levels (Skinner et al., 1972; Brooks and Keil, 1994; Brooks et al.,
1998), and systemic blockade of angiotensin converting enzyme has been shown to
increase baroreflex gain in pregnant sheep (Lee and Lumbers, 1981). This finding is
variable, however. Administration of the angiotensin converting enzyme inhibitor
augmented gain in only three out of four sheep. In addition, central or systemic
blockade of AT, receptors in pregnant rabbits (O'Hagan et al., 2001; Brooks et al.,

2001b) does not improve baroreflex gain. While these conflicting studies may reflect
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species differences, it is clear that, in rabbits, angiotensin II alone working through AT,

receptors is not responsible for the impaired baroreflex gain of pregnancy.

Nitric oxide

Nitric oxide is a gaseous signaling molecule and neurotransmitter [for reviews
sec (Moncada et al., 1991; Bredt and Snyder, 1994; Andrew and Mayer, 1999)]. It is
produced by a group of enzymes called nitric oxide synthases. There are three isoforms
of these enzymes, classified by where they were first localized. Endothelial (eNOS)
and neuronal (nNOS) NOS are constitutively expressed, whereas inducible NOS
(iNOS) is only expressed after induction by cytokines or other factors. The NOS
enzymes contain a calmodulin-binding domain that allows for regulation by calcium.
Endothelial and neuronal NOS enzymes are activated by increases in intracellular
calcium concentrations but iNOS activity is independent of calcium. All of these
enzymes produce nitric oxide by catalyzing a reaction in which the amino acid L-
arginine is first converted to N°-hydroxy-L-arginine and then to L-citrulline and nitric
oxide.

Nitric oxide was first recognized as a vasodilatator. It fact, before it was
identified as nitric oxide it was known as endothelium-derived relaxation factor.
Increases in intracellular calcium in endothelial cells, from activation of muscarinic
receptors by acetylcholine for example, lead to enhanced production of nitric oxide by
eNOS. Nitric oxide diffuses to the smooth muscle cell where it activates soluble
guanylate cyclase causing the formation of cyclic guanosine-3',5'-monophosphate

(cGMP). Cyclic GMP activates a cGMP-dependent protein kinase, causing protein
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phosphorylation, a decrease in intracellular calcium concentration, and vasodilation [for
review see (Harrison and Cai, 2003)].

In neurons, nitric oxide also acts through cGMP and protein phosphorylation.
Stimulation of NMDA glutamate receptors increases nitric oxide production in neurons
(Wood et al., 1990; Marcoli et al., 1997; Maura et al., 2000; Fedele et al., 2001). These
receptors act as calcium channels, and increase intracellular concentration of calcium
upon their activation, thus increasing nitric oxide production by nNOS. In turn, in the
hippocampus, and presumably in other brain regions as well, low concentrations of
nitric oxide inhibit glutamate release from neurons, whereas high concentrations
stimulate release (Segieth et al., 1995). Nitric oxide has the same concentration-
dependent effect on GABA release (Getting et al., 1996). These actions of nitric oxide
to concentration-dependently alter the release of both stimulatory and inhibitory amino
acids, in addition to its other functions, can help explain the pleiotropic actions of this
substance.

Nitric oxide is produced in and has effects in many brain nuclei and regions
important in cardiovascular control (Patel et al., 1996; Iwase et al., 1998). Endogenous
nitric oxide can exert effects at the level of the baroreceptor, the preganglionic neuron,
and in multiple brain regions.

Baroreceptors. Endogenous nitric oxide does not affect the activity or gain of
the baroreceptors (Matsuda et al., 1995; Zanzinger et al., 1996). Supraphysiological
levels of nitric oxide do decrease activity and baroreflex gain (Matsuda et al., 1995;

Zanzinger et al., 1996), but this effect is independent of the cGMP pathway (Matsuda et
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al., 1995). Normal physiological levels of endogenous nitric oxide may be involved in
attenuating the ability of these receptors to reset (da Silva et al., 1994).

Preganglionic neuron. In untreated anesthetized animals nitric oxide acts at the

preganglionic neuron to elevate renal sympathetic nerve activity (Hakim et al., 1995;
Yang et al., 2004). However, when the PVN is stimulated or glutamate is administered
into the spinal cord, nitric oxide’s effects are reversed, and it attenuates the increase in
renal sympathetic nerve activity (Yang et al., 2004). This action is through stimulation
of glycine release, since blockade of this neurotransmitter prevented the inhibition
(Yang et al., 2004). A possible scenario is that under basal conditions nitric oxide
levels are relatively low in the intermediolateral cell column of the spinal cord, and
nitric oxide acts to inhibit tonic glycine release, similarly to its effect on GABA release
(Getting et al., 1996). PVN activation stimulates glutamate release into the
intermediolateral cell column of the spinal cord. Glutamate then activates preganglionic
renal sympathetic neurons but also stimulates nitric oxide production through NMDA
receptors (Wood et al., 1990; Marcoli et al., 1997; Maura et al., 2000; Fedele et al.,
2001). Now in higher concentrations, the nitric oxide stimulates glycine release, also
similar to its effects on GABA release (Getting et al., 1996).

Brain. Nitric oxide also affects cardiovascular regulation though actions in the
brain, where its overall effect in the resting state is to decrease renal sympathetic nerve
activity (Togashi et al., 1992; Zanzinger et al., 1997; Matsumura et al., 1998a; Tandai-
Hiruma et al., 2005), blood pressure (Togashi et al., 1992; el Karib et al., 1993;
Matsumura et al., 1998a; Chikada et al., 2000), and heart rate (Chikada et al., 2000). In

addition, nitric oxide counteracts the effects of stimulation, reducing the changes in
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blood pressure, heart rate, cardiac output, and renal sympathetic nerve activity in
response to central administration of glutamate (Zanzinger et al., 1997), stimulation of
the greater sciatic (Zanzinger et al., 1997) or the left ventral ansa (Ma et al., 2005)
nerve, and baroreflex activation (Matsumura et al., 1998a). Central blockade of
endogenous nitric oxide production increases, and nitric oxide donors reduce, the gain
of baroreflex control of renal sympathetic nerve activity and heart rate in rabbits
(Matsumura et al., 1998a), suggesting that the net effect of endogenous nitric oxide in
the brain is to decrease baroreflex gain.

These overall effects of nitric oxide in the brain are the results of its combined
effects in all the brain regions controlling cardiovascular functions. Nitric oxide’s
effects in some of these regions have been studied, as described below.

NTS. Nitric oxide’s actions in the NTS are highly variable, causing increases,
decreases and no changes in blood pressure, heart rate and renal sympathetic nerve
activity (Harada et al., 1993; Tseng et al., 1996; Hines and Mifflin, 1997, Pontieri et al.,
1998; Matsumura et al., 1998¢; Lin et al., 1999; Wu et al., 2002). In addition, nitric
oxide can enhance (Lo et al., 1996; Talman and Dragon, 2004; Dias et al., 2005), inhibit
(Paton et al., 2001b; Smith et al., 2005), or produce no effect on (Harada et al., 1993;
Zanzinger et al., 1995a; Pontieri et al., 1998) baroreflex gain. These divergent effects
probably reflect differing levels of nitric oxide. Blockade of nitric oxide in a control
state, for instance, decreases (Lo et al., 1996; Talman and Dragon, 2004; Dias et al.,
2005) or does not change (Harada et al., 1993; Zanzinger et al., 1995a; Pontieri et al.,
1998; Paton et al., 2001b) baroreflex gain, suggesting that, if anything, endogenous

nitric oxide acts to increase gain at rest. This may be through inhibition of GABA
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release (Getting et al., 1996), or stimulation of glutamate (Dias et al., 2005). However,

when nitric oxide levels are elevated by either infusion of nitric oxide donors, or by
administration of angiotensin II into the NTS, nitric oxide decreases baroreflex gain
(Paton et al., 2001b). Paton and colleagues (Paton et al., 2001a) suggest that nitric
oxide exerts this influence by stimulation of GABA release.

CVLM. Much less is known about the role of nitric oxide in the CVLM. In this
region, nitric oxide increases basal blood pressure and renal sympathetic nerve activity
(Shapoval et al., 1991). It also augments the increase in blood pressure and heart rate
with muscle contraction (Ishide et al., 2000). This effect is probably through increases
in glutamate release (Ishide et al., 2000). Nitric oxide in this area does not affect
baroreflex gain (Zanzinger et al., 1995a).

RVLM. In the RVLM, nitric oxide also exerts divergent actions. As in the NTS,
it can increase, decrease, and cause no change in mean arterial pressure, heart rate and
sympathetic nerve activity (Shapoval et al., 1991; Zanzinger et al., 1995b; Hirooka et
al., 1996; Tseng et al., 1996; Wang et al., 2003; Kimura et al., 2005). Its effects on
baroreflex gain are more uniform, however, with studies reporting increases in the gain
of baroreflex control of heart rate (Mayorov, 2005) and no change in the gain of
sympathetic nerve activity control (Zanzinger et al., 1995b; Mayorov, 2005).

PVN. Finally, in the PVN, nitric oxide decreases blood pressure, heart rate, and
renal and splenic sympathetic nerve activity (Zhang et al., 1997; Zhang and Patel, 1998;
Kenney et al., 2003). This action is through increasing GABA transmission, thus
reducing neuronal activity, in this nucleus (Zhang and Patel, 1998). Nitric oxide’s

effect on baroreflex gain in this region has not been studied, but since PVN activation
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inhibits baroreflex gain (Chen et al., 1996a), and nitric oxide reduces PVN activity

(Zhang and Patel, 1998), nitric oxide might be expected to increase gain.

Systemic. The effect of systemic administration of NOS inhibitors would allow
for the determination of the net effect of endogenous nitric oxide production on
sympathetic control in all regions. The net effect of nitric oxide is to either decrease
(Kumagai et al., 1994; Hirai et al., 1995; Nishida et al., 2001) or cause no change in
(Liu et al., 1996; Liu et al., 1998) renal sympathetic nerve activity independent of
changes in blood pressure. On the other hand, its effect on the lumbar sympathetic
nerve is to increase activity (Hirai et al., 1995), and it causes no change in the activity of
cardiac (Yabe et al., 1998), cutaneous (Habler et al., 1997) or muscle (Hansen et al.,
1994) sympathetic nerves. This illustrates the ability of nitric oxide to exert differing
effects on different sympathetic nerves.

Besides its role in tonic sympathetic regulation, nitric oxide functions globally in
the modulation of the baroreflex. Many studies have found that endogenous nitric oxide
decreases baroreflex gain (Minami et al., 1995b; Liu et al., 1996; Kumagai et al., 1997;
Brady et al., 2002), but other studies have found no effect on baroreflex gain (Du et al.,
1992; Jimbo et al., 1994; Castellano et al., 1995; Miyano et al., 1997; Hogan et al.,
1999; Fujisawa et al., 1999b; Lacchini et al., 2001b). These differing effects of nitric
oxide probably depend on its basal levels. So the net effect of endogenous nitric oxide
is the sum of its stimulatory and inhibitory effects in different regions, which is
dependent on its concentration within those regions. In the basal, unstressed state nitric

oxide appears to exert no net effect on baroreflex gain (see Appendix). However, if the
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balance of nitric oxide production is altered, then nitric oxide can decrease baroreflex
gain.

Nitric oxide and pregnancy. Systemic nitric oxide levels are elevated during

pregnancy (Kopp et al., 1977; Conrad et al., 1993; Weiner et al., 1994a; Weiner et al.,,
1994b), perhaps through increases in estradiol (Weiner et al., 1994b). Moreover, a
limited number of studies have also demonstrated alterations in brain nitric oxide
production during pregnancy. Neuronal NOS levels are elevated in the whole
hypothalamus of pregnant rats (Xu et al., 1996), but nitric oxide activity is decreased in
the magnocellular region of the PVN, which is responsible for oxytocin and vasopressin
production and release (Okere and Higuchi, 1996). Increases in brain nitric oxide may
be responsible for the decreased sensitivity of the cardiopulmonary reflex during
pregnancy (Tam and Kaufman, 2002). Since alterations in nitric oxide balance, such
that levels are increased, appear to decrease arterial baroreflex gain (see Appendix), and
since nitric oxide is elevated during pregnancy, this gaseous neurotransmitter may be

involved in the pregnancy-induced impairment of arterial baroreflex gain as well.

Nitric oxide/angiotensin Il interactions

One factor that may alter nitric oxide balance is angiotensin II since, in different
brain regions, angiotensin II can stimulate nitric oxide release (Paton et al., 2001b; Li et
al., 2005b). In turn nitric oxide can inhibit the actions of angiotensin II (Li et al.,
2005b). Because angiotensin II can stimulate nitric oxide production, it can alter the
balance of inhibitory and excitatory effects of nitric oxide. Indeed, nitric oxide in the

control state does not affect renal sympathetic nerve activity (Liu et al., 1998).
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However, if angiotensin II levels are elevated, which in itself does not affect nerve
activity, then blockade of nitric oxide inhibits activity (Liu et al., 1998). The elevations
in angiotensin II during pregnancy may work the same way, altering the balance of

nitric oxide, such that this factor now decreases baroreflex gain.

Insulin sensitivity

Insulin sensitivity is defined as the ability of insulin to activate its receptor to
exert its effect, usually to drive the uptake of glucose from the blood stream into
myocytes and adipocytes (Cousins, 1991; Egan, 2003; Gerozissis, 2004). Plasma
insulin concentrations normally increase following elevations in blood glucose levels.
The insulin then binds to its receptor causing autophosphorylation of the receptor on
tyrosine residues. This creates a binding site on the receptor for the docking of insulin
receptor substrate (IRS) proteins, of which there are several. IRS-1 and IRS-2 are
involved in the glucose uptake role of insulin receptor activation. Upon docking of
these proteins to the receptor they become phosphorylated, also on tyrosine residues.
Tyrosine phosphorylated IRS proteins provide docking sites for phosphoinositide 3-
kinase, activating this protein. Once activated, phosphoinositide 3-kinase
phosphorylates phosphatidylinositol 4,5-bisphosphate to create phosphatidylinositol
3,4,5-trisphosphate. This leads to a series of incompletely understood events involving
phosphoinositide-dependent protein kinase, protein kinase C, Akt, and AS160 and
eventually, insertion of GLUT-4 glucose transporters into the cell membrane and
glucose uptake by the cell [for a review of these events see (Bjornholm and Zierath,

2005)].
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Insulin resistance, or reduced insulin sensitivity, is associated with decreased
insulin receptor function; insulin’s ability to cause tyrosine phosphorylation of the
insulin receptor, and IRS proteins, is reduced (Schmitz-Peiffer, 2000). The effect is a
decrease in the insertion of GLUT-4 transporters and reduced glucose uptake for a

given plasma concentration of insulin (Bjornholm and Zierath, 2005).

Pregnancy and insulin sensitivity. Pregnancy is associated with decreases in
insulin sensitivity (Cousins, 1991; Gilbert et al., 1991; Ciampelli et al., 1998). A
number of hormones increase during pregnancy that might be responsible for this.
Glucocorticoids, estrogen, progesterone, and placental lactogen rise progressively
during pregnancy (Cousins, 1991). Evidence for the involvement of these hormones
comes from Ryan and Enns (Ryan and Enns, 1988) who found that placental lactogen,
prolactin, progesterone, and cortisol each induce insulin resistance in cultured
adipocytes. In addition, in vivo administration of estrogen and progesterone (Batista et
al., 2005), prolactin (Reis et al., 1997), cortisol (Andrews and Walker, 1999), or human
placental lactogen (Beck and Daughaday, 1967) induces insulin resistance.
Progesterone (Uryszek et al., 1993), prolactin (Fortun-Lamothe et al., 1996), and
glucocorticoids (Guillaume-Gentil et al., 1993) can all increase plasma free fatty acid
levels, which, as described below, may be part of their mechanism of action to reduce
insulin sensitivity during pregnancy.

Plasma levels of free fatty acids increase during pregnancy (Gilbert et al., 1993)
and infusion of triglycerides to raise free fatty acid levels results in the development of
insulin resistance in non-pregnant rabbits (Gilbert et al., 1991) and early pregnant

humans (Sivan et al., 1998). In addition, reducing free fatty acid levels during
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pregnancy improves insulin sensitivity (Gilbert et al., 1993). This suggests that free
fatty acids play a major role in pregnancy-induced insulin resistance. Pregnancy is also
associated with an increase in tumor necrosis factor-a (Melczer et al., 2002b), and the
levels of this cytokine are strongly correlated with the decrease in insulin sensitivity
during pregnancy (Kirwan et al., 2002; Melczer et al., 2002a), suggesting a role for this
substance as well.

Both free fatty acids and tumor necrosis factor-a can stimulate serine
phosphorylation of the insulin receptor and IRS proteins (Jiang and Zhang, 2005).
Phosphorylation of these proteins on serine residues results in their inactivation, causing
a decrease in phosphoinositol 3-kinase activity and, therefore, reduced glucose uptake
(Roden, 2004). Obese and diabetic humans have increased serine phosphorylation on
insulin signaling proteins (Jiang and Zhang, 2005) and this is presumably true in
pregnancy as well.

Insulin sensitivity and baroreflex gain. Many other conditions associated with

decreases in baroreflex gain are also associated with decreases in insulin sensitivity
such as obesity (Grassi et al., 1995; Ferrannini et al., 1997), hypertension (Grassi, 2004,
Frontoni et al., 2005), chronic heart failure (Chen et al., 1992; Coats et al., 2000), type
II diabetes mellitus (Pikkujamsa et al., 1998; Frontoni et al., 2005), and aging (Laitinen
et al., 1998; Ryan, 2000). Moreover, rats fed a high fructose diet, a relatively specific
model of insulin resistance not associated with increased body fat or moderate or severe
hypertension, have a decreased baroreflex gain (Miller et al., 1999). In addition, acute
administration of metformin (an insulin sensitizing drug) into the lateral ventricle

augments baroreflex function in spontaneously hypertensive rats (Petersen and DiBona,
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1996). Therefore, in most conditions in which baroreflex gain is reduced there is also a
decrease in insulin sensitivity. Thus, it is possible that insulin resistance is responsible
for the baroreflex impairment of pregnancy as well.

Insulin in the brain. Insulin increases baroreflex gain when applied to the dorsal

surface of the medulla (Man et al., 1998) or when administered into the lateral
ventricles (Okada and Bunag, 1994). However, in other conditions of insulin resistance,
such as dogs fed a high fat diet, Zucker fatty rats and humans with Alzheimer’s disease
(Kuusisto et al., 1997), transport of systemic insulin into the cerebrospinal fluid is
decreased (Stein et al., 1987; Craft et al., 1998; Kaiyala et al., 2000). It is unknown if
the same is true of pregnancy. In addition to reductions in insulin transport into the
brain and brain insulin concentrations, neuronal insulin signaling also appears to be
suppressed in insulin resistant states (De Souza et al., 2005), thus decreasing the
effectiveness of the insulin that does reach the brain.

It is unknown why decreases in insulin sensitivity are associated with reductions
in insulin transport into the brain or even exactly how insulin is transported into the
brain. Insulin is either not made centrally or is made in very low quantities (Banks,
2004). The majority of central insulin is from pancreatic origin (Banks, 2004);
however, insulin is a large polypeptide that cannot pass through the blood-brain-barrier
unassisted (Banks, 2004). It has been proposed that insulin gains access to the brain via
a receptor-mediated process in which insulin binds to its receptor on the capillary wall,
and this complex is internalized by endocytosis (Gerozissis, 2003; Woods et al., 2003;
Banks, 2004). The insulin/insulin receptor complex is then expelled by exocytosis on

the brain side of the endothelial cell (Gerozissis, 2003; Woods et al., 2003; Banks,
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2004). Such a transport process has been demonstrated in cultured aortic endothelial
cells in which insulin transport across the endothelial cell is blocked by insulin receptor
antibodies (King and Johnson, 1985). Since the endothelial cells of the blood-brain-
barrier also contain insulin receptors and can transport insulin intact from the blood to
the brain (Gerozissis, 2003; Woods et al., 2003; Banks, 2004), this is a likely means by
which insulin gains access to the brain.

Rosiglitazone. Insulin sensitivity can be increased by treatment with
thiazolidinediones such as rosiglitazone. Rosiglitazone activates the peroxisome
proliferator-activated receptor gamma (PPARY) which is a ligand-activated transcription
factor that regulates lipid metabolism (Vasudevan and Balasubramanyam, 2004).
Exactly how PPARY activation increases insulin sensitivity is not completely
understood but may involve reductions in free fatty acid levels or suppression of tumor
necrosis factor-a release (Vasudevan and Balasubramanyam, 2004), which, as
mentioned above, increase the serine phosphorylation of the insulin receptor and IRS
proteins (Jiang and Zhang, 2005).

Rosiglitazone has effects other than increasing insulin sensitivity.
Thiazolidinediones can also reduce leptin levels and raise adiponectin levels, both of
which may also be involved in the insulin-sensitizing effect of these drugs (Giannini et
al., 2004). Other effects include reducing levels of other inflammatory cytokines
(interleukins, geletinase B, matrix metaloprotease and scavenger receptor A), reduced
intracellular superoxide radical generation, as well as increased nitric oxide production,
decreased angiotensin II AT, receptor expression and blockade of calcium channels in

vasular smooth muscle cells (Giannini et al., 2004).
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HYPOTHESIS

Pregnancy decreases baroreflex gain, but the cause is unknown. The purpose of
my thesis work has been to identify the factor(s) that induce baroreflex impairment

during pregnancy.

Nitric oxide and angiotensin II decrease baroreflex gain during pregnancy

Nitric oxide is increased during pregnancy, and the net effect of nitric oxide
appears to be to lower baroreflex gain. Moreover, this action may depend on
angiotensin II. Therefore, I hypothesized that the pregnancy-induced increase in nitric
oxide causes the decrease in baroreflex gain and that this action requires angiotensin II
(Figure 3). Furthermore, I hypothesized that nitric oxide’s main site of action to cause
this impairment is the brain. To test these hypotheses I determined the following: 1)
Does blockade of nitric oxide production during pregnancy increase baroreflex gain in
pregnant but not non-pregnant rabbits? 2) Does prior blockade of AT, angiotensin II
receptors prevent this effect of inhibition of nitric oxide production? 3) Are nNOS
mRNA and protein levels altered in the PVN, NTS, CVLM and/or RVLM of pregnant

rabbits?
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Figure 3
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Diagram of hypothesis: Pregnancy decreases baroreflex gain by increasing the

activity of nitric oxide, and this is facilitated by angiotensin II.

Insulin resistance decreases baroreflex gain during pregnancy

Pregnancy decreases insulin sensitivity, and many conditions associated with
reduced insulin sensitivity also exhibit a decrease in baroreflex gain. Therefore, I
hypothesized that the pregnancy-induced decline in insulin sensitivity results in a
decrease in brain insulin concentrations leading to the decrease in baroreflex gain. To
test this hypothesis I determined the following: 1) Are insulin sensitivity and baroreflex
gain correlated in non-pregnant and near-term pregnant rabbits? 2) Does the time
course for the decrease in insulin sensitivity match the time-course for impairment of
baroreflex gain during pregnancy? 3) Does prevention of insulin resistance through
treatment with rosiglitazone throughout pregnancy also prevent the reduction in
baroreflex gain? 4) Are insulin concentrations reduced in the cerebrospinal fluid of

pregnant rabbits?
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CHAPTER 2
ROLES OF NITRIC OXIDE AND ANGIOTENSIN II IN THE

IMPAIRED BAROREFLEX GAIN OF PREGNANCY

ABSTRACT

I investigated potential mechanisms underlying the decrease in baroreceptor
reflex gain during pregnancy. Decreases in central nitric oxide or angiotensin II can,
alone or in combination, decrease baroreflex gain, and these neurotransmitters are
increased during pregnancy. Therefore, the present study tested the hypothesis that
nitric oxide contributes to the impaired baroreflex gain of pregnancy and that this action
is enhanced by angiotensin II. To test these hypotheses I quantified baroreflex control
of heart rate in non-pregnant and pregnant conscious rabbits using gradual inflation of
an occluder around the infertor thoracic vena cava to decrease pressure and infusion of
increasing doses of phenylephrine to increase pressure. Baroreflex gain was determined
before and after: 1) blockade of nitric oxide synthase (NOS) with Nw-nitro-L-arginine
(20 mg/kg), 2) blockade of the angiotensin II AT, receptor with L158-809
(5pg/kg/min), 3) infusion of angiotensin II (1ng/kg/min non-pregnant, 1.6-4 ng/kg/min
pregnant), 4) combined blockade of angiotensin II AT, receptors and NOS, and 5)

combined infusion of angiotensin II and blockade of NOS. To determine if neuronal
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NOS (nNOS) levels were altered in brain regions involved in cardiovascular control
during pregnancy, nNOS mRNA and protein levels were measured in the
paraventricular nucleus of the hypothalamus, nucleus of the solitary tract, caudal
ventrolateral medulla and rostral ventrolateral medulla in pregnant and non-pregnant
rabbits. The decrease in baroreflex gain observed in pregnant rabbits was not reversed
by NOS blockade, angiotensin II blockade, or combined blockade. Angiotensin II
infusion, with or without NOS blockade, also did not affect baroreflex gain in pregnant
or non-pregnant rabbits. In addition, n(NOS mRNA and protein levels in cardiovascular
brain regions remained unaltered during pregnancy. Therefore, I conclude 1) that nitric
oxide is not responsible for the decrease in baroreflex gain during pregnancy and 2) that
angiotensin II and nitric oxide do not interact to decrease baroreflex gain in conscious

rabbits.

INTRODUCTION

Pregnancy is associated with a decrease in baroreflex gain [see (Heesch and
Rogers, 1995; Brooks et al., 1995) for reviews], which results in a reduced ability to
maintain blood pressure in response to challenges. Therefore, it may underlie the
increased incidence of orthostatic hypotension in pregnant women (Easterling et al.,
1988) and the decreased tolerance of pregnant animals to hemorrhage (Brooks et al.,
1998). Indeed, 17% of human maternal mortality in the United States between 1990
and 1999 was related to hemorrhage (Chang et al., 2003). Despite this clear clinical

significance, the mechanism for the suppression of baroreflex gain remains unclear.
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One potential contributor is nitric oxide. Indirect evidence to support this
possibility is that nitric oxide, at least from the endothelial isoform of nitric oxide
synthase (eNOS), is increased in pregnancy [for reviews see (McLaughlin and Conrad,
1995; Sladek et al., 1997; Weiner and Thompson, 1997)]. Moreover, in conscious
animals, the net effect of nitric oxide may to be to decrease baroreflex gain, as systemic
(Liu et al., 1996) and central (Matsumura et al., 1998a) nitric oxide synthase (NOS)
blockade increases gain. Therefore, in the current study, I determined if acute systemic
blockade of the NOS enzyme increases baroreflex gain in conscious pregnant rabbits, to
test the hypothesis that during pregnancy nitric oxide decreases baroreflex gain.

Previous studies have shown that mRNA levels of the neuronal isoform of the
NOS enzyme (nNOS) are normally found in high levels in multiple brain regions
important in cardiovascular control, including the paraventricular nucleus of the
hypothalamus (PVN), nucleus of the solitary tract (NTS) (Iwase et al., 1998), caudal
ventrolateral medulla (CVLM) and rostral ventrolateral medulla (RVLM) (Patel et al.,
1996). The effect of nitric oxide on baroreflex function in these regions varies. For
example, nitric oxide acts in the RVLM to increase baroreflex gain (Mayorov, 2005).
In the NTS, basal levels of endogenous nitric oxide enhance baroreflex gain (Lin et al.,
1999; Talman and Dragon, 2004; Dias et al., 2005) by facilitation of glutamate
transmission (Dias et al., 2005), or have no effect on baroreflex gain (Harada et al.,
1993; Zanzinger et al., 1995a; Lo et al., 1996; Pontieri et al., 1998; Paton et al., 2001b;
Talman and Dragon, 2004; Dias et al., 2005); however, if nitric oxide levels increase by
either administration of nitric oxide donors or angiotensin II, then nitric oxide inhibits

gain (Paton et al., 2001b) via stimulation of y-amino-butyric acid (GABA) release
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(Paton et al., 2001a). In the PVN, nitric oxide has the potential to increase gain. PVN
activation inhibits baroreflex gain (Chen et al., 1996a), and nitric oxide reduces PVN
activity (Zhang and Patel, 1998); however, the actions of nitric oxide in the PVN on
baroreflex gain have not been directly studied. These studies suggest that pregnancy
could decrease baroreflex gain by differentially altering NOS activity in specific brain
regions. To test this hypothesis, we determined whether the mRNA and protein levels
of nNOS in the NTS, RVLM, CVLM and PVN were altered in pregnant compared to
non-pregnant rabbits. If alterations in the balance of nitric oxide production in the brain
are involved in the decreased baroreflex gain of pregnancy, then nNOS levels may be
increased in some brain regions while decreased in others during pregnancy.

Recent studies have indicated that the effects of nitric oxide in setting the basal
sympathetic tone and baroreflex control depend on an interaction with angiotensin II
(Kumagai et al., 1993; Liu et al., 1998; Paton et al., 2001b; Latchford and Ferguson,
2003; McKeogh et al., 2004). For example, Kumagai et al. (Kumagai et al., 1993)
found that, in spontaneously hypertensive rats, blockade of either angiotensin II AT,
receptors or the NOS enzyme alone increased the gain of baroreflex control of heart rate
and renal sympathetic nerve activity. However, the effects of combined AT, receptor
and NOS blockade were not additive and, in the case of the baroreflex control of renal
sympathetic nerve activity, they occluded each other, suggesting interdependence.

Pregnancy is associated with elevated angiotensin II levels (Skinner et al., 1972;
Brooks and Keil, 1994; Brooks et al., 1998), but whether angiotensin II interacts with
nitric oxide in the control of baroreflex gain during pregnancy is unknown. Therefore, a

third aim of this study was to test the hypothesis that nitric oxide’s ability to decrease
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baroreflex gain during pregnancy is enhanced by angiotensin II. To test this hypothesis
[ determined the effect of NOS blockade following AT, receptor blockade. If
angiotensin II enhances the nitric oxide-induced decrease in baroreflex gain, then,
following AT receptor blockade, NOS blockade should not increase baroreflex gain to

the same extent as blockade of NOS alone.

METHODS
All studies were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of Oregon Health & Science University.
Female New Zealand White rabbits (Western Oregon Rabbit; Philomath, OR)
weighing 4.0 £ 0.1 kg (non-pregnant, n=18) were used for these experiments. The
rabbits were received when they were fourteen weeks old, and allowed a minimum of

six days to acclimate before surgery.

Surgical preparation

Surgery was performed to implant non-occluding abdominal aortic and vena
caval catheters as previously described (Gronan et al., 1983) for the measurement of
mean arterial pressure and heart rate, and the infusion of drugs, respectively. Briefly,
the animals were initially anesthetized with a cocktail containing ketamine
(58.8 mg/kg), xylazine (5.9 mg/kg), and acepromazine (1.2 mg/kg) administered
subcutaneously (s.c.). The rabbits were then intubated, placed on a respirator, and

ventilated with 100% oxygen throughout the surgery. A surgical plane of anesthesia
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was maintained by administration of ketamine intravenously as needed. A midline
abdominal incision was made in all rabbits and polyethylene catheters with silastic tips
were implanted in the abdominal aorta (one) and vena cava (two). The catheters were
tunneled subcutaneously from the abdominal cavity and exited at the nape of the neck.

As this study sought to determine the role of nitric oxide on the baroreflex, use
of a nitric oxide donor, such as nitroprusside, to decrease mean arterial pressure could
pose a confound. Therefore, after a minimum two-week recovery period, a second
surgery was performed to implant a vena caval occluder to decrease blood pressure in
tests of baroreflex function. Rabbits were initially anesthetized with ketamine (250mg,
s.c.), intubated, placed on a respirator and ventilated with 100% oxygen; a surgical
plane of anesthesia was maintained with isoflurane (2%). An occluder was implanted
around the thoracic inferior vena cava via a right thoracotomy through the fifth
intercostal space. The end of the occluder also exited at the nape of the neck, and the
incision was closed in layers. The end of the occluder and catheters were protected in a
plastic pillbox sutured to the rabbits' skin.

The rabbits were given an intramuscular injection of enrofloxacin (22.7 mg) just
before each surgery and an intravenous (i.v.) injection of this antibiotic for four days
following surgery (22.7 mg/day). The animals were also injected with buprenorphine
hydrochloride (0.09 mg s.c.) two to three hours after surgery, and again the next day to
relieve pain. The catheters were flushed immediately after surgery, and then three times
weekly with sterile 0.9% saline, and filled with heparin (1,000 U/ml) to maintain

patency. Animals were allowed at least two weeks for recovery from the thoracotomy
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before any experiments were performed. During this time the rabbits were conditioned

to the 37x17x21 cm black Plexiglas box used during experiments.

Baroreflex curve generation

On the experimental day, the rabbits were placed in the box and allowed
approximately thirty minutes to acclimate. Mean arterial pressure and heart rate were
measured continuously via the aortic catheter using a Statham pressure transducer, a
Grass tachometer, Grass polygraph and a Biopac (Santa Barbara, CA) MP100 data
acquisition and analysis system. To determine the baroreflex relationship between
mean arterial pressure and heart rate, and to ensure activation of both the sympathetic
and parasympathetic nervous systems (Coleman, 1980), a slow ramp method of altering
mean arterial pressure was performed. A slow inflation of the occluder around the vena
cava was used to lower arterial pressure until heart rate reached maximum values.
Mean arterial pressure was lowered at a rate of 0.47 + 0.02 mmHg/second, and this part
of the baroreflex curve was generated in 64 + 2 seconds. Infusion of increasing doses of
phenylephrine (0.5, 1, 2, 4, and 8 pg/kg/min in 5% dextrose in water vehicle, 1.v.) was
used to increase mean arterial pressure, increasing the dose every fifteen seconds until
mean arterial pressure was increased by twenty mmHg over basal (Brooks et al., 2002).
This took 59 + 2 seconds so that the entire curve was generated in 123 + 3 seconds.
More than one occluder inflation was performed in each experiment, and at least ten
minutes was allowed between inflations to allow mean arterial pressure and heart rate to

return to basal conditions.
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Effects of NOS blockade

To test the hypothesis that the decreased gain of pregnancy is due to the actions
of nitric oxide, I determined if NOS blockade increases gain in pregnant rabbits.
Baroreflex curves were generated before and at least ninety minutes (105-134 minutes)
after a bolus i.v. injection of the non-specific NOS inhibitor N@-nitro-L-arginine (L-
NNA, 20 mg/kg dissolved in 10 ml of 0.5% sodium carbonate in water then adjusted to
pH 7.4) in six rabbits. This dose produces maximal increases in mean arterial pressure
and heart rate (Brooks et al., 2001a). Following this experiment, rabbits were mated
and the effect of L-NNA on baroreflex function was studied again at the end of

gestation (day thirty; term is thirty-one days).

Effects of NOS and AT, angiotensin II receptor blockade

The purpose of this protocol was to determine if the actions of nitric oxide
require angiotensin II. Animals were studied in either the non-pregnant (n=8) or
pregnant (n=6) states. After a control baroreflex curve was generated, a continuous i.v.
infusion of the AT, angiotensin II receptor antagonist, L.158-809 (5pg/kg/min in 5%
dextrose in water vehicle), was begun. This dose was sufficient to prevent increases in
arterial pressure with administration of 100 ng of angiotensin II in three non-pregnant
and three pregnant rabbits in this study. Before L.158-809, this dose of angiotensin II
increased mean arterial pressure by 20 £ 3 mmHg. Thirty to sixty minutes after the start
of the L.158-809 infusion, a second baroreflex curve was generated and then L-NNA (20
mg/kg, iv) was administered. Finally, after 105-135 minutes a third baroreflex curve

was generated. All pregnant animals in this protocol were studied at day thirty of their
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second pregnancy, and one of the non-pregnant animals was studied two weeks

following delivery of her second litter.

Effects of NOS blockade during angiotensin II infusion

Since NOS blockade suppresses renin release (Gardes et al., 1992), angiotensin
IT levels may be suppressed in rabbits receiving L-NNA. If the actions of nitric oxide
require angiotensin II, this suppression could confound the interpretation of the effects
of blockade of NOS alone. Therefore, it was determined if NOS blockade increases
baroreflex gain during an infusion of angiotensin II. Rabbits (n=4) were studied in the
non-pregnant state and during their first pregnancy (at day thirty of gestation). After a
control baroreflex curve was generated, a continuous i.v. infusion of angiotensin II was
begun. For non-pregnant rabbits, angiotensin II was infused at a rate of 1 ng/kg/min (in
5% dextose in water vehicle), which increased mean arterial pressure by about five
mmHg. During pregnancy, angiotensin II levels are higher (Brooks et al., 1998) than in
non-pregnant animals, and more angiotensin II is required to increase blood pressure.
Again angiotensin II was infused at a dose sufficient to increase pressure by about 5

mmHg (1.6 to 4 ng/kg/min).

Levels of nNOS protein and mRNA in brain regions involved in cardiovascular
control

This protocol was employed to determine if alterations in the balance of nNOS
expression in different cardiovascular brain nuclei might be involved in the decreased

baroreflex gain of pregnancy. For these experiments, rabbits (n=4) at day thirty of
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gestation and age matched non-pregnant rabbits were euthanized with 1ml of Euthasol
(390 mg pentobarbital, 50 mg phenytoin; i.v.), and their brains were removed, quickly
frozen in -80°C 2-methylbutane, and stored at -80°C until shipment to the University of
Nebraska, where the assays were performed.

The PVN, NTS, CVLM and RVLM sections were punched out of 600 um thick
slices with a 15-gauge needle stub using the Palkovits technique (Palkovits and
Brownstein, 1983). The punched tissue was put in 0.5 ml of Tri-Reagent and
homogenized. Total RNA and proteins in the homogenate were extracted according to
the Tri-Reagent manufacturer's instructions.

Quantification of mRNA levels. Semiquantitative reverse transcription-

polymerase chain reaction (RT-PCR) assays were performed to assess relative mRNA
levels. RNA was isolated followed by a reverse transcription reaction for forty minutes
at 38°C in the presence of 1.5 M random hexamers and 200 units of Moloney murine
leukemia virus reverse transcriptase. Each 1.5 pl aliquot of the reverse transcriptase
product was used for nNOS cDNA amplification. The following polymerase chain
reaction primers were used: nNOS, 5'-GATCGCTGACCGTATGCAG-3' (sense); 5'-
GTCGTACTCCTGCTTGGTG-3' (antisense); and pB-actin, 5'-
GGGAAATCGTGCGTGACATT-3' (sense); 5'-CGGATGTCAACGTCACACTT-3'
(antisense). The polymerase chain reaction mixture contained 0.7 pM primers, dANTP,
bovine serum albumin and one unit of Taq DNA polymerase. B-Actin was coamplified
with each receptor cDNA as an internal control. After four minutes of denaturing at

94°C, the amplification was performed at 94°C for one minute, at 46°C for one minute,
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and at 72°C for one minute for thirty cycles. The products of this reaction (7 ul) were
fractionated in a 1% agarose gel and transferred to a Nytran membrane. A southern blot
was then performed using 5°-[**P]-antisense deoxyoligonucleotides (5’
GTCGTACTCCTGCTTGGTG-3’ for nNOS, 5°’-CCGCCGATCCACAC-3’ for B-
actin). The radioactive signal emitted from the cDNA was quantified by phosphor
imaging, and the data is expressed as digital light units per unit time (DLU) for nNOS
mRNA relative to DLU for B-actin mRNA.

Quantification of protein levels. The protein extract obtained above was used

for Western blot analysis of nNOS. The protein concentration was measured using a
protein assay kit (BCA kit, Pierce). The protein sample was mixed with an equal
volume of 2x 4% sodium dodecyl lauryl sulfate sample buffer. The sample was boiled
for five minutes, and then loaded onto a 7.5% sodium dodecyl lauryl sulfate-
polyacrylamide gel for electrophoresis at 40 mA/gel for fifty minutes. The fractionated
proteins on the gel were electrophoretically transferred onto a polyvinylidene
diflouoride membrane at 300 mA for ninety minutes. The membrane was incubated
with 5% milk-Tris-buffered saline-Tween 20 solution for thirty minutes at room
temperature, then with primary antibody (BD Transduction Laboratories, 1:1,000) at
4°C overnight. After being washed three times, the membrane was incubated with
secondary antibody (peroxidase conjugated, Pierce, 1:5,000) for thirty minutes at room
temperature. After being washed three times, the membrane was treated with enhanced
chemiluminescence reagent for five minutes and detected by exposing a film. The

bands on the developed film were visualized and analyzed using UVP Biolmaging
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Systems. The light signal emitted was quantified and the values normalized to the 3-

tubulin protein band to determine specific changes in nNOS levels.

Baroreflex curve analysis

The data for the baroreflex curves were collected at 200 Hz and processed using
a Biopac (Santa Barbara, CA) MP100 data acquisition and analysis system. Raw data
were grouped into one-second bins from which mean values were obtained. Since more
than one curve was generated using the vena caval occluder, curves were selected that
were free from movement artifact, and exhibited the best sigmoidal fit. Often the basal
mean arterial pressures and heart rates before the pressor (phenylephrine) part of the
reflex curve were different from the depressor (occluder) part. When this occurred, to
avoid erroneous measurements of baroreflex gain, half of the pressure difference was
added to all pressure values in the segment with the lower basal pressure and half the
difference was subtracted from the pressures in the segment with the higher pressure, so
that the two segments were aligned, as previously described (Dorward et al., 1985;
Brooks et al., 2002). The same was done for heart rate. Figure 4A illustrates
representative curves for one rabbit and shows that pregnancy decreases gain.

The sigmoidal baroreflex relationships between mean arterial pressure and heart

rate generated in each experiment were fitted and compared using the Boltzmann |

sigmoidal equation [heart rate=A+B/1+ e(C-mean arterial pressure)/D_ where A equals
the minimum heart rate, B equals the heart rate range, C equals the mean arterial
pressure at the midpoint between the minimum and maximum heart rate (or BPs), and

D is the slope coefficient]. Maximum gain was calculated by dividing the heart rate
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range by four times the slope coefficient (Brooks et al., 1997; Quesnell and Brooks,
1997, Brooks et al., 2001b; Brooks et al., 2002). Due to the exponential nature of
changes in baroreflex gain and therefore the high variability in this parameter, the log of

the maximum gain was used for statistical analysis.

Statistics

Basal mean arterial pressures, heart rates and curve fitting parameters were
compared between groups using ANOVA for repeated measures and the post-hoc
Bonferroni test. Differences in mRNA and protein levels of nNOS in different brain
nuclei and basal mean arterial pressures, heart rates and curve fitting parameters
between non-pregnant and pregnant rabbits were assessed using Student’s t-test. In the
figures, the sigmoidal curves derived from the averaged parameters are shown along

with basal points + mean standard error.

RESULTS

Effects of pregnancy

As previously reported (Brooks et al., 1995), pregnancy decreased basal mean
arterial pressure and the operating pressure for the baroreflex (decreased BPs),
decreased baroreflex gain and increased baroreflex-induced minimum and basal heart

rates (Figure 4, Tables 1-3).
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Figure 4
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Pregnancy decreases baroreflex gain. A) Representative curve from one rabbit in the
non-pregnant and pregnant states. B) Mean heart rate baroreflex curves from rabbits
in the non-pregnant (n=18) and pregnant (n=16) states. Pregnancy had no effect on
baroreflex-induced maximum heart rate (non-pregnant 272 + 4 bpm, pregnant 267 + 7
bpm) but increased baroreflex-induced minimum heart rate from 150 £ 3 to 193 £ 6
bpm and basal heart rate from 157 = 3 to 206 £ 7 bpm (p<0.05). In addition,
pregnancy decreased BPsy from 61 + 1 to 50 £ 1 mmHg, basal mean arterial pressure
from 64 £ 1 to 53 £ 1 mmHg, and maximum baroreflex gain from 23.3 +3.6to 7.1 +

0.9 bpm/mmHg (p<0.05).
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Effects of NOS blockade

Blockade of NOS did not increase baroreflex gain in either pregnant or non-
pregnant rabbits (Table 1, Figure 5). In both states L-NNA increased basal mean
arterial pressure and the operating pressure for the baroreflex, and decreased baroreflex-
induced minimum and basal heart rate (Table 1, Figure 5). In the pregnant animals, L-

NNA also decreased baroreflex-induced maximum heart rate (Table 1, Figure 5B).

Table 1
Baroreflex and basal parameters before and after NOS blockade in non-pregnant

and pregnant rabbits.

Non-Pregnant Pregnant

Control L-NNA Control L-NNA

Maximum Heart Rate (bpm) 278 +7 266 + 10 281 +4 257 + 6"
Minimum Heart Rate (bpm) 157+5 110+8" | 204+5% | 138+7+"

BPs, (mmHg) 61£2 70 + 4* 50 £3* 66 + 2

Maximum Gain (bpm/mmHg) 142+23 | 16.1£14 | 7.7+£19*% | 83 +2.5*%

Basal Mean Arterial Pressure (mmHg) 64 £2 78 +5* 54 £3* 72+3"
Basal heart rate (bpm) 168 +4 119+3* | 217+7* | 164+ 13*"

*p<0.05 different from corresponding non-pregnant.

"p<0.05 different from corresponding control

Effects of AT angiotensin II receptor and NOS blockade

Treatment with L158-809, an inhibitor of AT, receptors, alone or in
combination with NOS blockade did not alter baroreflex gain in either pregnant or non-
pregnant rabbits (Table 2, Figure 6). Blockade of AT receptors decreased basal blood

pressure and the operating pressures of the baroreflex in both non-pregnant and
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Figure 5
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Blockade of NOS does not affect baroreflex gain. Mean heart rate baroreflex curves
before and after blockade of NOS with L-NNA in the same non-pregnant (A) and
pregnant (B) rabbits. Points represent basal blood pressures and heart rates + standard

error mean (n=6).

pregnant rabbits (Table 2, Figure 6). In addition, with the combined blockade of both
AT, receptors and NOS, baroreflex-induced minimum and basal heart rates decreased in

non-pregnant and pregnant rabbits (Table 2) similar to the effect of NOS blockade
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Blockade of AT, angiotensin II receptors does not alter the effect of NOS blockade on
baroreflex gain. Mean heart rate baroreflex curves in unblocked, AT, angiotensin II
receptor blocked, and AT, angiotensin II receptor / NOS blocked non-pregnant (A,
n=8) and pregnant (B, n=6) rabbits. AT, angiotensin II receptors were blocked with

L158-809 and NOS was blocked with L-NNA. Points represent basal blood pressures

and heart rates + standard error mean.
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alone. Also similar to the effect of NOS blockade alone, the combined blockade

reduced the baroreflex-induced maximum heart rate in pregnant but not non-pregnant

animals (Table 2, Figure 6). No significant differences in any of these parameters
existed between rabbits treated with L-NNA alone or treated with both L-NNA and
L158-809.

A significant difference (p<0.05), however, was noted in basal mean arterial
pressure and BPsy between pregnant rabbits treated with L-NNA alone and those treated
with both L-NNA and L158-809 (Table 2, Figure 6B). Blockade of NOS during L.158-
809 administration increased basal mean arterial pressure above levels in non-pregnant
and pregnant rabbits treated with the AT, receptor antagonist alone. However, this
increase was reduced in pregnant animals (11 £ 0.4 mmHg pregnant, compared to 16 *
2 mmHg nonpregnant; p<0.05) such that basal mean arterial pressure after combined
blockade did not differ from the control state in pregnant rabbits, whereas in non-
pregnant rabbits combined blockade increased basal mean arterial pressure above

control values.
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Table 2

Baroreflex and basal parameters before and after blockade of angiotensin II AT,

receptors, with and without NOS blockade, in non-pregnant and pregnant rabbits.

Non-Pregnant Pregnant
L158-809/ L158-809/
Control | L158-809 | ° "\ Control | L158-809 L-NNA
Maximum Heart 239+
Rate (bpm) 272+ 8 272+ 8 288+6 267+ 14 254 +9 10* "
Minimum Heart # #
Rate (bpm) 146 +4 142 £5 113+£5" [ 186£10* | 176 £ 10* | 148 + 8*
BPs, (mmHg) 62+1 54 +2* 65+2 50+2% | 41+3*" | 494+
Maximum Gain i % 11.7 +
(bpi/mmHg) 222437 | 153+£3.1 | 266+3.7 [ 65+1.5*% | 47£1.0 4.6%
Basal Mean Arterial ¥ p " 4
Pressure (mmHg) 65+ 1 55+1 241 54+2 42 4 3% 53.% 3*
Basal HeartRate | 15344 | 16447 | 11824" |204212% | 212514¢ | 160%
(bpm) 10*

*p<0.05 different from corresponding non-pregnant.

*p<0.05 different from corresponding control

Effects of NOS blockade during angiotensin 11 infusion

Infusion of angiotensin II did not substantially alter the effects of NOS blockade
(Table 3, Figure 7). Angiotensin II slightly increased basal mean arterial pressure and
the operating pressures of the baroreflex in both non-pregnant and pregnant rabbits, but
this reached significance only when the animals were pregnant (Table 3, Figure 7).
With the combined administration of angiotensin II and L-NNA, basal mean arterial

pressure rose, baroreflex-induced minimum and basal heart rates fell and the baroreflex
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(Table 3, Figure 7).

operated at higher pressures in both non-pregnant and pregnant rabbits, similar to the

effect of L-NNA alone (Table 3, Figure 7). Importantly, baroreflex gain was unaffected

Table 3

Baroreflex and basal parameters before and after angiotensin II infusion,

with or without NOS blockade, in non-pregnant and pregnant rabbits.

Non-Pregnant Pregnant
Ang/ Ang/
Control | Ang L-NNA Control | Ang L-NNA
Maximum Heart 244 + 247 +
rate (bpm) 263 +8 | 266+6 | 2855 12 256 +7 13%
Minimum Heart rate | 149 + 141 47 109 £ 187 £ 169 + 135
(bpm) 10 = 4" 22% 21 ke
BPs, (mmHg) 59+3 | 613 | 73+4" [ 47 1* 52‘1% 25*%
Maximum Gain 373+ 19.1+ | 255+ 72+ 57+ 84+
(bpm/mmHg) 14.1 2.8 8.8 1.7* 1.0* 2.4*%
Basal Mean Arterial " 56 + 70 +
Pressure (mmHg) | 62%2 | 65%4 | 805" | 51420 | .3 sob
Basal Heart Rate 110 £ 194 + 195 + 163 +
(bpm) 149£9 | 14148 | 209 20 opuh

*p<0.05 different from corresponding non-pregnant.

*p<0.05 different from corresponding control
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Figure 7
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Angiotensin II infusion does not alter the effect of NOS blockade on baroreflex gain.
Mean heart rate baroreflex curves in control, angiotensin II infused, and angiotensin II
infused / NOS blocked non-pregnant (A) and pregnant (B) rabbits. NOS was blocked
with L-NNA. Points represent basal blood pressures and heart rates + standard error

mean (n=4).

Levels of nNOS protein and mRNA in cardiovascular centers of the brain
When compared to values in paired (n=4) non-pregnant rabbits (Table 4)

neuronal NOS mRNA was not altered by pregnancy in the NTS (129 + 25% of non-
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pregnant), the CVLM (74 £ 6% of non-pregnant), the RVLM (98 + 17% of non-
pregnant), or the PVN (148 + 46% of non-pregnant). The protein levels of nNOS were
also unaltered by pregnancy in the NTS (154 £ 69% of non-pregnant), the CVLM (101
+ 10% of non-pregnant), the RVLM (122 * 54% of non-pregnant), or the PVN (112 £

47% of non-pregnant).

Table 4
Levels of nNOS mRNA and protein in cardiovascular regulating

centers in the brains of non-pregnant and pregnant rabbits.

mRNA (nNOS/B-actin) Protein (nNOS/tubulin)
Non-Pregnant Pregnant Non-Pregnant Pregnant
NTS 0.10 +£0.02 0.12+0.02 1.62+0.33 221+0.72
CVLM | 0.12+0.03 0.10+0.03 1.75+0.49 1.70 £ 0.43
RVLM | 0.13+0.02 0.13+0.04 1.81 +0.38 1.74 £ 0.58
PVN 0.10£0.03 0.13+£0.02 1.97 £ 0.65 2.05+£0.82

DISCUSSION

This study tested the hypothesis that nitric oxide contributes to the decreased
baroreflex gain of pregnancy, and that angiotensin II modulates this action. The novel
findings of this study are that 1) blockade of nitric oxide with or without AT, receptor
blockade or angiotensin II infusion does not alter baroreflex gain in pregnant or non-
pregnant rabbits, 2) NOS blockade decreases baroreflex-induced maximum heart rate

only in pregnant rabbits, 3) in pregnant rabbits after blockade of AT, receptors, the
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increase in mean arterial pressure following NOS blockade is reduced, and 4)
pregnancy does not alter nNOS levels in the PVN, NTS, CVLM or RVLM of rabbits.
Based on these findings I conclude that 1) neither nitric oxide nor angiotensin II, alone
or in combination, contributes to the impaired baroreflex gain of pregnant rabbits, 2)
alterations in nNOS levels in the PVN, NTS, CVLM or RVLM are not responsible for
the decrease in baroreflex gain during pregnancy in rabbits, 3) in pregnant rabbits only,
nitric oxide supports baroreflex-induced maximum heart rate and 4) in the pregnant
rabbit, nitric oxide exerts part of its vasodilatory actions through inhibition of AT,
receptors.

As in previous reports, near the end of pregnancy in rabbits, basal mean arterial
pressure is decreased (due to reduced vascular resistance) and basal heart rate is
increased [see (Heesch and Rogers, 1995; Brooks et al., 1995) for reviews]. In response
to the fall in blood pressure, the baroreflex curves shift to the left (BPs is reduced),
presumably due to baroreflex resetting (Chapleau et al., 1989). This resetting allows the
animal to better defend the new basal blood pressure, and it is likely due to adaptation
of the peripheral baroreceptors as well as alterations in central neurons involved in
baroreflex control (Chapleau et al., 1989). In addition, baroreflex gain is reduced, and
although it has been intensely studied, the cause for this fall in gain has remained
elusive.

Because nitric oxide increases during pregnancy (McLaughlin and Conrad,
1995; Sladek et al., 1997; Weiner and Thompson, 1997) and can inhibit baroreflex gain
(Liu et al., 1996; Matsumura et al., 1998a), I hypothesized that this hormone is involved

in the decreased gain of pregnancy. Similar to previous reports in male rabbits and non-
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pregnant and pregnant female rabbits (Liu et al., 1996; Brooks et al., 2001a), NOS
blockade increased basal mean arterial pressure and the operating pressure for the
baroreflex, and decreased basal and baroreflex-induced minimum heart rate, indicating
that endogenous nitric oxide is vasodilatory and supports basal and baroreflex-induced
minimum heart rates. A novel finding is that in pregnant but not in non-pregnant
rabbits, NOS blockade decreased the baroreflex-induced maximum heart rate,
suggesting that nitric oxide acts during pregnancy to prevent decreases in baroreflex-
induced maximum heart rate. Therefore, one role for the elevated nitric oxide levels
during pregnancy is to avert a further reduced ability to respond to hypotensive
challenges.

However, contrary to my hypothesis and the work of Liu et al. (Liu et al., 1996)
in conscious male rabbits, this study found no effect of systemic NOS blockade on
baroreflex gain in either non-pregnant or pregnant rabbits. This lack of effect is similar
to that observed by Chiu and Reid (Chiu and Reid, 1995) also in conscious rabbits.
Conflicting results have also been observed in rats in which systemic NOS blockade can
either increase baroreflex gain (Minami et al., 1995a; Brady et al., 2002), or cause no
change in this parameter (Fujisawa et al., 1999a; Lacchini et al., 2001a). The cause for
the discrepancies between studies is unclear, but it may relate to the stress state or the
tonic nitric oxide levels of the animal. In a recent study (Daubert and Brooks, 2004b;
Appendix), we found that acute psychological stress decreases baroreflex gain through a
nitric oxide-mediated mechanism. Similarly, at low levels, nitric oxide either increases
or does not affect baroreflex gain in the NTS (Harada et al., 1993; Zanzinger et al.,

1995a; Lo et al., 1996; Pontieri et al., 1998; Paton et al., 2001b; Talman and Dragon,
59



2004; Dias et al., 2005); however, when nitric oxide levels are elevated by increasing
angiotensin I (Paton et al., 2003), nitric oxide decreases baroreflex gain (Paton et al.,
2001b), suggesting that the actions of nitric oxide are dependant of the levels of
angiotensin II. In unstressed animals with low basal nitric oxide and angiotensin II
levels, endogenous nitric oxide does not appear to contribute to baroreflex gain.

Because nitric oxide interacts with angiotensin II in the control of baroreflex
gain (Kumagai et al., 1993; Paton et al., 2001b), I hypothesized that the nitric oxide-
mediated decrease in baroreflex gain during pregnancy would be dependent on the
elevations in angiotensin II. However, pretreatment with an AT, receptor blocker did
not alter the subsequent effect of NOS blockade on gain in either pregnant or non-
pregnant rabbits. Moreover, infusion of angiotensin II to maintain elevated levels also
did not influence the effects of NOS blockade. Collectively these data suggest that an
interaction between angiotensin II and nitric oxide is not important in the gain of
baroreflex control of heart rate in normal and pregnant conscious rabbits.

I also observed that AT, receptor blockade alone did not affect baroreflex gain
in non-pregnant or pregnant rabbits, in agreement with previous studies (O'Hagan et al.,
2001; Brooks et al., 2001b). The only effect of AT, receptor blockade was to decrease
basal mean arterial pressure and the operating pressure of the baroreflex in both non-
pregnant and pregnant animals, suggesting that endogenous angiotensin II supports
mean arterial pressure and increases the operating pressure of the baroreflex through the
AT receptor.

After AT, receptor blockade, the ability of NOS blockade to increase mean

arterial pressure was reduced in pregnant rabbits compared to non-pregnant rabbits.
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This effect is not surprising since nitric oxide has been shown to act during pregnancy
to attenuate the pressor effects of angiotensin II (Molnar and Hertelendy, 1992;
Tresham et al., 1996). Angiotensin II, which is increased during pregnancy (Skinner et
al., 1972; Brooks and Keil, 1994; Brooks et al., 1998), can stimulate nitric oxide
production in vascular endothelial cells (Pueyo et al., 1998; Patzak et al., 2004, Patzak
et al., 2005). Subsequently, nitric oxide counteracts the effects of angiotensin II: it
limits the vasoconstrictive actions of angiotensin II by causing vasodilation (Boulanger
et al., 1995; Patzak et al., 2005). Therefore one way in which L-NNA increases mean
arterial pressure during pregnancy is by increasing the pressor effects of angiotensin II.
When angiotensin II is no longer exerting a pressor effect, then NOS blockade is not as
effective at increasing mean arterial pressure.

Consistent with my finding that NOS blockade did not alter baroreflex gain in
either non-pregnant or pregnant rabbits, we found no significant difference in either
gene expression or protein levels of nNOS in tissue punches of the PVN, NTS, CVLM
or RVLM between rabbits in these two states. This is in contrast to previous studies
which demonstrated elevations in nNOS levels in the whole hypothalamus of pregnant
rats (Xu et al., 1996) and both decreases (Okere and Higuchi, 1996) and increases
(Woodside and Amir, 1996) in nitric oxide activity in the magnocellular region of the
PVN, which is responsible for oxytocin and vasopressin production and release. In
addition, Woodside and Amir (Woodside and Amir, 1996) found higher levels of nitric
oxide activity in the parvocellular region of the PVN of the pregnant rat. Thus, my
failure to detect significant differences may be due to opposing changes within the same

nucleus (Okere and Higuchi, 1996, Woodside and Amir, 1996). In addition, other
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isoforms of the NOS enzyme (eNOS or inducible NOS) may be differentially regulated
during pregnancy which could explain the differences between the results of this study
and previous reports (Okere and Higuchi, 1996; Woodside and Amir, 1996). Therefore,
while it remains possible that opposing changes in NOS and nitric oxide are induced by
pregnancy, I conclude that net increases in nitric oxide production, and regional changes
in nNOS levels in the PVN, NTS, CVLM or RVLM, are not responsible for the
decreased baroreflex gain.

In summary, near term pregnant rabbits exhibit decreases in basal mean arterial
pressure and baroreflex gain, increases in basal heart rate and baroreflex-induced
minimum heart rate, and lower baroreflex operating pressures. Nitric oxide is without
effect on baroreflex gain in either the non-pregnant and pregnant rabbit. Neither
blockade of angiotensin II AT, receptors nor angiotensin II infusion significantly altered
the responses to NOS blockade. Consistent with these results, we found that levels of
nNOS mRNA and protein are also unaltered by pregnancy in the PVN, NTS, CVLM
and RVLM. Taken together these results suggest that the decrease in baroreflex gain
during pregnancy is not due to the net effects of nitric oxide, changes in nNOS levels in
the regions of the brain involved in cardiovascular control, or an interaction between

nitric oxide and angiotensin IL.
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CHAPTER 3
THE ROLE OF INSULIN RESISTANCE IN THE REDUCED

BAROREFLEX GAIN OF PREGNANCY

ABSTRACT

Pregnancy depresses baroreflex gain, but the mechanism has not been identified.
Insulin resistance, which is associated with reduced transport of insulin into the brain, is
a consistent feature of many pathophysiological conditions associated with impaired
baroreflex gain, including pregnancy. Therefore, I tested the novel hypothesis that the
pregnancy-induced impairment in baroreflex gain is due to insulin resistance and
reduced brain insulin. Here I report that insulin sensitivity and baroreflex gain are
strongly correlated in non-pregnant and term pregnant rabbits (r’=0.59). The decrease
in insulin sensitivity and in baroreflex gain exhibited similar time-courses throughout
pregnancy, reaching significantly lower levels at three weeks of gestation and remaining
reduced at four weeks (term is thirty-one days). Treatment of rabbits with the insulin-
sensitizing drug rosiglitazone throughout pregnancy almost completely normalized
baroreflex gain. Finally, pregnancy significantly lowered cerebrospinal fluid insulin

concentrations. These data are the first to identify insulin resistance as a mechanism
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underlying pregnancy-induced baroreflex impairment and suggest, for the first time in
any condition, that decreased brain insulin concentrations are the link between

reductions in peripheral insulin resistance and baroreflex gain.

INTRODUCTION

The cardiovascular system undergoes considerable transformation during
pregnancy [for reviews, see (Hart et al., 1985; Heesch and Rogers, 1995; Brooks et al.,
1995; Monga and Creasy, 1999; Thomburg et al., 2000)]. Many of these adaptations,
such as the increases in blood volume and cardiac output, are clearly beneficial for the
fetus. However, the progressive baroreflex impairment that accompanies pregnancy
(Quesnell and Brooks, 1997) poses significant risk for the mother. Decreased
baroreflex gain may, by reducing the ability to maintain blood pressure in the face of
challenges, underlie the increased incidence of orthostatic hypotension in pregnant
women (Easterling et al., 1988), as well as the decreased tolerance of pregnant animals
to hemorrhage (Brooks et al., 1998). Importantly, 17% of human maternal mortality in
the United States between 1990 and 1999 was related to hemorrhage (Chang et al.,
2003). Despite clear clinical significance, the mechanism for the suppression of
baroreflex gain remains unclear.

Multiple conditions other than pregnancy are associated with decreases in
baroreflex gain, including obesity (Grassi et al., 1995), hypertension (Grassi, 2004),
congestive heart failure (Chen et al., 1992), type Il diabetes mellitus (Pikkujamsa et al.,
1998), and aging (Laitinen et al., 1998). Pregnancy, as well as of each of these

pathophysiological states, is characterized by a reduction in insulin sensitivity
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(Ferrannini et al., 1997; Ciampelli et al., 1998; Coats et al., 2000; Ryan, 2000; Frontoni
et al., 2005). Interestingly, a link between insulin resistance and suppressed baroreflex
gain is supported by the finding that weight loss in obese subjects improves baroreflex
control of muscle sympathetic nerve activity as it increases insulin sensitivity (Grassi et
al., 1998). However, whether insulin resistance contributes to baroreflex impairment in
pregnancy is unknown. Moreover, the mechanism by which reductions in peripheral
insulin sensitivity could decrease baroreflex gain has not been identified in any
condition.

Previous research indicates that the mechanism underlying the depression of
baroreflex gain during pregnancy is located within the central nervous system (Brooks
et al., 1997, Laiprasert et al., 2001). Moreover, in the case of two insulin resistant
states, obesity (Ferrannini et al., 1997) and Alzheimer’s disease (Kuusisto et al., 1997),
the transport of insulin into the brain is reduced, resulting in decreased brain insulin
concentrations (Stein et al., 1987; Craft et al., 1998; Kaiyala et al., 2000). Because
insulin can act in the brain to enhance baroreflex gain (Okada and Bunag, 1994; Man et
al., 1998), decreased insulin concentrations may underlie an impairment in baroreflex
gain. However, whether declining brain insulin levels is a critical determinant of the
decreased baroreflex gain during pregnancy, or any condition, is unknown.

Therefore, I sought to establish an association between decreased insulin
sensitivity and reduced baroreflex gain during pregnancy and to test the hypothesis that
a reduction in brain insulin concentration could contribute to the impaired baroreflex
gain during pregnancy. In these studies I determined: 1) if the suppression of baroreflex

gain during pregnancy correlates with the reduction in insulin sensitivity, 2) if the time-
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course for the decline in baroreflex gain matches the time-course for development of
insulin resistance during pregnancy, 3) if normalization of insulin sensitivity during
pregnancy by administration of the insulin sensitizing drug, rosiglitazone, restores
baroreflex gain, and 4) if pregnancy is associated with reduced cerebrospinal fluid

insulin concentrations.

METHODS

Female New Zealand White rabbits (Western Oregon Rabbit; Philomath, OR)

weighing 3.8 £ 0.1 kg (non-pregnant, n=28) were used for these experiments. The

rabbits were received when they were fourteen weeks old and were allowed a minimum

of five days to acclimate to the new environment before any surgery was performed.
All studies were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the Institutional

Animal Care and Use Committee.

Surgical preparation

Surgery was performed to implant non-occluding abdominal aortic and vena
caval catheters as previously described (Gronan et al., 1983) for the measurement of
mean arterial pressure and heart rate and the infusion of drugs, respectively. Briefly,
the animals were initially anesthetized with a cocktail containing ketamine (58.8
mg/kg), xylazine (5.9 mg/kg), and acepromazine (1.2 mg/kg) administered
subcutaneously (s.c.). The rabbits were then intubated and ventilated with 100%

oxygen throughout the surgery. A surgical plane of anesthesia was maintained by
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administration of ketamine intravenously (i.v.) as needed. A midline abdominal
incision was made and polyethylene catheters with silastic tips were implanted non-
occlusively in the abdominal aorta (one) and vena cava (two). The catheters were
tunneled subcutaneously from the abdominal cavity, and exited at the nape of the neck.
The catheters were flushed immediately after surgery, and then three times weekly with
sterile 0.9% saline, and filled with heparin (1,000 U/ml) to maintain patency. Rabbits
were allowed at least two weeks to recover from surgery before any experiments were
performed. During this time the rabbits were conditioned to the black Plexiglas box
used during experiments.

In order to determine if insulin levels in the cerebrospinal fluid are decreased
during pregnancy, I performed surgery to implant cannulae into the cisterna magna for
the collection of cerebrospinal fluid using a technique modified from Vistelle et al.
(Vistelle et al., 1994). Animals were sedated with 150 mg ketamine, further
anesthetized with isoflurane (5% in oxygen), and intubated. Rabbits were then
maintained on 2% isoflurane in oxygen throughout the surgery. With the rabbit’s head
immobilized in a stereotaxic frame, a midsagittal incision was made. The dorsal surface
of the parietal, intraparietal, and occipital bones was cleared of muscle and periosteum.
Using dental burrs, a hole was made in the occipital bone. A small incision was made
in the dura mater and polytetrafluorethylene Teflon® tubing (cannula, 0.022” inner
diameter, 0.010” wall thickness, Zeus Industrial Products, Orangeburg, SC) was
inserted a distance of fourteen millimeters from the surface of the dura mater so that the
distal end lay in the cisterna magna. A bluntly cut twenty-three-gauge needle was glued

into the end of the cannula, and a two centimeter length, one centimeter diameter open
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plastic cylinder (made from the distal end of a 3cc syringe) was then placed around the
cannula with the needle hub to help protect and secure the cannula. A screw was placed
in the skull and dental cement filled the cylinder, closed the hole in the skull, and
secured the cannula to the skull. The muscle and skin were then sutured closed around
the plastic cylinder. A stopcock plug screwed into the needle hub capped the cannula.
To maintain patency, 500 to 1000 pl of cerebrospinal fluid were collected daily from
the cannula and the cannula was filled with the antibiotic enrofloxacin (7.6 mg/ml). No
samples were used for assay until a least one week after surgery and until at least two
days after the cerebrospinal fluid was clear (not clouded with blood). Microscopic
analysis from three rabbits at this time demonstrated zero red blood cells per ten
microliters of cerebrospinal fluid.

For the vascular catheter surgery rabbits were given an intramuscular injection
of enrofloxacin (22.7 mg) just before the surgery and an i.v. injection of this antibiotic
for the four days following surgery (22.7 mg/day). For the cisterna magna cannula
surgery the rabbits were given s.c. injections of chloramphenicol (100 mg) just before
the surgery and the following day to prevent infection. All animals also received
buprenorphine hydrochloride (0.09 mg, s.c.) two to three hours after each surgery, and

again the following day, to minimize pain.

Measurement of baroreflex function
On the experimental day, the rabbits were placed in the experimental box and
allowed approximately thirty minutes to acclimate. Mean arterial pressure and heart

rate were measured continuously via the aortic catheter using a Statham pressure
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transducer, a Grass tachometer, and Grass polygraph. To determine the baroreflex
relationship between blood pressure and heart rate, arterial pressure was first lowered by
intravenous infusion of increasing doses of nitroprusside (1.5, 3,6, 12, 24, 48, 63
pg/kg/min, nonpregnant; 0.8, 1.5, 3, 6, 12, 24, 48, 63 pg/kghrror! Bookmark not defined.
pregnant; 37.5 pg/kg/ml in 5% dextrose in water vehicle). After a thirty to sixty minute
rest period, arterial pressure was then raised by intravenous infusion of increasing doses
of phenylephrine (0.5, 1, 2, 4 pg/kg/min; 12.5 pg/kg/ml in 5% dextrose in water
vehicle). Doses of nitroprusside and phenylephrine were increased by increasing the
flow rate. Each dose was infused until blood pressure and HR stabilized, about two to
eight minutes; usually about five to ten milliliters of fluid were infused for each

nitroprusside or phenylephrine segment of the reflex curve.

Measurement of insulin sensitivity

On the experimental day, after a twelve to eighteen hour fast, the rabbits were
placed in the experimental box and allowed approximately thirty minutes to settle.
Insulin sensitivity was then determined using the hyperinsulinemic-euglycemic method,
as described by DeFronzo et al. (DeFronzo et al., 1979), usually the day before or the
day after measurement of baroreflex function. Heparin (1000 U/ml) was infused into
the arterial catheter at a rate of one milliliter per hour to maintain patency. Five blood
samples were collected from the arterial catheter over at least thirty minutes. Blood was
either spun down and the plasma analyzed on a Beckman Glucose Analyzer II, or the
blood was analyzed on a Freestyle Flash handheld blood glucose monitor. Insulin

sensitivity was the same (within 1%) in nine animals whether the Beckman or the
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Freestyle was used. The highest and the lowest values for plasma or blood glucose
were dropped and the range of euglycemia was determined from the remaining three
values. A priming dose of insulin in normal saline (21 mU/kg total) was then infused
into a venous catheter over ten minutes followed by a constant infusion of insulin (1.2
mU/kg/min with a flow rate of 21 pl/min). Dextrose (95 mg/kg/ml in water) was
infused in the other venous catheter starting at a rate of 2 mg/kg/min four minutes after
the start of the priming insulin dose. After the initial insulin dose, the dextrose infusion
was increased to 3 mg/kg/min. Plasma or blood glucose values were then measured
every ten to fifieen minutes and the dextrose infusion rate was altered until plasma
and/or blood glucose values where back in the euglycemic range. Two to three samples
were collected over the next twenty to forty-five minutes to ensure that the euglycemia
was at steady-state. Steady-state euglycemia was usually reached within three to four

hours of the start of the insulin infusion.

Measurements of insulin concentrations

After a twelve to eighteen hour fast, three to six milliliters of heparized blood
(less than six units of heparin per ml of blood) was collected from the ear artery. The
blood was then spun down and the plasma was collected, frozen, and stored at -20°C
until assayed. Cerebrospinal fluid was also collected after a twelve to eighteen hour fast
from the cisterna magna cannula and frozen at -20°C. Because of the low concentration
of insulin in the cerebrospinal fluid (sometimes below 0.02 ng/ml) these samples were
concentrated before assay. To do this, cerebrospinal fluid collected from the same

rabbit over four to six (non-pregnant) or two (pregnant) adjacent days (1ml/day) was
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pooled. This pooled cerebrospinal fluid was then concentrated using Centricon Ultracel
YM-3 Centrifugal Filter Devices (Millipore, Bedford, MA). After concentrating, the
samples were again frozen at -20°C and stored until shipment to the Oregon National
Primate Research Center, where the assay was performed.

Insulin levels were quantified using the Linco Research sensitive rat
radioimmunoassay kit, which uses a guinea pig anti-rat insulin antibody and can
specifically detect rat, pig, sheep, hamster, and mouse insulin with 100% recovery.
Validation of the assay for rabbit plasma included tests for parallelism; halving the
sample volume reduced the measured insulin level by 53%. In addition, recovery of rat
insulin spiked into samples was 85% in plasma and 98% in cerebrospinal fluid. Non-
pregnant and pregnant plasma and cerebrospinal fluid samples from the same rabbit

were assayed at the same time and the intra- and inter-assay coefficients averaged 8.4%.

Protocols

Protocol 1) Are insulin sensitivity and baroreflex gain correlated? Insulin

sensitivity and baroreflex function were measured in twenty-one non-pregnant and
fourteen near term pregnant rabbits (day twenty-nine to thirty of pregnancy), and the
linear relationship between these variables was determined.

Protocol 2) Does the time-course for the decrease in baroreflex gain during

pregnancy match the time-course for the decrease in insulin sensitivity? In five rabbits,

insulin sensitivity and baroreflex gain were measured before pregnancy and at days

fifteen and sixteen (two weeks), twenty-two and twenty-three (three weeks), and
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twenty-nine and thirty (four weeks) of gestation, to determine at which point baroreflex
gain and insulin sensitivity significantly decrease.

Protocol 3) Does preventing the decrease in insulin sensitivity during pregnancy

prevent the decrease in baroreflex gain? Insulin sensitivity and baroreflex gain were

determined in five rabbits when they were non-pregnant, at days twenty-nine and thirty
during a control first pregnancy, and at days twenty-nine and thirty of a second
pregnancy during which the rabbits were continuously treated with the insulin-
sensitizing drug, rosiglitazone. Rosiglitazone (14 mg/day) was administered orally once
daily in five milliliters of yogurt. Four rabbits were also given five ml of yogurt
without rosiglitazone daily during their first pregnancy to determine if yogurt alone had
any effects on insulin sensitivity or baroreflex gain.

Five rabbits were studied to determine the effects of rosiglitazone in the non-
pregnant state. In all of these rabbits, insulin sensitivity and baroreflex gain were first
measured in the non-pregnant control state. Two of the animals remained virgins, were
treated for twenty-nine to thirty days with rosiglitazone, and then insulin sensitivity and
baroreflex gain were again tested. One of the rabbits began receiving rosiglitazone
treatment nine days after delivery of her first litter and insulin sensitivity and baroreflex
gain where again measured at the end of the twenty-nine to thirty days of treatment.
Two of the rabbits were given rosiglitazone throughout their second pregnancy and
remained on rosiglitazone for two weeks after delivery. There were no differences in
responses between rabbits so these data were combined.

Protocol 4) Do cerebrospinal fluid insulin concentrations decrease during

pregnancy? Cerebrospinal fluid (n = 7) and plasma insulin concentrations (n = 6) were
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measured in the same animals in the non-pregnant and near term pregnant states to

determine if pregnancy decreases brain insulin concentrations.

Data analysis
The sigmoidal baroreflex relationships between mean arterial pressure and heart

rate generated in each experiment were fitted and compared using the Boltzmann

sigmoidal equation [Heart Rate=A+B/1+ e(C-mean arterial pressure)/D where A equals
the minimum heart rate, B equals the heart rate range, C equals the mean arterial
pressure at the midpoint between the minimum and maximum heart rate (or BPsg), and
D is the slope coefficient]. Maximum gain was calculated by dividing the heart rate
range by four times the slope coefficient. Because of the exponential nature of
baroreflex gain, the log of this parameter was used for linear regression analyses.

Basal mean arterial pressure and heart rate, curve fitting parameters, insulin
sensitivity, and cerebrospinal fluid and plasma insulin concentrations were compared
between groups using the Student’s t-test in protocol 1, a one-way ANOVA for repeated
measures and the post hoc Bonferroni correction test in protocols 2 and 3 (non-
pregnant, control pregnant, rosiglitazone-treated pregnant), and a paired t-test in
protocol 3 (non-pregnant, rosiglitazone-treated non-pregnant) and 4. A least-squares
linear regression was used to determine the correlation coefficient between baroreflex
gain and insulin sensitivity in protocols 1 and 2. All data are reported as mean +

standard error mean.
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RESULTS

Protocol 1) Effects of pregnancy on the baroreflex and insulin sensitivity

My first approach to test the hypothesis that the decrease in baroreflex gain
during pregnancy is mediated by the decrease in insulin sensitivity was to determine if
these two parameters are correlated in non-pregnant and twenty-nine to thirty day
pregnant rabbits (gestation is thirty-one days). Both baroreflex gain (Figure 8A, Table
5) and insulin sensitivity (Table 5), were decreased during pregnancy and these two
parameters were correlated in non-pregnant and near term pregnant rabbits (Figure 8B,
r’=0.59). In addition, as previously described (Brooks et al., 1997; Quesnell and
Brooks, 1997; Brooks et al., 2001b; Brooks et al., 2002), pregnancy was characterized

by decreased basal mean arterial pressure and baroreflex maximum heart rate,

Table 5
Baroreflex and basal parameters and insulin sensitivity in non-

pregnant and near term pregnant rabbits.

Non-Pregnant (n=21) Pregnant (n=14)

Basal Mean Arterial Pressure (mmHg) 65+ 1 ST XL
Basal Heart Rate (bpm) 1572 183 +£7*
Maximum Heart Rate (bpm) 303+4 276 6 *
Minimum Heart Rate (bpm) 131£3 158 +£6*

BPs; (mmHg) 63:+1 54+£1%

Maximum Gain (bpm/mmHg) 50+£1 152
Insulin Sensitivity (mg dextrose/kg/min) 99+0.3 45+03*

* Significantly different from Non-Pregnant (p<0.05)
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Figure 8
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Pregnancy decreases baroreflex gain, which is correlated to insulin sensitivity. A)
Mean baroreflex curves from non-pregnant (n=21) and twenty-nine to thirty day
pregnant rabbits (n=14) from protocol 1. Squares represent basal mean arterial
pressure and heart rate. B) Correlation between insulin sensitivity and baroreflex gain

in the same rabbits from A. ? =0.59.

increased basal and baroreflex minimum heart rate, and a resetting of the baroreflex

curve to lower pressure (reduced the BPsq, Figure 8A, Table 5).
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Protocol 2) Time-course

If the fall in baroreflex gain is associated with a decrease in insulin sensitivity, then the
changes in these two variables during pregnancy should exhibit similar time-courses.
Baroreflex gain was decreased significantly at three and four weeks of gestation (Figure
9A, Table 6). Insulin sensitivity fell at the same time (Figure 9A, Table 6), and these
changes were correlated (Figure 9B, > =0.38). Linear regression analysis of insulin
sensitivity and baroreflex gain in individual animals at the four time points yielded
correlations coefficients (r°) ranging from 0.43-0.86 (mean = 0.65 + 0.8). Other
baroreflex and basal cardiovascular parameters were not significantly altered until four
weeks of gestation, at which time changes were generally similar to those observed in

protocol 1 (Table 6).

Table 6

two-week, three-week, and four-week pregnant rabbits.

Baroreflex and basal parameters and insulin sensitivity in non-pregnant, and

Non- 2 Weeks 3 Weeks 4 Weeks

Pregnant Pregnant Pregnant Pregnant

Basal Mean Arterial Pressure (mmHg) 65+2 64 +3 63+2 55+2¢%
Basal Heart Rate (bpm) 1575 160+ 5 162+12 | 183+ 14*%
Maximum Heart Rate (bpm) 208 +4 284+ 10 294 + 14 282 +20
Minimum Heart Rate (bpm) 1355 135+ 11 137+ 12 158 £ 15

BPs, (mmHg) 6412 63+3 61+2 53£2%

Maximum Gain (bpm/mmHg) 76 £12 5810 32+7* 16 £4*
Insulin Sensitivity (mg dextrose/kg/min) | 10.1+06 | 92+1.1 [63+05% | 50+09*

* Significantly different from Non-Pregnant (p<0.05)
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Baroreflex gain and insulin sensitivity decrease with similar time-courses. A) Time-
course of changes in baroreflex gain and insulin sensitivity throughout pregnancy in
rabbits (n=5). * Signifies significant decrease (p<0.05) compared to non-pregnant
(week 0). B) Correlation between insulin sensitivity and baroreflex gain in rabbits

from A. r* =0.38.
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Protocol 3) Effects of rosiglitazone treatment

If the decrease in insulin sensitivity is coupled to the impaired baroreflex gain

during pregnancy, then improving insulin sensitivity should normalize baroreflex gain.

Treatment of rabbits with the insulin-sensitizing drug, rosiglitazone, throughout

pregnancy increased insulin sensitivity compared to untreated pregnant animals (Figure

10, Table 7); however, rosiglitazone did not completely reverse the pregnancy-induced

decrease in insulin sensitivity (Figure 10, Table 7). Rosiglitazone similarly increased

baroreflex gain in pregnant rabbits compared to untreated pregnant animals, but gain

still remained below the values of non-pregnant rabbits (Figure 10, Table 7).

Rosiglitazone exerted no other effects on basal or baroreflex-mediated cardiovascular

Table 7

Baroreflex and basal parameters and insulin sensitivity in rabbits in the non-

pregnant, control pregnant and rosiglitazone-treated pregnant states.

Pregnant Preguant
Non-Pregnant & Rosiglitazone-
Control

Treated

Basal Mean Arterial Pressure (mmHg) 66 +2 ST+£2% 58 £2%
Basal Heart Rate (bpm) 162 +2 204+ 12* 192 £9*
Maximum Heart Rate (bpm) 3085 298 +8 298 +4
Minimum Heart Rate (bpm) 1395 176 £ 6 * 170 £ 6 *
BPs, (mmHg) 65+2 54 £2 % 56+2*
Maximum Gain (bpm/mmHg) 68+9 15+ 3% 42477

Insulin Sensitivity (mg dextrose/kg/min) 9.8+04 3 7+02* 7.6£05%7

* Significantly different from Non-Pregnant (p<0.05)

y Significantly different from Pregnant Control (p<0.05)
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Figure 10
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Rosiglitazone improves insulin sensitivity and baroreflex gain during pregnancy. A)
Mean baroreflex curves from rabbits (n=5) in the non-pregnant, untreated pregnant
and rosiglitazone-treated pregnant states. Squares represent basal blood pressure and
heart rate. B) Bar graph illustrating insulin sensitivity and baroreflex gain from the

groups in A. * indicates significantly different (p<0.05) from non-pregnant. *

indicates significantly different (p<0.05) from untreated pregnant.

function during pregnancy (Figure 10, Table 7). In non-pregnant rabbits, rosiglitazone

did not alter baroreflex gain or insulin sensitivity (Figure 11, Table 8).
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Table 8

Baroreflex and basal parameters and insulin sensitivity in non-

pregnant rabbits before and after treatment with rosiglitazone.

Non-Pregnant | p 0
Conticl Treated
Basal Mean Arterial Pressure (mmHg) 63+2 60 +2
Basal Heart Rate (bpm) 158+ 4 173 +£17
Maximum Heart Rate (bpm) 296 £ 10 279+ 12 *
Minimum Heart Rate (bpm) 132+9 150+ 14
BPso (mmHg) 62+ 1 58+2
Maximum Gain (bpm/mmHg) 57+20 39+£20
Insulin Sensitivity (mg dextrose/kg/min) 9.7+0.6 102+04

* Significantly different from Non-Pregnant Control

The yogurt vehicle used to administer rosiglitazone also had no effect on
baroreflex function or insulin sensitivity. Rabbits receiving yogurt during pregnancy
exhibited a decrease (p<0.05) in baroreflex gain (from 77 + 20 to 21 + 7 bpm/mmHg)
and insulin sensitivity (from 10.4 + 0.8 to 5.1 £+ 1.0 mg dextrose/kg/min, n=4) similarly
to rabbits receiving no vehicle (from 45 + 9 to 13 £ 2 bpm/mmHg, and from 9.7 £ 0.6 to

4.3 £ 0.3 mg dextrose/kg/min, p<0.05; n=10).
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Figure 11
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Rosiglitazone has no effect on insulin sensitivity or baroreflex gain in non-pregnant
rabbits. Bar graph representing insulin sensitivity (n=5) and baroreflex gain (n=4) in

untreated non-pregnant rabbits and rosiglitazone-treated non-pregnant rabbits.

All values for untreated pregnant rabbits in this study were from a first
pregnancy and all values for rosiglitazone-treated pregnant rabbits were from a second
pregnancy. Therefore, the possibility that the increases in baroreflex gain and insulin
sensitivity were a confound of multiple pregnancies should be considered. However, in
a previous study (Brooks et al., 2002) baroreflex gain was reduced to a similar level
during a second pregnancy (12 + 3 bpm/mmHg, n=>5) as during a first pregnancy (13 +
1 bpm/mmHg, n=3) compared to nonpregnant values (24 + 3 and 19 + 3, respectively).
Also, in one rabbit in the present study, insulin sensitivity was reduced from 10.0 mg
dextrose/kg/min to 4.0 mg dextrose/kg/min during a first pregnancy. During a second

pregnancy insulin sensitivity was decreased similarly to 3.6 mg dextrose/kg/min.
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Protocol 4) Effect of pregnancy on cerebrospinal fluid insulin concentrations

To provide support for the hypothesis that the decrease in brain insulin
concentrations contributes to the decrease in baroreflex gain, we determined if
cerebrospinal fluid insulin concentrations decrease during pregnancy. Insulin levels in
plasma were unaltered during pregnancy (Figure 12) similar to previous reports in the
rabbit (Gilbert et al., 1993). However, pregnancy significantly (p<0.05) decreased

cerebrospinal fluid insulin concentrations from 36 + 9 to 14 + 2 pg/ml (Figure 12).

Figure 12
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Pregnancy decreases concentrations of insulin in the cerebrospinal fluid. Bar graph
representing the concentrations of insulin in the cerebrospinal fluid (n=6) and plasma
(n=7) of rabbits in the non-pregnant and pregnant states. * signifies significantly

different (p<0.05) from non-pregnant.

DISCUSSION

The purpose of this study was to test the association between the decrease in

baroreflex gain during pregnancy and the decreased insulin sensitivity. The new

82



findings are that: 1) baroreflex gain and insulin sensitivity are positively correlated in
non-pregnant and pregnant rabbits, 2) the decline in baroreflex gain exhibits the same
time-course as the decrease in insulin sensitivity, 3) treatment of rabbits with the
insulin-sensitizing drug rosiglitazone throughout pregnancy improves both insulin
sensitivity and baroreflex gain, and 4) pregnancy is associated with reduced
cerebrospinal fluid insulin concentrations. These data support a link between the
reduced baroreflex gain and decreased insulin sensitivity and brain insulin
concentrations during pregnancy.

It has long been known that pregnancy impairs baroreflex gain (Humphreys and
Joels, 1974; Brooks et al., 1995; Heesch and Foley, 2001), and significant research has
been directed at uncovering the mechanism. Our laboratory and others have ruled out a
role for angiotensin IT (O'Hagan et al., 2001; Brooks et al., 2001b; Daubert and Brooks,
2004a; Chapter 2) and nitric oxide (Daubert and Brooks, 2004a; Chapter 2).
Masilamani and Heesch (Masilamani and Heesch, 1997) suggest that the pregnancy-
induced decrease in baroreflex gain is due to increases in a metabolite of progesterone,
allopregnanolone. They reported that infusion of allopregnanolone in virgin rats
decreased baroreflex gain similar to pregnancy (Masilamani and Heesch, 1997).
However, because it is not possible to block the actions of this metabolite and maintain
pregnancy, it remains uncertain if endogenous allopregnanolone is responsible for the
pregnancy-induced decrease in baroreflex gain.

Pregnancy is associated with a progressive decline in insulin sensitivity
(Ciampelli et al., 1998), which may be involved in the impaired baroreflex gain. Insulin

resistance develops secondary to the actions of several hormones elevated during
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pregnancy including glucocorticoids, estrogen, progesterone, placental lactogen and
tumor necrosis factor o (Cousins, 1991; Kirwan et al., 2002; Melczer et al., 2002a).
These hormones may induce insulin resistance by increasing free fatty acid levels
(Guillaume-Gentil et al., 1993; Uryszek et al., 1993; Fortun-Lamothe et al., 1996),
which can inhibit insulin signaling by inducing serine phosphorylation of the insulin
receptor and insulin receptor substrate proteins (Roden, 2004; Jiang and Zhang, 2005).
Based on the association between insulin sensitivity and baroreflex gain in numerous
other conditions (Grassi et al., 1995; Ferrannini et al., 1997; Ciampelli et al., 1998;
Coats et al., 2000; Ryan, 2000; Frontoni et al., 2005), I hypothesized that the decrease
in baroreflex gain during pregnancy is linked to the decrease in insulin sensitivity.

In support of this hypothesis, I found that decreases in both insulin sensitivity
and baroreflex gain were correlated during pregnancy (Figure 8B), similar to the
reduction in insulin sensitivity and baroreflex gain that occurs in obese humans that is
reversed by weight loss (Grassi et al., 1998). I also showed, for the first time in any
condition, that the time-course for the decrease in baroreflex gain matches the decrease
in insulin sensitivity (Figure 9). These two results are in accordance with the
hypothesis that the decrease in insulin sensitivity drives the decrease in baroreflex gain.
However, these correlations, while tight, do not prove a cause and effect. Therefore, I
next tested whether preventing the decrease in insulin sensitivity during pregnancy
prevents the decrease in baroreflex gain.

In the current study, rosiglitazone almost completely prevented the decrease in
insulin sensitivity with pregnancy, and to a similar extent, the reduction in baroreflex

gain. These data strongly implicate insulin resistance as the cause of the baroreflex
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impairment. Interestingly, rosiglitazone did not reverse the effects of pregnancy on
other aspects of baroreflex function such as the increase in minimum heart rate (Table
3, Figure 10A) (Brooks et al., 1995). We have previously demonstrated that the
decrease in baroreflex gain during pregnancy is mediated by reductions in the
sympathetic component of heart rate control whereas the increase in minimum heart rate
is due to decreases in parasympathetic control of heart rate (Brooks et al., 1997). This
implies that the decline in insulin sensitivity is associated with greater impairment of
sympathetic baroreflex control with less change in the parasympathetic nervous system.

Insulin resistant states, such as dogs fed a high fat diet, Zucker fatty rats and
humans with Alzheimer’s disease (Kuusisto et al., 1997), are characterized by
reductions in insulin transport into the brain and in brain insulin concentrations (Stein
et al., 1987; Craft et al., 1998; Kaiyala et al., 2000). In addition, neuronal insulin
signaling may be suppressed (De Souza et al., 2005), thus decreasing the effectiveness
of the insulin that does reach the brain. Insulin increases baroreflex gain when applied
to the dorsal surface of the medulla (Man et al., 1998) or when administered into the
lateral ventricles (Okada and Bunag, 1994). Together with my findings that
cerebrospinal fluid insulin concentrations are decreased during pregnancy, these results
support the hypothesis that the pregnancy-induced decrease in brain insulin
concentration contributes to the decrease in baroreflex gain.

The basis for a link between decreased insulin sensitivity and reductions in
insulin transport into the brain is unclear. Insulin must be transported into the brain
since it is either not made centrally or is made in very low quantities (Banks, 2004).

The majority of insulin in the brain is of pancreatic origin (Banks, 2004); however,
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insulin is a large polypeptide that cannot pass through the blood-brain-barrier unassisted
(Banks, 2004). It has been proposed that insulin gains access to the brain via a receptor-
mediated process in which insulin binds to its receptor on the capillary wall, and this
complex is internalized by endocytosis (Gerozissis, 2003; Woods et al., 2003; Banks,
2004). The insulin/insulin receptor complex is then expelled by exocytosis on the brain
side of the endothelial cell (Gerozissis, 2003; Woods et al., 2003; Banks, 2004). Such a
transport process has been demonstrated in cultured aortic endothelial cells in which
insulin transport across the endothelial cell is blocked by insulin receptors antibodies
(King and Johnson, 1985). Since the endothelial cells of the blood-brain-barrier also
contain insulin receptors and can transport insulin intact from the blood to the brain
(Gerozissis, 2003; Woods et al., 2003; Banks, 2004), this is a likely means by which
insulin gains access to the brain.

It is also not known where insulin might be acting in the brain to increase
baroreflex gain. Insulin receptors are concentrated in several brain regions important in
the control of the autonomic nervous system, including the nucleus of the solitary tract
(NTS), the paraventricular nucleus of the hypothalamus (PVN), and the ventrolateral
medulla (Hill et al., 1986; Werther et al., 1987). Insulin hyperpolarizes neurons,
thereby decreasing their activity (Fadool et al., 2000; O'Malley et al., 2003; O'Malley
and Harvey, 2004). Since inactivation of the PVN enhances baroreflex gain (Chen et
al., 1996b), insulin may act in the PVN to increase gain. Alternatively, insulin may
suppress PVN activity indirectly, by binding to receptors in the arcuate nucleus, since
this hypothalamic site contains high levels of insulin receptors and projects to the PVN

(Silverman et al., 1981; Hill et al., 1986; Werther et al., 1987). Application of insulin
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onto the dorsal medulla results in enhancement of baroreflex gain (Man et al., 1998),
suggesting that insulin might act in the NTS to exert this effect. However,
microinjection of insulin into the NTS decreases the activity of barosensitive neurons
(Ruggeri et al., 2001) and decreases baroreflex gain (McKernan and Calaresu, 1996),
suggesting a possible role for other nuclei in the brain stem (rostral and/or caudal
ventrolateral medulla).

In summary, the results of this study support an association between decreased
insulin sensitivity, reduced brain insulin concentrations and the decrease in baroreflex
gain during pregnancy. It is tempting to speculate that this association may also
underlie the decreased gain observed in a number of other conditions in which insulin

sensitivity is reduced.
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CHAPTER 4

DISCUSSION

The purpose of my research has been to determine what factors contribute to the
pregnancy-induced impairment of baroreflex gain. To this end I have discovered that
the decrease is not due to nitric oxide, alone or in conjunction with angiotensin II, but
may instead be related to the insulin resistance that develops with pregnancy.

Hyperinsulinemia in the absence of hypoglycemia (ie, when blood glucose
levels are clamped) induces increases in lumbar sympathetic nerve activity (Muntzel et
al., 1994b), possibly through actions in the forebrain (Muntzel et al., 1994a). Prior
blockade of angiotensin II production (Muntzel et al., 2001b) or NOS activity (Muntzel
et al., 2001a) prevents this response, suggesting that insulin acts through angiotensin II
and nitric oxide to increase sympathetic activity. However, while I found that the
pregnancy-associated decreases in insulin sensitivity and brain insulin concentrations
were linked to alterations in baroreflex sensitivity, angiotensin II AT, receptor blockade
or inhibition of nitric oxide production did not improve baroreflex gain. Therefore,
angiotensin II and nitric oxide do not appear to contribute to insulin’s actions on
baroreflex gain, at least not during pregnancy.

Is it really the reduction in insulin sensitivity that drives the impaired baroreflex
gain of pregnancy and is the reduction in brain insulin concentrations required for this

effect? The evidence presented in this dissertation is strong but correlative; thus, a
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direct link between decreased brain insulin concentrations and impaired baroreflex gain
has not been established. Indeed, baroreflex gain decreases in parallel to changes in
insulin sensitivity, and rosiglitazone treatment increases both insulin sensitivity and
baroreflex gain; however, some other factor may be causing the decrease in both of
these parameters.

Decreases in insulin sensitivity are always associated with other changes. The
most specific model of insulin resistance in animals is the fructose-fed model (Miller et
al., 1999), which is associated with mild hypertension, hyperinsulinemia, cardiac
hypertrophy, decreased adiponectin and nitric oxide bioavailability, as well as increased
free fatty acids, angiotensin II activity, leptin, and TNFa (Togashi et al., 2002; Miatello
et al., 2004; Li et al., 2005a; Lee et al., 2006). Many of these changes are also seen in
Zucker fatty rats (Van Zwieten et al., 1996; onso-Galicia et al., 1996; Galisteo et al.,
2005) and human type II diabetics (Reusch, 2002; Deinum and Chaturvedi, 2002;
Matsuzawa, 2005). Pregnancy too, is associated with a number of these alterations
(Skinner et al., 1972; Clapp, III and Kiess, 2000; Kirwan et al., 2002; Sivan and Boden,
2003; Fuglsang et al., 2006). These alterations may be a result of insulin resistance,
they may be the cause of the resistance, or both. Three different ways of inducing
insulin resistance (high fructose, obesity, pregnancy) decrease adiponectin and increase
free fatty acids, angiotensin II activity, and TNFa, suggesting that reduced insulin
sensitivity drives these alterations, directly or indirectly. Some of these factors may, in
turn, feed-forward to worsen insulin resistance (Gilbert et al., 1991; Togashi et al.,

2002; Gual et al., 2005).
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Similarly, rosiglitazone is not a specific drug. Besides its effect to reverse
insulin resistance, it also reverses many of the other alterations associated with
decreased insulin sensitivity listed above (Giannini et al., 2004). Therefore, based on
the results of the experiments performed in the studies described in this dissertation, it is
not at this time possible to rule out a role for leptin, TNFa, adiponectin or free fatty
acids.

In order to more definitively prove a role for insulin resistance in the impaired
baroreflex gain of pregnancy, more experiments are needed. There is no specific way to
increase insulin sensitivity since no drug decreases insulin resistance without other
effects; however, if insulin sensitivity is increased in a way distinct from the mechanism
employed by rosiglitazone, this would strengthen the claim. A stronger case could be
made if aerobic exercise during pregnancy, for instance, prevented the decrease in
baroreflex gain in parallel with preventing insulin resistance. Chronic aerobic exercise
increases insulin sensitivity through mechanisms that are not completely understood. It
may involve local effects to increase insulin sensitivity in exercised myocytes (Roberts
and Barnard, 2005), but this cannot account for all the effects of exercise. Increases in
circulating factors also appear to play a part (Dela et al., 1995; Roberts and Barnard,
2005). Exercise decreases free fatty acid levels, leptin and TNFa (Sato, 2000; Clapp,
III and Kiess, 2000; Roberts and Barnard, 2005), which may be part of how it improves
insulin sensitivity. Unfortunately, these factors are also altered by rosiglitazone,
making exercise a less than ideal way to determine if increasing insulin sensitivity via

another mechanism also increases baroreflex gain.
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To more definitively prove that reduced brain insulin concentrations are
responsible for the decrease in baroreflex gain with pregnancy, brain insulin
concentrations following rosiglitazone treatment during pregnancy should be measured.
Rosiglitazone increased baroreflex gain, but it is unknown if this was through
improvements in the transport of insulin into the brain. An increase in brain insulin
concentrations with drug treatment would provide more evidence for a role of brain
insulin in the impaired baroreflex gain of pregnancy.

Administration of insulin intracerebroventricularly during pregnancy would also
provide more information about the role of brain insulin in baroreflex control during
this state. If my hypothesis is true then intracerebroventricular insulin infusion should
improve gain during pregnancy. In addition, mice who lack the neuronal insulin
receptor (Bruning et al., 2000) should exhibit a reduced baroreflex gain in the non-
pregnant state and see no further impairment in gain with pregnancy. Alternatively,
antisense oligonucleotides directed against the brain insulin receptor (Obici et al., 2002)
could be used not only to determine if decreases in brain insulin receptor activation
drive the reduced baroreflex gain during pregnancy, but also to help localize the site of
this alteration in the brain.

If reductions in brain insulin concentrations are not involved in the decreased
gain of pregnancy then it would appear that some factor closely related to insulin
sensitivity can be implicated. Such factors include TNFa, free fatty acids, and leptin.
Free fatty acids can decrease baroreflex gain (Gadegbeku et al., 2002) but this may be

through alterations in insulin sensitivity (Gilbert et al., 1993). Leptin is probably not
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involved since infusion of this protein does not impair baroreflex gain (Hausberg et al.,
2002).

Although the data presented here are correlative, and I have not ruled out a role
for other factors, these results are the first to show a temporal relationship between
insulin sensitivity and baroreflex gain in any condition. It is also the first to show that
rosiglitazone treatment can increase baroreflex gain, presumably through increases in
insulin sensitivity. If insulin sensitivity drives the decrease in baroreflex gain during

pregnancy, it may play a role in other pathophysiological conditions as well.

SUMMARY AND CONCLUSIONS

In summary, I tested the following hypotheses: 1) Increased nitric oxide activity
during pregnancy inhibits baroreflex gain and this action is dependent on angiotensin II.
2) Pregnancy decreases baroreflex gain by altering the balance of nNOS in different
brain regions. 3) Insulin resistance during pregnancy produces falls in brain insulin
concentrations leading to decreased baroreflex gain. My major novel findings were that
1) blockade of nitric oxide production and/or AT, angiotensin II receptors does not
improve baroreflex gain in pregnant or non-pregnant rabbits, 2) maintenance of constant
angiotensin II levels does not change the effect of NOS blockade, 3) nNOS levels are
not altered in the PVN, RVLM, CVLM, or NTS during pregnancy, 4) baroreflex gain
and insulin sensitivity are correlated in non-pregnant and term-pregnant rabbits, 5)
insulin sensitivity and baroreflex gain decrease at the same time-point during
pregnancy, 6) treatment of rabbits with rosiglitazone throughout pregnancy almost

completely prevents insulin resistance and impaired baroreflex gain, and 7) pregnancy
92



decreases brain insulin concentrations. Based on these findings, I conclude that
pregnancy may decrease baroreflex gain by inducing insulin resistance and reducing

brain insulin concentrations independent of changes in angiotensin II and nitric oxide.
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APPENDIX
NITRIC OXIDE IMPAIRS BAROREFLEX GAIN DURING ACUTE

PSYCHOLOGICAL STRESS

ABSTRACT

Psychological stress suppresses baroreflex function, but the mechanism has not
been fully elucidated. Nitric oxide and glucocorticoids increase during stress and have
been shown to suppress reflex gain in unstressed animals. Therefore, the purpose of
this study was to test the hypothesis that stress, caused by exposure to a novel
environment, decreases baroreflex gain in rabbits through the actions of nitric oxide to
increase corticosterone release. Baroreflex control of heart rate and plasma
corticosterone levels were quantified before and after blockade of nitric oxide synthase
(NOS) with No-nitro-L-arginine (20mg/kg, i.v.) in conscious rabbits exposed to a novel
environment and the same rabbits once they had been conditioned to the environment.
Stress significantly reduced baroreflex gain from —23.4 + 2 to —12.2 * 1.6 beats per min
(bpm)/mmHg (p<0.05) and increased plasma corticosterone levels from 5.4 £ 0.7 to

15.5 £ 5.0 ng/ml (p<0.05). NOS blockade increased gain in stressed animals (to -27.2 +

141



5.4 bpm/mmHg, p<0.05) but did not alter gain in unstressed rabbits (-26.8 + 4.9
bpm/mmHg), such that gain was equalized between the two states. NOS blockade
increased plasma corticosterone levels in unstressed animals (to 14.3 + 2.1 ng/m],
p<0.05) but failed to significantly alter levels in stressed rabbits (14.0 + 3.9 ng/ml). In
conclusion, psychological stress may act via nitric oxide, independently of increases in

corticosterone, to decrease baroreflex gain.

INTRODUCTION

Psychological stress can exert profound effects on the cardiovascular system,
causing increases in sympathetic activity, blood pressure, and heart rate [for review see
(Perna et al., 1997)] and decreases in the sensitivity or gain of the baroreflex (Steptoe et
al., 1993; Steptoe et al., 1996; Fauvel et al., 2000; Mezzacappa et al., 2001). Persistent
psychological stress may be a contributing factor to hypertension and heart failure (Esch
et al., 2002); acute stress is linked with myocardial infarction (Gullette et al., 1997,
Stalnikowicz and Tsafrir, 2002). Interestingly, these diseases are also associated with
decreases in baroreflex gain (Atherton et al., 1999; Cat et al., 2001), and, in the case of
myocardial infarction, a decrease in baroreflex gain is linked to an increased death rate
(Billman et al., 1982; Schwartz et al., 1988). Importantly, improving baroreflex gain
leads to decreased mortality in these patients (La Rovere et al., 2002). Despite the
potential deleterious effects of stress-induced decreases in baroreflex gain, relatively
little is known about the mechanism.

Indirect evidence suggests that nitric oxide, a gaseous neurotransmitter, may be

involved. Endogenous nitric oxide can act in the brain to modulate central control of
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the cardiovascular system [see (Krukoff, 1999) for review] and can decrease baroreflex
gain (Liu et al., 1996; Murakami et al., 1998; Paton et al., 2001). Acute stress increases
the activity of neurons containing nitric oxide synthase (NOS) activity in brain regions
involved in cardiovascular regulation (Hatakeyama et al., 1996; Krukoff and Khalili,
1997). In addition, in rats, acute stress increases nitric oxide production in the brain
stem and hypothalamus, in particular the paraventricular nucleus (PVN) (Kawa et al.,
2002; Cherney et al., 2003). A positive correlation exists between the increase in nitric
oxide in the PVN and the increase in blood pressure during stress (Kawa et al., 2002).

In addition to central actions, stress-induced nitric oxide may also act
peripherally to alter the cardiovascular system. Nitric oxide production is increased in
the adrenal cortex during stress (Tsuchiya et al., 1997) and can stimulate the release of
corticosterone from isolated rat adrenals (Rettori et al., 2003; Mohn et al., 2005). Since
glucocorticoids can decrease baroreflex gain (Scheuer and Bechtold, 2002), nitric oxide
may exert it effects in part through increased glucocorticoid production. Despite these
data, the role of nitric oxide synthesis in the decrease in reflex gain caused by stress has
not been previously investigated.

Therefore, we tested the hypothesis in conscious rabbits that acute stress caused
by exposure to a novel environment decreases baroreflex gain via a nitric oxide-
mediated mechanism and that part of this mechanism involves increased plasma
corticosterone levels. To test this hypothesis, we determined if rabbits exhibited a
lower baroreflex gain on the first day they were placed in a testing box (stressed),

compared to their baroreflex gain after conditioning to the box (unstressed). We also
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determined if systemic blockade of NOS in stressed rabbits decreased plasma

corticosterone levels as it restored baroreflex gain.

METHODS

All studies were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the Oregon
Health & Science University Institutional Animal Care and Use Committee.

Female (n = 10) New Zealand White rabbits (Western Oregon Rabbit;
Philomath, OR) weighing 3.7 =+ 0.1 kg on the first experimental day were used for these
experiments. The rabbits were received when they were fourteen weeks old, and

allowed a minimum of six days to acclimate to the laboratory environment before

surgery.

Surgical preparation

Surgery was performed to implant non-occluding abdominal aortic and vena
caval catheters as previously described (Gronan et al., 1983). Briefly, the animals were
initially anesthetized with a cocktail containing ketamine (58.8 mg/kg), xylazine
(5.9 mg/kg), and acepromazine (1.2 mg/kg) administered subcutaneously. They were
intubated, placed on a respirator, and ventilated with 100% oxygen throughout the
surgery. A surgical plane of anesthesia was maintained with ketamine (10mg/ml) that
was administered intravenously as needed. A midline abdominal incision was made in

all rabbits and polyethylene catheters with Silastic tips were implanted in the abdominal
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aorta (one) and vena cava (two). The catheters were tunneled subcutaneously from the
abdominal cavity, and exited at the nape of the neck.

After a minimum 2-wk recovery period, a second surgery was performed to
implant a vena caval occluder. Rabbits were initially anesthetized with ketamine
(250mg, s.c.), intubated, placed on a respirator and ventilated with 100% oxygen; a
surgical plane of anesthesia was maintained with isoflurane (2%). An occluder was
implanted around the thoracic inferior vena cava via a right thoracotomy through the
fifth intercostal space. The distal end of the occluder again exited at the nape of the
neck, and the incision was closed in layers.

The ends of the occluder and catheters were protected in a plastic pillbox, which
was sutured to the rabbits' skin. The rabbits were given an intramuscular injection of
enrofloxacin (22.7 mg) just before each surgery and intravenous injections for the four
days following surgery. The animals also received buprenorphine hydrochloride
(0.09 mg s.c.) two to three hours after surgery, and again the next day to minimize pain.
The catheters were flushed immediately after surgery and then three times weekly with

the use of sterile 0.9% saline, and filled with heparin (1,000 U/ml) to maintain patency.

Baroreflex curve generation

On the experimental day, the rabbits were placed in a 37x17x21 cm black
Plexiglas box, with screened openings to prevent overheating, and were allowed
approximately thirty minutes to settle. Mean arterial pressure and heart were measured
continuously via the aortic catheter using a Statham pressure transducer, a Grass

tachometer, Grass polygraph and a Biopac (Santa Barbara, CA) MP100 data acquisition
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and analysis system. To determine the baroreflex relationship between mean arterial
pressure and heart rate, and to ensure steady-state changes in both the sympathetic and
parasympathetic nervous system (Coleman, 1980), a slow ramp method of altering
mean arterial pressure was performed. Arterial pressure was lowered via inflation of the
occluder around the vena cava until heart rate reached maximum values. Mean arterial
pressure was lowered at a rate of 0.51 + 0.07 mmHg/second, and this part of the
baroreflex curve was generated in 57 + 5 seconds. Mean arterial pressure was raised by
infusing increasing doses of phenylephrine (0.5, 1, 2, 4, and 8 pg/kg/min), increasing
the dose every fifteen seconds until mean arterial pressure was increased by twenty
mmHg over basal (Brooks et al., 2002). This took 59 + 4 seconds. Therefore, the entire
curve was generated in 116 + 7 seconds. More than one occluder inflation was
performed in each experiment and at least ten minutes was allowed between each

inflation to allow mean arterial pressure and heart rate to return to basal conditions.

Protocol

In order to eliminate the physical stress of surgery as a contributing factor, two
weeks were allowed after the final surgery before first exposure to the experimental
Plexiglas box. In most rabbits, this first exposure to a novel environment was stressful
as indicated by a heart rate higher than 170 bpm. Only rabbits that exhibited this high
heart rate were considered stressed. Baroreflex curves were then generated in five
rabbits before and 105-120 minutes after a bolus intravenous administration of the non-

specific NOS inhibitor No-nitro-L-arginine (L-NNA, 20 mg/kg).
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Following this experiment, rabbits were conditioned to the environment of the
experimental box by placing them in the box for two to five hours a day for at least five
days. Some rabbits required longer conditioning periods of up to four weeks. Rabbits
were considered conditioned and unstressed when heart rate was less than 170 bpm. At
this point the experiment was repeated, and baroreflex curves were again generated

before and 107-144 min after the administration of L-NNA.

Plasma corticosterone measurements

To determine if blockade of nitric oxide production returns plasma
corticosterone levels to normal during stress blood samples were collected from five
additional rabbits for plasma corticosterone measurements. Samples (3 ml) were drawn
from the arterial catheter while the animals were resting quietly before and 120 minutes
after L-NNA on the first day they were placed in the experimental box. Samples were
also collected after they had been conditioned to the box. Again, conditioning lasted
one to four weeks, until resting heart rate was less than 170 bpm. Blood was replaced
with an equal volume of sterile isotonic saline. Samples were placed into chilled
heparinized tubes and centrifuged at 4°C. Plasma was stored at -20°C until assayed.
Corticosterone levels were determined by the Endocrine Services Laboratory of the

Oregon National Primate Research Center by radioimmunoassay. Fifty ul of rabbit
serum was first diluted in 950 pl of redistilled ethanol. The samples were centrifuged to

pellet precipitated proteins, and 50 and 100 pl of ethanol aliquots were dried in 13 x 100

mm assay tubes using room air. Radioimmunoassay of these reconstituted samples
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used a corticosterone antisera as described previously (Gruenewald et al., 1992).
Solvent blanks were routinely less than 5 pg/tube and the intra- and inter-assay

coefficients of variation did not exceed 9%.

Data analysis

Data for the baroreflex curves were collected at 200 Hz and processed using a
Biopac (Santa Barbara, CA) MP100 data acquisition and analysis system. Raw data
were grouped into one-second bins from which mean values were obtained. Since more
than one curve was generated using the vena caval occluder, curves that were free from
movement artifact and exhibited the best sigmoidal fit were selected for further analysis
(see figure insets for representative curves). Often the basal mean arterial pressures
and heart rates before the pressor (phenylephrine) part of the reflex curve were slightly
different from the depressor (occluder) part. When this occurred, to avoid erroneous
measurements of baroreflex gain, half of the pressure difference was added to all
pressure values in the segment with the lower basal pressure and half the difference was
subtracted from the pressures in the segment with the higher pressure, so that the two
segments were aligned, as previously described (Dorward et al., 1985). The same was
done for heart rate.

The sigmoidal baroreflex relationships between mean arterial pressure and heart

rate generated in each experiment were fitted and compared using the Boltzmann

sigmoidal equation (heart rate=A+B/1+ e(C-mean arterial pressure)/D where A equals
the baroreflex-induced minimum heart rate, B equals the baroreflex-induced heart rate

range, C equals the mean arterial pressure at the midpoint between the baroreflex-
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induced minimum and maximum heart rate, and D is the slope coefficient). Maximum
gain was calculated by dividing the heart rate range by four times the slope coefficient.
Because of the exponential nature of baroreflex gain and the high variability of plasma
corticosterone levels in stressed animals, the log of these parameters were used for
statistical analysis.

Basal mean arterial pressures, heart rates, curve fitting parameters, and plasma
corticosterone levels were compared between groups using ANOVA for repeated
measures and the post-hoc Bonferroni test. All data are reported as mean + standard
error mean. In the figures, the sigmoidal curves derived from the averaged parameters

are shown along with basal points + standard error mean.

RESULTS

Effects of stress

Animals exposed to the novel environment exhibited a higher basal mean
arterial pressure (73 £ 4 mmHg, p<0.05), heart rate (185 + 6 bpm, p<0.05) and plasma
corticosterone levels (15.5 = 5.0 ng/ml, p<0.05) compared to after conditioning (65 £ 2
mmHg, 159 + 3 bpm, 5.4 + 0.7 ng/ml). Baroreflex gain (Table 1, Figure 1A) was
suppressed in the rabbits when they were first exposed to the experimental environment,
compared to after conditioning. Stress also increased the midpoint of the baroreflex

curve (BPsp) and the minimum heart rate (Table 1, Figure 1A).
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Table 1

Effects of stress and L-NNA on logistic parameters

Unstressed Stressed
Control L-NNA Control L-NNA
Maximum Gain (bpm/mmHg) | -23.4+2.6 | -268+4.9 | -122+1.6" | -27.2+ 54"
BPs, (mmHg) 61.6+59 | 72.5+2.9* | 65.9+23" | 73.9+2.0°
Maximum Heart Rate (bpm) 274+ 5 3027 29449 290+ 11
Minimum Heart Rate (bpm) 1523 113 + 3 175+ 3" 117 +2°

"p<0.05, unstressed versus stressed

*p<0.05, before versus after L-NNA

Effects of NOS blockade on the baroreflex control of heart rate and on corticosterone
levels

The effect of L-NNA on baroreflex control of heart rate was examined in the
same rabbits in the stressed and unstressed state. L-NNA increased basal mean arterial
pressure (p<0.05) and decreased basal heart rate (p<0.05) in animals in both the stressed

(mean arterial pressure to 84 + 2 mmHg; heart rate to 118 + 3 bpm) and unstressed

states (mean arterial pressure to 80 + 3 mmHg; heart rate to 116 £+ 3 bpm). After L-
NNA, basal mean arterial pressure and heart rate were not different between the stressed
and unstressed states (Figure 1B).

Blockade of NOS in stressed animals increased baroreflex gain (Table 1, Figure
2B); however, there was no effect of NOS blockade on baroreflex gain in unstressed

animals (Table 1, Figure 2A). In animals in both the unstressed and stressed states,
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Figure 1
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Acute psychological stress decreases baroreflex gain in rabbits which is ameliorated
by nitric oxide synthase blockade. Effect of stress on the mean (n=5) baroreflex
control of heart rate in rabbits before (A) and after (B) blockade of nitric oxide

synthase (L-NNA). Inset demonstrates representative baroreflex curves from one

rabbit.

NOS blockade decreased the minimum heart rate and increased the BPs (Table, Figure
2). After L-NNA, baroreflex curves were superimposable, and baroreflex parameters in
the stressed and unstressed states were not different (Table 1, Figure 1B). Blockade of

NOS did not decrease corticosterone levels in stressed animals (14.0 £ 3.9 ng/ml). L-
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NNA administration in unstressed rabbits increased plasma corticosterone levels (to

14.3 + 2.1 ng/ml, p<0.05).

Figure 2

stressed (B) states (n=5).
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Nitric oxide blockade increases baroreflex gain in stressed rabbits, with no effect on
gain in unstressed animals. Effect of nitric oxide synthase blockade (L-NNA) on

the mean (n=>5) baroreflex control of heart rate in rabbits in the unstressed (A) and

representative baroreflex curves from one rabbit.

Same curves from Figure 1. Inset demonstrates
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DISCUSSION

The purpose of this study was to investigate the role of nitric oxide in the
decrease in baroreflex gain during psychological stress. The novel findings are 1) acute
psychological stress decreases gain in rabbits, 2) this decrease is completely reversed by
blockade of NOS, and 3) blockade of NOS increases corticosterone levels in unstressed
but not stressed rabbits. These data support the hypothesis that stress decreases
baroreflex gain through actions of nitric oxide, but that these actions are independent of
changes in corticosterone release.

Previous studies have shown that exposure to a novel environment induces
stress in rats as demonstrated by an increased mean arterial pressure and heart rate (van
Den et al., 2002), as well as increased plasma corticosterone levels (Marquez et al.,
2005). Rabbits exhibit similar responses, including increases in mean arterial pressure,
heart rate and plasma corticosterone levels on the first day they were placed in the
experimental box as compared to when they had been conditioned. In addition, we
observed that this stress was associated with depressed baroreflex gain.

Several previous studies have investigated the effects of acute stress on
baroreflex gain in humans (Steptoe et al., 1993; Sawada, 1993; Steptoe et al., 1996; Al
Kubati et al., 1997), rats (Hatton et al., 1997; Porter, 2000) and rabbits (Schadt and
Hasser, 1998). While many of the human studies demonstrated a decrease in baroreflex
gain with stress, studies in rats and rabbits usually reported no change or an increase in
baroreflex gain. The discrepancy between the present study and the previous study of
Schadt et al. (Schadt and Hasser, 1998), who found no effect of stress on baroreflex

gain in rabbits, may be due to differences in the type of stress employed. The earlier
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study examined the effects of airjet and shaker stress, which may evoke different
emotional responses than that of exposure to a novel environment. Sawada et al.
(Sawada, 1993) found that various types of stress differentially altered baroreflex gain
in humans. Exposure of their subjects to intermittent pink noise or the cold pressor test
caused a decrease in gain, whereas isometric handgrip and mental arithmetic did not
affect gain.

Another difference between the current study and previous studies in rabbits and
rats was the method used to generate baroreflex curves. Schadt et al. (Schadt and
Hasser, 1998) and Hatton et. al. (Hatton et al., 1997) quantified heart rate responses to
rapid changes in blood pressure produced by bolus injections of phenylephrine and
nitroprusside. Rapid pressure changes may not allow enough time for the sympathetic
nervous system to completely respond, so that primarily vagal-mediated alterations in
heart rate are observed (Coleman, 1980). In the current study, occluder inflations and
phenylephrine infusions were purposely performed slowly to allow complete
sympathetic activation and withdrawal.

The major purpose of the present study was to determine the mechanism by
which stress decreases baroreflex gain. Previous studies have shown that NOS activity
can decrease baroreflex gain (Minami et al., 1995; Liu et al., 1996; Kumagai et al.,
1997; Paton et al., 2001; Brady et al., 2002), but this study is the first to demonstrate
that nitric oxide underlies impaired baroreflex function during stress. In fact, after NOS
blockade, baroreflex curves of animals in the stressed and unstressed state were
superimposable, suggesting that stress-induced increases in NOS activity may be

entirely responsible for the decrease in baroreflex gain.
154



One potential site of action of nitric oxide is the adrenal cortex. Immobilization
stress increases NOS mRNA and protein levels as well as NOS enzyme activity in the
adrenal cortex of rats (Tsuchiya et al., 1997). Moreover, nitric oxide contributes to
increased glucocorticoid release in response to adrenocorticotrophic hormone (ACTH)
(Mohn et al., 2005), which is increased by stress. Scheuer et al. (Scheuer and Mifflin,
2001; Scheuer and Bechtold, 2002) report that administration of corticosterone in rats
decreases baroreflex gain. In addition, blockade of cortisol production in humans
before exposure to a stressful stimulus prevented the decrease in baroreflex gain
normally observed (Broadley et al., 2005). Therefore, we hypothesized that blockade of
NOS could improve gain in stressed animals in part by decreasing adrenal
glucocorticoid production.

The current study did not support this hypothesis, however. While stress
increased corticosterone levels, blockade of NOS did not reverse this response.
Moreover, NOS blockade increased plasma corticosterone levels in unstressed animals.
These paradoxical findings likely reflect the complex interactions between nitric oxide,
ACTH and adrenal glucocorticoid production in vivo. In mice, systemic blockade of
NOS also increased plasma ACTH and corticosterone levels (Giordano et al., 1996),
demonstrating that nitric oxide tonically suppresses basal ACTH/glucocorticoid release.
On the other hand, nitric oxide has been reported to both enhance and inhibit ACTH
responses to stress [for reviews, see (Riedel, 2000; Rivier, 2001)]. It has been
suggested that the ultimate response is determined by the balance between opposing
actions of nitric oxide, which in turn are influenced by the type and intensity of stress

(Rivier, 2001). Because NOS blockade did not alter plasma corticosterone levels in
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rabbits exposed to a novel environment, it appears there is little net effect of nitric oxide
on these divergent pathways.

Nitric oxide synthase inhibitors such as L-NNA can cross the blood-brain-
barrier to inhibit NOS in the brain (Traystman et al., 1995; Rivier, 2001). Therefore, L-
NNA may increase baroreflex gain during stress by blocking the effects of nitric oxide
in the brain. Both the PVN (Chen et al., 1996; Hwang et al., 1998; Jiang et al., 2005)
and nucleus of the solitary tract (NTS) (Machado, 2001) are known to influence gain.
Moreover, NOS-containing neurons in both brain regions are activated following stress
(Krukoff and Khalili, 1997). Stress increases PVN nitric oxide production and NOS
mRNA levels (Calza et al., 1993; Kishimoto et al., 1996; Kawa et al., 2002; Cherney et
al., 2003), and nitric oxide can act in the NTS (Paton et al., 2001; Waki et al., 2003;
Smith et al., 2005) to decrease baroreflex gain. Thus, either or both of these brain
regions may be involved, but further experiments are required to test this hypothesis.

In conclusion, exposure of rabbits to a novel environment decreases baroreflex
gain, which is mediated by actions of nitric oxide independent of changes in

corticosterone levels.

Perspectives

Cardiovascular disease is the leading cause of morbidity and mortality in
developed countries (Lopez, 1993), and psychological stress is a known risk factor for
cardiovascular disease (Frasure-Smith, 1991; Rosengren et al., 1991), but the
mechanism for this link is not clear. Acute stress can increase sympathetic nerve

activity, blood pressure, and heart rate (Perna et al., 1997) thus increasing the load on
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the heart and perhaps contributing to cardiovascular disease. Changes in baroreflex
sensitivity may also play a role in the pathogenesis of this disease since a decrease in
baroreflex sensitivity has been suggested as a predictive factor in the mortality
following a myocardial infarction (Billman et al., 1982; Schwartz et al., 1988). This
study provides a possible mechanism for the decreased baroreflex gain during an acute
psychological stress. Stress is often an unavoidable fact of life and understanding the
mechanisms behind the deleterious effects of psychological stress can lead to possible

therapeutic interventions to reduce morbidity and mortality.
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