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Abstract

Adrenomedullin (ADM) is a neuropeptide that acts in the central nervous system (CNS)
to regulate blood pressure. An ADM receptor is composed of receptor activity modifying
protein 2 (RAMP-2) and calcitonin receptor like receptor (CRLR). We used in situ
hybridization to localize RAMP-2 mRNA, and performed RT-PCR to detect CRLR
mRNA. RAMP-2 is expressed in numerous areas, including autonomic nuclei. Many
regions expressing RAMP-2 mRNA also express a low level of CRLR mRNA. Next, we
examined changes in the expression of RAMP-2 and preproADM in the brain in response
to blood pressure manipulations. Rats received intravenous infusion of nitroprusside or
phenylephrine, to decrease or increase blood pressure, respectively. Decreased blood
pressure caused an increase in RAMP-2 mRNA levels in the nucleus of the solitary tract
(NTS), and a decrease in preproADM signal in the paraventricular nucleus (PVN).
Increased blood pressure caused a decrease in RAMP-2 signal in the PVN and NTS. The
CNS distribution and modulation of ADM signaling components are consistent with the

role of ADM in the regulation of autonomic function.
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CHAPTER 1

INTRODUCTION



1.1  Overview

Adrenomedullin (ADM) is a 52 amino acid neuropeptide with both humoral and
neuroendocrine effects. In the peripheral vasculature, ADM has a profound effect on
blood pressure, both through its actions as a potent vasodilator, and through its diuretic
and natriuretic actions (Hinson et al., 2000). In addition, ADM is produced in the central
nervous system (CNS), where it acts to regulate blood pressure, feeding, salt appetite, and
water balance (Hinson et al., 2000; Shan and Krukoff, 2001a). A recently characterized
receptor complex for ADM is found in many tissues, including the brain. Previous reports
outlining the CNS distribution of components of this ADM receptor complex are not
consistent with data concerning the physiological effects of ADM in the brain (Fluhmann
et al., 1997; Oliver et al., 1998; Ueda et al., 2001; Oliver et al., 2001). We have
undertaken experiments aimed at resolving this conflict between the physiology of ADM
and the CNS distribution of ADM signaling components. We accomplished this by first
localizing messenger ribonucleic acid (mRNA) expression of ADM signaling
components, then analyzing changes in levels of mRNA expression in response to

changes in blood pressure.

1.2 Synthesis and Secretion of ADM

Adrenomedullin is synthesized from a 185 amino acid prepro-form,
preproadrenomedullin (ppADM). Another vasoactive peptide, proadrenomedullin N-
terminal 20 peptide (PAMP), is also derived from ppADM (Kitamura et al., 1993b).
Although both peptides have similar biological activities, they can be differentially

regulated (Uemura et al., 2002). PAMP has been suggested to act through different



central mechanisms from ADM to influence blood pressure (Samson et al., 1998), and to
act on a bombesin receptor to elevate blood glucose (Ohinata et al., 2001). Figure 1.1
illustrates the processing of ADM and PAMP from the ppADM gene. ADM contains an
amidated tyrosine at the carboxy terminus, and a disulfide bridge between residues 16
and 21 (Kitamura et al., 1993a). The disulfide bridge is typical of members of the
calcitonin peptide family, which includes ADM, calcitonin, calcitonin gene-related
peptide (CGRP), and amylin.

ADM is produced in a wide variety of tissues (Table 1.1), including the adrenal
gland, heart, lung, kidney, blood vessels, and brain (Jougasaki and Burnett, Jr., 2000). In
vascular smooth muscle cells, ADM is constitutively secreted (Minamino et al., 2002).
Radioimmunoassays have shown that the concentration of ADM in human plasma is ~3
pmol/L (Nagata et al., 1998; Hinson et al., 2000). However, the actual concentration may
be higher, as plasma radioimmunoassay may underestimate ADM concentration, due to
the presence of an ADM binding protein, Factor H, in the bloodstream. Factor H may
lower the available ADM in assays of plasma ADM (Pio et al., 2002). The ADM binding
protein can enhance ADM function, as observed in fibroblasts, where the cyclic
adenosine 3°,5’-monophosphate (cAMP) stimulation by ADM is enhanced in the
presence of Factor H (Pio et al., 2001b).

The synthesis and secretion of ADM is regulated by numerous physiological
factors. For example, it has been reported that cortisol, aldosterone, retinoic acid, and
thyroid hormone stimulate ADM production (Hinson et al., 2000). Cytokines can increase
secretion of ADM, both through nitric oxide (NO) activation, and through an NO

independent mechanism (Hofbauer et al., 2002). Shear stress has been shown to increase
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Figure 1.1: Processing of ADM and PAMP from the ppADM gene. The peptides are
initially synthesized as ppADM, before enzymatic cleavage produces the mature forms of

ADM and PAMP. [Modified from Shan J (2000)]



Table 1.1: Concentrations of ADM in rat tissues

Region ADM (fmol/mg wet tissue)
Brain 0.11+£0.01
Cerebellum 0.08 = 0.01
Pituitary gland 1.12+0.25
Submandibular gland 0.58 £0.1
Thyroid gland 0.96 +0.12
Cardiac atrium 9.21 £1.48
Cardiac ventricle 0.29+0.05
Aorta 0.12+0.03
Lung 13.5+2.8
Adrenal gland 122+0.9
Kidney 0.32+0.05
Spleen 0.22 +£0.02
Stomach 0.51+0.08
Duodenum 0.25+0.02
Jejunum 0.2+0.02
Ileum 0.25+0.03
Cecum 0.52+0.12
Colon 0.45+0.05
Pancreas 0.14+0.02
Liver 0.14 £0.01
Testis 0.15+0.03
Muscle 0.07+0.01
Plasma 3.60+0.34

Data are mean + S.D. (Sakata et al., 1994; Sakata et al., 1998)



(Chun et al., 1997; Dschietzig et al., 2001), or decrease (Shinoki et al., 1998) secretion of
ADM. Lipopolysaccharide (LPS), a component of gram negative bacterial cell walls, can
stimulate ADM production, even in the absence of cardiovascular changes (Yang et al.,

2001).

1.3  ADM Receptors

ADM belongs to a family of related peptides, including calcitonin, CGRP, and
amylin (Hinson et al., 2000). Recent experiments have shown that both ADM and CGRP
act on the same receptor system, composed of the metabotropic calcitonin-receptor-like
receptor (CRLR), and additional subunits, called receptor-activity-modifying proteins
(RAMPs) that convey ligand specificity (McLatchie et al., 1998; Christopoulos et al.,
1999; Sexton et al., 2001). When RAMP-2 or 3 is combined with CRLR, a specific, high
affinity ADM receptor is formed (Fig. 1.2), while RAMP-1/CRLR forms a CGRP,
receptor (McLatchie et al., 1998; Miret et al., 2001). The expression of RAMPs aids in
trafficking CRLR to the cell surface, but may not be strictly necessary for cell surface
expression (McLatchie et al., 1998; Fraser et al., 1999; Flahaut et al., 2002). An
additional component of the ADM receptor is the receptor component protein (RCP),
which co-precipitates with CRLR/RAMP-2, and is necessary for ADM signal
transduction (Prado et al., 2001).

Several alternative receptors have been proposed as ADM receptors (Table 1.2),
including the L1 (Kapas et al., 1995), RDC-1, and CGRP receptors (Hinson et al., 2000).
However, more recent experiments have failed to confirm the role of L1 as an ADM

receptor (Kennedy et al., 1998). The RDC-1 and CGRP; receptors are primarily



Table 1.2: ADM receptor affinities

Reference

Proposed Receptor Affinity: ECso (nM)
RAMP-2/CRLR 47 £0.5
RAMP-3/CRLR 41+0.8

CGRP; (RAMP-1/CRLR)  53.5+79

L1 7

RDC-1 100

(Fraser et al., 1999)
(Fraser et al., 1999)
(Fraser et al., 1999)
(Kapas et al., 1995)
(Kapas and Clark, 1995)
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Figure 1.2: RAMPs combine with CRLR to form functional receptors. Co-expression of
CRLR protein with RAMP-1 protein forms a terminally glycosylated CGRP receptor.
Co-expression of CRLR protein with either RAMP-2 or RAMP-3 protein produces core
glycosylated, pharmacologically similar ADM receptors. [modified from McLatchie et al.

(1998)]



CGRP receptors that also bind and respond to ADM with lower affinity (Hinson et al.,
2000). Since both ADM and CGRP act on the CGRP; receptor, it is not surprising that
there is some cross talk between these two signaling peptides. For example, CGRPg 37,
has been used as an antagonist for both CGRP and ADM (Hinson et al., 2000).

ADM signal transduction is most often mediated by cAMP elevation via adenylyl
cyclase, as is typical of the calcitonin family (Hinson et al., 2000). Additionally, other
second messengers such as the phospholipase C / inositol triphosphate pathway, protein
kinase C (PKC), and the mitogen-activated protein kinase (MAPK) pathway have been
implicated in ADM signaling. An elevation of intracellular calcium has been observed
after ADM stimulation, and may be the initial signal to stimulate NO release, as ADM
can activate NO synthase (Shimekake et al., 1995; Szokodi et al., 1998). ADM stimulates
the MAPK pathway in vascular smooth muscle cells, to promote cell growth (Iwasaki et
al., 1998). Conversely, ADM can also inhibit MAPK production through a cAMP-
dependant mechanism (Pio et al., 2001a).

Deactivation of ADM may occur through ligand triggered, clathrin-mediated
endocytosis, and lysosomal degradation of the ligand/receptor complex (Kuwasako et al.,
2000). It has been suggested that the RAMP/CRLR ADM receptor in the lung may act to
clear ADM from the bloodstream (Dschietzig et al., 2002). Alternatively, ADM may be

degraded by endogenous proteinases (Hinson et al., 2000).

14 The Autonomic Nervous System Regulates Blood Pressure
The autonomic nervous system (ANS) regulates blood pressure, in part, by

regulating sympathetic drive. The ANS involves various, interconnected nuclei in the
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CNS, which both monitor blood pressure changes and respond to them. Figure 1.3
illustrates the baroreceptor reflex, a fast-acting regulator of blood pressure that integrates
information from the baroreceptors and mediates a homeostatic response. The basic
baroreflex circuitry involves a pathway that projects initially from the baroreceptors to
the nucleus of the solitary tract (NTS), a viscerosensory and integration center. From the
NTS, the pathway proceeds to the caudal ventrolateral medulla (¢VLM), then the rostral
VLM (rVLM), and finally the intermediolateral cell column (IML) in the spinal cord.
Each of these nuclei receives modulating influences from higher autonomic centers, such
as the PVN.

An increase in blood pressure results in stimulation of the baroreceptors in the
carotid sinus and aortic arch, which in turn leads to excitation of the NTS via the aortic
depressor and carotid sinus nerves. The NTS, in addition to its role as a relay center in the
baroreflex, has numerous functions related to viscerosensation. The rostral NTS receives
gustatory information from the VII, IX, and X cranial nerves, while the caudal NTS
receives viscerosensory information from the IX and X cranial nerves (Benarroch, 1997).
The medial NTS receives gastrointestinal, pulmonary, respiratory, and cardiovascular
information, and plays a major role in the baroreceptor reflex (Benarroch, 1997). The
NTS is extensively interconnected with other central autonomic nuclei. For example, the
NTS is closely associated with the area postrema (AP). In fact, some NTS neurons send
dendrites into the AP (Saper, 1995). This association allows humoral signals to be

transmitted to the NTS (see section 1.6).
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Parasympathetic
Targets

Sympathetic
Ganglia

Figure 1.3: The afferent (A) and efferent (B) limbs of the baroreflex. The baroreflex
consists of the aortic depressor and carotid sinus nerves, which carry information from
the baroreceptors to the NTS. From there, information is transmitted to integration and
processing centers in the PVN, PB, ACE, DMX, and VLM. These nuclei regulate
sympathetic output via direct and indirect projections to the IML, which innervates

sympathetic ganglia. [modified from Calaresu et al. (1984)]
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As illustrated in Figure 1.3A, the NTS sends projections to numerous autonomic
nuclei, including the hypothalamic paraventricular nucleus (PVN), the central
amygdaloid nucleus (ACE), the pérabrachial nucleus (PB), the dorsal motor nucleus of
the vagus (DMX), the nucleus ambiguus (AMB), and the VLM. Figure 1.3B illustrates
how many of these projections are reciprocal. For example, the NTS has reciprocal
catecholaminergic projections throughout the rostral-caudal extent of the VLM, and these
neurons are functionally activated by ACE stimulation (Petrov et al., 1996). The output
from the NTS to the VLM regulates sympathetic outflow during baroreceptor reflex
activation. NTS stimulation results in stimulation of the caudal VLM (cVLM). The
c¢VLM then inhibits the rostral VLM (rVLM), an area that produces tonic sympathetic
outflow to the sympathetic preganglionic neurons in the IML (Sved et al., 2001).
Therefore, an increase in blood pressure results in an inhibition of the rtVLM, and a
decrease sympathetic drive. This decrease restores blood pressure by reducing heart rate
and peripheral resistance.

The basic baroreceptor circuitry is modulated by reciprocal interconnections with
higher centers in the central autonomic system, such as the PVN. The PVN coordinates
information about blood pressure with information about physiological state, for
example, fluid and electrolyte balance or food intake (Sewards and Sewards, 2000,
Schwartz et al., 2000). Like the NTS, the PVN alters sympathetic outflow via neurons
that project to the cVLM (Pyner and Coote, 2000). In addition, the PVN regulates
endocrine function by regulating the activity of the anterior pituitary.

The multiple roles of the PVN are carried out by functionally distinct subdivisions

(Fig. 1.4). Neurons of the posterior magnocellular subdivision (pmPVN) project to the
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posterior pituitary (PP), to regulate oxytocin (OXY) and arginine-vasopressin (AVP)
release into the bloodstream. AVP is a pressor agent, acting through peripheral
vasoconstriction and in the kidney to retain water and salt (Bennett and Gardiner, 1985;
Baylis, 1987). OXY has a variety of roles relating to sexual function and coping with
stress (Uvnas-Moberg, 1997). The parvocellular PVN is further subdivided into discrete
functional groups. The dorsolateral medial parvocellular subdivision (mpdPVN) projects
to the median eminence, to regulate release of anterior pituitary hormones. For example,
both corticotropin releasing factor (CRF) and AVP are produced in the parvocellular
PVN (pPVN), and can stimulate adrenocorticotropic hormone (ACTH) release from the
anterior pituitary (Clarke, 1996).

Numerous studies of PVN projections to other autonomic nuclei have been
performed, using both anterograde and retrograde tracers. The dorsal parvocellular
(dpPVN) and ventral medial parvocellular (mpvPVN) subdivisions as well as the caudal
lateral (cIPVN) and caudal medial PVN (cmPVN) subdivisions of the PVN project to
autonomic nuclei to regulate sympathetic output (Sawchenko and Swanson, 1982).
Targets of these subdivisions include autonomic nuclei such as the NTS and VLM, and
the IML nucleus of the spinal cord (Petrov et al., 1995; Pyner and Coote, 2000; Hallbeck
et al., 2001). The neurons of these subdivisions have been shown to contain numerous
neurochemicals, including catecholamines, dynorphin, enkephalin, oxytocin, and AVP

(Petrov et al., 1995; Krukoff et al., 1997).



Figure 1.4: PVN subdivisions have specific functions (Armstrong, 1995). The tPVN has
projections to both the anterior and posterior pituitary. The pm subdivision regulates
AVP and OXY release from the posterior pituitary. The mpd subdivision produces
releasing factors such as CRF to regulate anterior pituitary function and the HPA axis.
The dp, mpv, cm, and cl subdivisions project to autonomic nuclei to regulate sympathetic

drive. For abbreviations, see list.
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1.5  Physiology of ADM

In the peripheral vasculature, ADM acts as a potent hypotensive agent, acting via
vasodilation, as well as diuresis and natriuresis to reduce blood volume (Hinson et al.,
2000). The overall effect of ADM in the peripheral vasculature is to decrease blood
pressure. For example, during septic shock, the elevation of ADM results in drastic
decreases in blood pressure (Nishio et al., 1997). It has been suggested that the decrease
in blood pressure elicited by ADM may be counterbalanced by the activity of ADM in
the CNS, where it acts to increase blood pressure (Hinson et al., 2000; Shan and Krukoff,
2000). This hypothesis is supported by the observation that peripheral ADM can signal
the CNS via circumventricular organs (Shan and Krukoft, 2000). ADM also produces
positive ionotropism and chronotropism of the heart, likely due to calcium elevation and
PKC activation (Parkes and May, 1997; Szokodi et al., 1998). In addition, ADM can
inhibit food intake and gastric emptying (Reidelberger et al., 2002).

Many disease states are associated with increased plasma ADM, including
hypertension, septic shock, and hypoxia. Stimuli which elicit ADM secretion under these
conditions include shear stress or pressure overload on the vasculature in hypertension,
oxidative stress and free radical production during hypoxia, and the presence of LPS in
septic shock (Yoshihara et al., 2000; Yang et al., 2001; Yoshihara et al., 2002). It is not
always clear whether release of ADM is a cause or consequence of these conditions.

In many cases, ADM has been shown to prevent tissue damage in pathological
conditions (Dobrzynski et al., 2000; Chao et al., 2001; Nishimatsu et al., 2002; Nishikimi
et al., 2002). The involvement of ADM in the pathophysiology of hypertension has been

investigated in many human studies, and also in a wide variety of rat models of
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hypertension. The increase in plasma ADM associated with these conditions is related to
the increase in blood pressure. For example, plasma ADM was elevated in patients with
pulmonary hypertension, and ADM levels were correlated to the mean arterial pressure
(MAP) (Kakishita et al., 1999). Patients with atherosclerosis showed increases in plasma
ADM associated with both the elevation of MAP and the severity of atherosclerosis
(Shinomiya et al., 2001). ADM plasma levels are also increased in pregnancy, a condition
associated with increased blood pressure (Nagata et al., 1998). Animal experiments have
indicated that in hypertension, ADM likely has a protective role. Infusion of ADM
improved survival in rats with malignant hypertension (Mori et al., 2002). ADM
knockout mice showed underdeveloped vasculature and died in utero, while
heterozygotes showed elevated blood pressure and reduced NO production (Shindo et al.,
2001). When administered angiotensin II and salt, heterozygote mice showed vascular
damage, and signs of oxidative stress (Shimosawa et al., 2002). ADM transgenic mice
over-expressing the ADM gene showed reduced kidney and heart damage in several rat
models of hypertension (Chao et al., 2001). ADM gene therapy reduced renal injury and
cardiac hypertrophy in hypertensive rats (Dobrzynski et al., 2000). ADM gene delivery
significantly reduced blood pressure, renal injury, and cardiac remodeling in hypertensive
rats, as well as cardiac injury in myocardial ischemic rats (Dobrzynski et al., 2000; Chao
et al., 2001).

ADM is also found to be renal protective in hypertension. ADM reduced renal
injury in Dahl salt-sensitive hypertensive rats, without altering blood pressure (Nishikimi
et al., 2002). Additionally, heart failure transiently increased renal ADM (Yoshihara et

al., 2001). In response to renal ischemia, heterozygote ADM knockout mice showed
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significantly more renal damage than controls, while ADM transgenic mice showed
significantly less damage than controls (Nishimatsu et al., 2002).

Hypoxia also increases ADM protein levels (Cuttitta et al., 2002). Following
cerebral ischemia, ADM protein levels were increased, and found to be neuroprotective
(Serrano et al., 2002). ADM mRNA levels were increased in cerebral microvasculature
cells and in cultured neuroblastoma cells in response to hypoxia (Ladoux and Frelin,
2000; Kitamuro et al., 2001). During hypoxia, ADM and RAMP-2 may be differentially
regulated, as hypoxia caused a decrease of RAMP-2 mRNA levels in neuroblastoma cells

(Qing et al., 2001; Kitamuro et al., 2001).

1.6  Circulating ADM signals the brain

ADM is thought to act as an endocrine factor in the peripheral vasculature. The
potent effects of ADM on the vasculature to produce vasodilation suggest that circulating
ADM can act as a hormone. The significance of ADM as a hormone has been questioned,
however, because the pM concentrations of circulating ADM are considered insufficient
to activate receptors which bind ADM with nM affinity (Hinson et al., 2000; Pio et al.,
2002). As discussed above, the ADM binding protein may result in underestimation of
circulating ADM levels, and can also increase ADM function (Pio et al., 2001b). The
existence of the binding protein therefore adds credence to the suggestion that ADM acts
as a hormone.

Many hormones are known to signal the brain via circumventricular organs
(CVOs), specialized vascular structures that lack a blood-brain barrier, and therefore

permit access of substances from the periphery to the CNS (Oldfield and McKinley,
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1995). A recent study has shown that ADM signals the CNS via the AP, a CVO (Shan
and Krukoff, 2000). Using Fos expression as an indicator of cell activation, it was shown
that ADM signals the NTS through the adjacent AP. The effects of ADM may be
mediated by activation of AP neurons (Allen and Ferguson, 1996), or possibly by direct
actions on NTS dendrites, which extend into the AP (Saper, 1995). Further, intravenous
(IV) ADM activated PVN neurons, and this activation was attenuated by AP ablation
(Shan and Krukoff, 2000). Activation of these neurons is interesting in view of the fact
that AP, NTS, and PVN neurons express ppADM (Shan and Krukoff, 2001a). These
observations suggest that peripheral ADM can signal through CVOs to activate the
central ADM system. However, as a detailed description of ADM receptors in the CNS is

lacking, this hypothesis is incomplete.

1.7  Central Actions of Adrenomedullin

ADM is produced in the CNS, where it acts to regulate blood pressure, feeding,
and salt appetite (Hinson et al., 2000). ADM produced in the brain also has a
physiological role in water drinking, as disruption of endogenous ADM production with
ribozyme injection resulted in exaggerated drinking (Taylor and Samson, 2002).
Consistent with these observed effects, ppADM mRNA was found in a number of
autonomic nuclei, such as the PVN, NTS, ACE, ventromedial hypothalamus (VMH),
arcuate nucleus (Arc), and supraoptic nucleus (SON) (Shan and Krukoff, 2001a).
Notably, intracerebroventricular (ICV) injection of ADM activated these same nuclei, as

measured by expression of c-fos (Ueta et al., 2001; Shan and Krukoff, 2001b). However,
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since c-fos is also activated by changes in blood pressure, it is not clear whether ADM
can act directly on these nuclei, or acts indirectly through its effects on blood pressure.

ADM can both stimulate and inhibit neurons, as demonstrated by alterations in
current of diagonal band of broca (DBB) neurons in response to ADM (Shan et al., 2002),
and by in vitro recordings from AP neurons (Allen and Ferguson, 1996). Therefore, the
actions of ADM in the CNS to regulate blood pressure are heterogeneous. ADM
increases blood pressure by increasing sympathetic drive when injected into the cerebral
ventricles or microinjected into the AP, decreases blood pressure when microinjected into
the PVN, and has no effect on blood pressure when microinjected to the NTS (Allen et
al., 1997; Samson et al., 1998; Smith and Ferguson, 2001).

Central ADM also has neuroendocrine effects, inhibiting stimulated AVP release
(Yokoi et al., 1996; Serino et al., 1999), while stimulating OXY and ACTH release
(Charles et al., 1997; Shan and Krukoff, 2001b). AVP acts both centrally and peripherally
to elevate blood pressure, by influencing autonomic drive and promoting water and salt
retention in the kidney (Bennett and Gardiner, 1985). Inhibition of AVP is consistent
with the role of ADM in the periphery to decrease blood pressure, and stimulate diuresis
and natriuresis (Hinson et al., 2000). The stimulation of ACTH secretion by ICV ADM
indicates that ADM stimulates the hypothalamo-pituitary-adrenal (HPA) axis, a reflex
pathway active when an animal is under stress. It has been suggested that stimulation of
the HPA axis may occur at the level of the PVN (Shan and Krukoff, 2001b), but specific

ADM receptors have not yet been shown in the PVN,
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1.8  ADM Receptor Expression in the CNS

A significant correlation exists between RAMP-2 and CRLR mRNAs in a wide
variety of tissues, including heart, lung, liver, spleen, spinal cord, cerebellum, and vas
deferens (Chakravarty et al., 2000). However, reports of the CNS distribution of RAMP-2
and CRLR mRNA showed quite different expression patterns. RAMP-2 mRNA was
found in the olfactory bulb, diagonal band of Broca, hippocampus, amygdala,
dorsomedial, ventromedial, arcuate, and anterior hypothalamic nuclei, the nucleus of the
solitary tract, facial nucleus, and cerebellum (Ueda et al., 2001; Oliver et al., 2001).
CRLR mRNA appeared to be more focally expressed, in the caudal caudate putamen,
amygdala, the piriform cortex, and amygdalostriatal transition area (Fluhmann et al.,
1997; Oliver et al., 1998). The only area described so far as expressing both RAMP-2 and
CRLR is the amygdaloid region. Autoradiographic binding studies of labeled ADM
showed binding in this region, suggesting that a high concentration of ADM receptors is
present (Juaneda et al., 2001).

Previous reports of the expression patterns of ADM receptors are difficult to
reconcile with the reported actions of ADM in the CNS. ADM has been shown to alter
blood pressure when it is microinjected into the PVN or the AP, and has also been shown
to activate cells in the NTS by way of the AP (Allen et al., 1997; Shan and Krukoff,
2000; Smith and Ferguson, 2001). These nuclei should therefore contain an ADM
receptor. Additionally, ADM is produced in reciprocally interconnected autonomic
nuclei, which are activated by ICV ADM (Calaresu et al., 1984; Ueta et al., 2001; Shan
and Krukoff, 2001a; Shan and Krukoff, 2001b). An ADM receptor should therefore be

present in these same nuclei, to permit ADM signal transduction. These data suggest that
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a specific ADM receptor should be located in the PVN, the NTS, the AP, and in other
autonomic nuclei such as the SON and VLM. In this thesis, we will describe experiments

demonstrating that RAMP-2 and CRLR are present in these nuclei.

1.9 Hypothesis

We propose that (A) RAMP-2 and CRLR are present in central autonomic
nuclei, and (B) receptor expression is regulated by changes in blood pressure. We
will describe the CNS expression of an ADM receptor, using RAMP-2 and CRLR mRNA
expression as an indicator of receptor expression. We will also show changes in both
RAMP-2 and ppADM mRNA in autonomic nuclei in response to alterations in blood

pressure.



CHAPTER 2

MATERIALS AND METHODS

23



24

2.1  Animals

Male Sprague-Dawley rats (230-560 g) were purchased from the Biological
Sciences Animal Center at the University of Alberta. They were housed in the Health
Sciences Lab Animal Services (HSLAS) conventional housing, on a 12h/12h light/dark
cycle, with free access to food and water. The University of Alberta Animal Welfare

Committee approved all protocols.

2.2  Experimental Design
2.2.1 RAMP-2 mRNA Survey

Two control animals from the experiments outlined in section 2.2.3 were used to
examine the CNS distribution of RAMP-2. These rat showed no changes in MAP in
response to vehicle infusions. Rats were deeply anesthetized with sodium pentobarbital,
and perfused transcardially with 200 ml physiological saline, followed by ice cold 4%
paraformaldehyde (Sigma Chemical Co, St. Louis, MO; % indicates w/v) in phosphate
buffered saline (PBS: 0.8% NaCl, 0.02% KCl, 0.14% Na,HPOy4, 0.02% KH,PO,). Brains
were removed and post-fixed in 2% paraformaldehyde/15% sucrose for one hour, before
overnight storage in 20% sucrose. Coronal brain sections were cut at a thickness of 25
pm in a cryostat. Sections were thaw-mounted in pairs, with sections from experimental
and control animals on the same slide, dried, and stored at —70°C until use.

Tissue was processed for in situ hybridization (ISH) as described in section 2.3.
Brain sections from control animals were examined with dark field microscopy to

identify areas containing RAMP-2 signal, and with light field microscopy to confirm the
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anatomical location of the signal. Sections processed with sense probe showed no

positive signal in the areas examined.

2.2.2 CRLR mRNA Survey

For the ISH experiments, rats were processed as above. For the RT-PCR
experiments, two rats were deeply anesthetized with Urethane (Sigma, 1.75g/kg) and
decapitated. Brains, spinal cords, and lungs were removed, rinsed in 20% sucrose, and
dissected. A forebrain section was removed, corresponding to approximately —0.8 mm to
-3.6 mm [relative to bregma (Paxinos and Watson, 1986)]. Tissue blocks from the
hypothalamus and amygdala were dissected as follows: hypothalamus, 0-2 mm lateral to
the midline, 7-10 mm ventral to the dura; amygdala, 3-7 mm lateral to the midline, and 7-
10 mm ventral to the dura. A tissue block of the brainstem corresponding to —13.5 mm to
—14.0 mm (from bregma) and 0-2.5 mm lateral to the midline was removed. Both left and
right tissue blocks were included. The cerebellum was cut along the midline, and only
half was used. The C2-C3 region of the spinal cord was also removed. These tissue
blocks (50-100 mg), along with 100 mg lung tissue, were homogenized to extract the

RNA. The RNA was used for RT-PCR analysis, described in 2.3.5.

2.2.3 Modulation of RAMP-2 and ppADM mRNA expression
2.2.3.1 Surgical Procedures
Rats were instrumented with arterial and venous catheters as previously described

(Krukoffet al., 1997; Yang et al., 1999). In the HSLAS surgical suites, rats were

anesthetized with sodium pentobarbital (60 mg/kg i.p.; Somnotol, M.T.C.
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Pharmaceuticals, Cambridge, ON), and received buprenorphine hydrochloride (16 ug
im.; Buprenex® Injectable, Reckitt & Colman Pharmaceuticals Inc, Richmond, VA), and
Duratears® ophthalmic ointment (Alcon Canada Inc, Mississauga, ON). A midline
incision was made, and the descending aorta and inferior vena cava were exposed and
cannulated (Intramedic™ PE10 tubing I1.D. 0.28mm, O.D. 0.61mm, Becton Dickinson
and Co, Sparks, MD; Silastic® tubing L.D. 0.51mm, O.D. 0.94mm, Dow Corning Corp,
Midland, MI). The lines were tunneled under the skin from abdomen to back, and
externalized at the nape of the neck with stainless steel tubing (27-gauge and 23-gauge,
Small Parts Inc, Miami Lake, FL), and the arterial line was sealed with
polyvinylpyrrolidone (0.8 g/mL PVP-40, Sigma). After a recovery period of 4-5 days, the
arterial line was connected to a pressure transducer to monitor blood pressure in

conscious, freely moving rats, and the venous line was connected to an infusion pump.

2.2.3.2 Effect of Nitroprusside on RAMP-2 and ppADM mRNA levels

Following a 30-minute baseline pressure measurement, mean arterial pressure
(MAP) was lowered by IV infusion of nitroprusside [NP, Sigma, 2.5 mg/ml (Jhamandas
et al., 1998)]. Control rats received equivalent volumes of physiological saline (vehicle).
The reduced MAP was maintained for 6 hours in the NP rat (p<0.001). The IV infusion
rate was adjusted over the 6-hour period to maintain the MAP at about 20% lower than
baseline (average rate = Spul/min).

2.2.3.3 Effect of Phenylephrine on RAMP-2 and ppADM mRNA levels

Following a 30-minute baseline pressure measurement, MAP was elevated by IV

infusion of phenylephrine (PHENYL, Sigma, 2 mg/ml), again paired with vehicle treated
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rats. The elevated MAP was maintained for 6 hours in the PHENYL rat (p<0.001). As

before, the IV infusion rate was adjusted over the 6-hour period to maintain the MAP at
about 20% above baseline (average rate =~ 5.5uL/min). Immediately following the

experiment, rats were perfused as described above in 2.2.1

2.3 Molecular Protocols

2.3.1 In situ hybridization (ISH) Probe Preparation

Total rat lung RNA was extracted using Trizol reagent (Invitrogen Canada,
Burlington, ON), and reverse transcription polymerase chain reaction (RT-PCR)
produced a 335 base pair RAMP-2 complementary deoxyribonucleic acid (¢cDNA). The
RT reaction mix consisted of: Sul RNA, 7ul 2.5 mM dNTP, 2pul PCR buffer, 1yl random
hexamers, 1pul RNAse inhibitor, 1pul M-MLV, 2ul 100mM dithiothreitol (DTT), and 1l
50 mM MgCl,. The reaction mix was incubated at 20° for 10 minutes, 42° for 1 hour, and
95° for 5 minutes. The PCR reaction mix consisted of: 20ul DNA, 8ul PCR buffer, 20ul
2.5 mM dNTP, 4ul sense primer TGGATCACAGCTCGCTGTGA, 4pl antisense primer
CCAAGGGATTTGGGAAGCCC, 0.5ul Taq, 10pl DTT, 6yl 50 mM MgCl,, and 27.5ul
H,0. The PCR mix was incubated at 94° for 45 seconds, 55° for 1 minute, and 72° for 1
minute for 30 cycles, followed by 72° for 5 minutes. Sequencing the cDNA confirmed

the fragment to be nucleotides 50-384 of the RAMP-2 mRNA (Genbank Accession

AF181551).
The cDNA was then ligated into pPGEM-T vector (Promega, Madison, WI) by
incubating 5 ng cDNA with 50 ng pGEM-T, 1 ul T4 DNA ligase, and 5 ul 2X Rapid

ligation buffer overnight at 4°C. The resulting product was then transformed into DH5a
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bacteria. The cells were plated on LB plates with ampicillin/IPTG/X-Gal to select for
transformants. These cells were grown to amplify the plasmid, and a maxi-prep
(Promega) produced purified plasmid suitable for probe synthesis. Antisense 3S-UTP
labeled probes were generated by linearizing the plasmid with Sacl, and transcribing with
T7 polymerase. Sense probes were generated with 4pal/SP6 (enzymes from Promega).

The ppADM cDNA was kindly donated by Dr. E.J. Taparowsky (Purdue
University). Antisense 33S-UTP labeled probes were generated with BamHI/T7. Sense
probes were generated with Apal/T3 (enzymes from Promega).

The probe synthesis reaction consisted of: 2l 33S-UTP, 2ul 2.5mM
CTP/GTP/ATP, 2ul TSC Buffer, 2ul 0.5 pg/ul template, 0.7ul 100mM DTT, 0.3ul
RNAse Inhibitor, and 1ul polymerase, incubated for 1.5 hours at 37°C. The template
DNA was then digested with RQ1 DNAse. The probe was purified with Biospin® 30
chromatography columns (Bio-Rad Laboratories, Hercules, CA), precipitated with 66%
ethanol/0.75M ammonium acetate, and resuspended in SET (20% sodium dodecyl
sulphate, 10mM Tris-HCIL, pH 7.5, ImM EDTA, 10mM DTT). DTT (final concentration:
100mM), and 0.5 mg yeast transfer RNA were added, and the probe was diluted in
hybridization buffer (50% formamide, 10% dextran, 0.1M NaCl, 1x Denhardt’s solution,
10 mM Tris-HCL, pH 8, 1mM EDTA) to a concentration of 3 million cpm/80 pl.

A 272 base pair cDNA representing an intracellular domain of CRLR (nucleotides
1572-1843, Genbank accession # NM_012717) was kindly donated by Dr. David Poyner
(Aston University, UK). The cDNA was ligated into pGEM-T vector, and sequenced to
confirm its identity. Antisense probes were generated with Ncol/SP6, and sense probes

were generated with Psfl/T7. *S labeled probes were generated as described above.
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2.3.2 Hybridization

33S in situ hybridization was performed to quantitate the mRNA expression of
RAMP-2, CRLR and ppADM. The following in situ hybridization protocols have been
previously described (Krukoff et al., 1999; Yang and Krukoff, 2000). Slides were
warmed to room temperature, pre-hybridized with 4% paraformaldehyde, phosphate
buffered saline, (PBSx2), 20 ug/ml proteinase K (Invitrogen) in 50 mM Tris/HCI (pH 8)
and 10mM EDTA, PBS, 0.25% acetic anhydride in 1 mM triethanolamine (pH 8), and
dehydrated in 70 and 80% ethanol/sodium acetate, then 95% ethanol (x2).

Radiolabeled probes were applied at a concentration of 3 million cpm/slide, in a
volume of 80 pL. Slides were coverslipped, and incubated in humidified chambers at
45°C overnight. The coverslips were removed, and the slides were washed twice in 4x
standard saline citrate (SSC: 0.9% NaCl, 0.4% sodium citrate) with 2-mercaptoethanol
(Sigma, 1 pl/ml), and twice in 4x SSC. Slides were then incubated with RNAse A
(Sigma, 10 pg/ml) in STE buffer (10 mM Tris/HCI, pH 8, 250 mM NaCl, ImM EDTA),
for 30 min at 37°C, followed by 30 min in STE at 37°C, 40 min in 2x SSC at 42°C, and
45 min in 0.1x SSC at 65°C. Sections were air dried and placed on x-ray film (X~-OMAT
AR, Kodak, Rochester, NY) for 3-4 days, then dipped in 50% NTB-2 Kodak emulsion,
and exposed for 14-21 days. Slides were developed for autoradiography in D-19
developer and Rapid Fixer (Kodak), stained with 0.5% cresyl violet acetate (Sigma, pH

3.9), dehydrated, and coverslipped. The cresyl violet counterstain specifically stains

neurons.
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2.3.3 ISH Signal Analysis

Sections were examined with dark field microscopy to quantitate signal, and with
light field microscopy to locate discrete nuclei. Nuclei were subdivided as previously
described (Yang et al., 1999; Shan and Krukoff, 2000; Yang and Krukoff, 2000). The
PVN was divided into rostral, middle and caudal subdivisions according to Paxinos and
Watson (Paxinos and Watson, 1986), as follows: rostral (from bregma) —1.55 to —1.70
mm, middle —1.70 to —1.85 mm, caudal —1.85 to —2.00 mm. The NTS was divided as
follows: rostral -13.1 to —13.5 mm, middle —13.5 to —14.0 mm, caudal —14.0 to -14.6
mm. The VLM was divided as follows: rostral -13.1 to —13.5 mm, caudal —14.0 to —14.6
mm. The VLM was considered to be the area between the ventral surface of the medulla
and the nucleus ambiguous, and no attempt was made to further subdivide this nucleus.

A photograph of each area of interest was taken with a digital camera (DC330,
DAGE MTI Inc. Michigan, MI), and Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD) was used to analyze the image. Signal intensity was quantified as previously
described (Yang and Krukoff, 2000). A boundary was drawn around the area of interest,
and the percentage of area covered with silver grains was calculated. An identical
boundary was drawn around a nearby region containing nonspecific background signal,
and the background measurement was subtracted from each measurement for positive
signal. Measurements from two or more sections per animal were averaged where
possible, and each measurement was replicated in at least five animals for statistical

analysis. Data are expressed as mean + standard error.
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2.3.4 Production of photomicrographs
Photomicrographs were captured under dark field illumination, using a digital
camera (Axiocam MRc, Carl Zeiss Inc., Thornwood, NY), mounted on a Zeiss Axioplan

2 microscope. Adobe Photoshop v. 5.0 was used to process the images.

2.3.5 CRLRRT-PCR

Total RNA was extracted from lung, hypothalamus, brain stem, amygdala,
cerebellum, and spinal cord by homogenization in Trizol reagent, and RT-PCR was
performed as in 2.3.1. CRLR primers were TCATTGTGGTGGCTGTGTTT (sense) and
AATGGGACCATGGATGATGT (antisense), which produced a 176 bp cDNA (n. 1397-
1572, Genbank 1.27487). Actin primers were GTGGGGCGCCCCAGGCACCA (sense),
and GTCCTTAATGTCACGCACGATTTC (antisense), which produced a 536 bp cDNA
(n.103-638 Genbank NM_031144). Both CRLR and actin primers were added to the PCR
mix, to generate two separate bands for semi-quantitative analysis. The RT enzyme was
left out of one reaction, to control for genomic DNA contamination. The RT-PCR
reaction and analysis were repeated four times to verify the results. A photograph of the

ethidium bromide stained gel was scanned, and analyzed with Scion Image software
(Scion Corporation, Frederick, MD). The intensity of the CRLR band was divided by the

intensity of the actin band.

2.4  Statistics
MAP and heart rate (HR) were calculated using Advanced CODAS software

(DATAQ Instruments, Akron OH). The MAPs of treatment groups, as well as the CRLR
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RT-PCR data, were subjected to a one-way ANOVA, with Tukey’s multiple comparison
post-hoc test, using Prism v. 3.00 (GraphPad Software, San Diego, CA). For the ISH
quantitation of mRNA, Student’s t-test was used to compare values between treatment

groups. A p-value of < 0.05 was considered significant.



CHAPTER 3

RESULTS

33



34

3.1 RAMP-2 mRNA Distribution

The distribution of RAMP-2 mRNA in the central nervous system is summarized
in Table 3.1. Figure 3.1 shows dark field photomicrographs of various nuclei containing
RAMP-2 mRNA in the CNS. Figure 3.2 illustrates the relative intensity and location of
cells expressing RAMP-2 mRNA signal.
Telencephalon

Moderate to high levels of RAMP-2 mRNA were found in the cerebral cortex and
hippocampus. Specifically, the CA1, CA2, and CA3 regions of the hippocampus showed
high levels, while the dentate gyrus of the hippocampus, and cortical layers 2 and 3
showed moderate levels of signal. Little or no signal was seen other cortical layers. Low
levels of signal were also found in the olfactory tubercle, piriform cortex, the septal
nucleus, the ventral pallidum, the diagonal band of Broca, the subfornical organ, and
throughout the amygdala.
Diencephalon

The hypothalamus showed high levels of signal, especially in the supraoptic and
paraventricular nuclei. Low levels of RAMP-2 mRNA were also present in the preoptic,
suprachiasmatic, periventricular, arcuate, and ventromedial nuclei.

The thalamus showed low levels of signal in the anterodorsal, central medial,
mediodorsal, and paraventricular nuclei.

Mesencephalon/Metencephalon

Little or no signal was found in the mesencephalon. RAMP-2 mRNA was present
in the Purkinje cell layer of the cerebellum, the locus coeruleus, the parabrachial nucleus,

the dorsal raphe nucleus, and the dorsal tegmental nucleus.
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Distribution and relative levels of RAMP-2 mRNA in the rat brain (Areas

according to Paxinos and Watson, 1986)

Area

Relative Abundance

Telencephalon
Cerebral cortex
Tenia tecta
Corpus callosum
Olfactory tubercle
Piriform cortex
Caudate putamen
Accumbens nucleus
Bed nucleus, stria terminalis
Septum nucleus
Lateral
Medial
Ventral pallidum
Nucleus of the diagonal band (Broca)
Globus pallidus
Substantia innnominata
Hippocampus
CAl, CA2, CA3 regions of Ammon’s Horn
Dentate gyrus
Amygdala
Basolateral nucleus
Central nucleus
Medial nucleus
Cortical nucleus
Diencephalon
Hypothalamus
Anterior nucleus
Preoptic hypothalamic area
Lateral hypothalamic area
Suprachiasmatic nucleus
Paraventricular nucleus
Periventricular nucleus
Supraoptic nucleus
Arcuate nucleus
Dorsomedial nucleus
Ventromedial nucleus
Mammillary nucleus
Thalamus
Anterodorsal nucleus
Anteroventral nucleus
Anteromedial nucleus
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Central medial nucleus
Mediodorsal nucleus
Laterodorsal nucleus
Lateroposterior nucleus
Posteroventral nucleus
Paraventricular nucleus
Habenular nucleus
Zona incerta
Mesencephalon
Metencephalon
Cerebellum
Purkinje cell layer
Granule cell layer
Cerebellar deep nuclei
Locus coeruleus
Parabrachial nucleus
Lateral
Medial
Dorsal raphe nucleus
Abducens nucleus
Motor trigeminal nucleus
Dorsal tegmental nucleus
Myelencephalon
Raphe obscurus nucleus
Facial nucleus
Paragigantocellular reticular nucleus
Ambiguus nucleus
Hypoglossal nucleus
Nucleus of the solitary tract
Dorsal motor nucleus of the vagus
Ventrolateral medulla
Interstitial nucleus
Inferior olivary nucleus
Spinal trigeminal nucleus
Gracile nucleus
Cuneate nucleus
Vestibular nucleus
Circumventricular organs
Area postrema
Subfornical organ
Pituitary
Posterior lobe
Anterior lobe
Intermediate lobe

++ 4+ o+

+ 1

+++ strong signal, ++ moderate signal, + weak signal, - no detectable signal



Figure 3.1: Photographs of RAMP-2 in situ hybridization in areas of the CNS. Relative
intensities, as listed in Table 3.1, are indicated for each dark field photomicrograph. (A)
The cerebral cortex (++). (B) The hippocampus (+++). (C) Brainstem areas, including the
AP (+), NTS (+), DMX (++), and hypoglossal nucleus (+++). (D) The supraoptic nucleus
(+++). (E) The hypothalamic PVN (++). (F) The sense control probe (-) shows no

RAMP-2 signal in the PVN or other nuclei. For abbreviations, see list.

Calibration bars = 100um.






Figure 3.2: Schematic diagrams of coronal sections of rat brain illustrating the
distribution of cells expressing RAMP-2 mRNA. The density of the dots represents the
relative density of signal. Drawings were modified from the atlas of Paxinos and Watson
(1986). For abbreviations, see list; numbers indicate distance from bregma. (Continued

on next page)
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Myelencephalon

High levels of signal were present in the hypoglossal nucleus, and moderate levels
were seen in the ventrolateral medulla and paragigantocellular reticular nucleus. Low
levels of signal were seen in the nucleus of the solitary tract, the area postrema, and the
dorsal motor nucleus of the vagus, as well as the inferior olivary, the spinal trigeminal,
gracile, and cuneate nuclei.

The posterior pituitary also showed low levels of RAMP-2 mRNA signal.

3.2 CRLR mRNA Distribution

ISH of CRLR revealed mRNA expression in the amygdaloid region (Fig. 3.3),
primarily in neuronal cells as determined with cresyl violet counterstain. Little or no
signal was detected elsewhere with ISH. In contrast, CRLR mRNA was detected by RT-
PCR in every CNS area measured, including the amygdala, hypothalamus, brainstem,
cerebellum, and spinal cord. The relative amounts of mRNA, normalized against an actin
control, were high in the lung (the positive control), and relatively low in the amygdala,
brainstem, cerebellum, hypothalamus, and spinal cord. The mRNA levels in the lung
were significantly different from those of all other areas. Figure 3.4 shows the

quantitation of a representative gel.

3.3  Mean Arterial Pressure Changes
Nitroprusside infusion caused a significant decrease in MAP (Fig. 3.5). Vehicle
treated animals showed a slow, gradual decline in MAP over the 6 hours. Phenylephrine

infusion caused a significant increase in MAP. Again, vehicle showed a slow decline in



Figure 3.3: Dark field photomicrographs of similar sections from the basolateral

amygdala, illustrating (A) RAMP-2 and (B) CRLR signal. Calibration bar = 100 um.
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1.751

1.504

Relative CRLR mRNA Levels

Amygdata Brainstem Cerebelium Hypothalamus Lung Spinal Cord

Figure 3.4: Relative levels of CRLR mRNA in various rat brain regions, detected by RT-
PCR. Each value was normalized against a control (actin) band. The graph illustrates
quantitation of one representative run. Inset: Ethidium bromide gel illustrating relative
band intensities of actin (top band) and CRLR (bottom band) from amygdala, brainstem,
cerebellum, hypothalamus, lung, and spinal cord (left to right). Size markers (in base
pairs) are shown on the left. A control reaction, lacking the RT enzyme, is shown in the

right lane (-). * indicates p<0.05 vs. all other areas.
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Figure 3.5: MAPs in nitroprusside and phenylephrine treated animals. (A) MAP in NP
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treated animals remains reduced for a 6-hour period compared to vehicle MAP. (B) MAP

in PHENYL treated animals remains elevated for a 6-hour period compared to the vehicle

control. Arrows indicate the start of infusion.
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MAP over the 6 hours. Most of the rats fell asleep over the course of the experiment,

which may account for the gradual reduction in MAP observed in vehicle treated rats.

3.4  Modulation of RAMP-2 and ppADM mRNA expression

Dark field photomicrographs illustrating examples of changes in RAMP-2 and
ppADM mRNA signal are shown in Figure 3.6. RAMP-2 mRNA levels were increased in
the middle NTS of NP treated animals, while ppADM mRNA levels were reduced in the
pmPVN and mpvPVN subdivisions of PHENYL treated animals.

3.4.1 Effect of nitroprusside treatment on RAMP-2 mRNA

Nitroprusside treatment produced no significant differences in levels of RAMP-2
mRNA in forebrain areas compared to vehicle. In the brainstem, nitroprusside treatment
produced a significant increase of +190 % in RAMP-2 mRNA signal in the middle NTS
compared to vehicle treatment (Fig. 3.7).

3.4.2 Effect of phenylephrine treatment on RAMP-2 mRNA

Phenylephrine treatment resulted in a significant reduction in levels of RAMP-2
mRNA in the ventral medial parvocellular PVN (-46.0 %), as well as the rostral (-46.2 %)
and caudal (-51.2 %) NTS compared to vehicle treated animals (Fig. 3.8).

3.4.3 Effect of nitroprusside treatment on ppADM mRNA

Nitroprusside treatment produced a reduction in ppADM mRNA signal in the
posterior magnocellular (-46.6 %), ventral medial parvocellular (-35.1 %), and lateral
caudal parvocellular (-36.1 %) subdivisions of the PVN compared to controls. No

significant differences were seen in brainstem areas in response to nitroprusside treatment

(Fig. 3.9).
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3.4.4 Effect of phenylephrine treatment on ppADM mRNA
Phenylephrine treatment produced no significant differences in levels of ppADM

mRNA in either forebrain or brainstem areas (Fig. 3.10).



Figure 3.6: Photographs of ppADM and RAMP-2 ISH in NP, PHENYL, and control
animals. (A,B) Levels of ppADM signal are reduced in the pm and mpv PVN
subdivisions of NP treated animals (B) compared to control animals (A). (C,D) Levels of
RAMP-2 signal are increased in the middle NTS of NP treated animals (D), compared to

control animals (C). For abbreviations, see list. Calibration bars = 100um.



49



50

>

16
14 - BVehicle
12 - M Nitroprusside

-
o
L

2]
I

RAMP-2 mRNA Levels (%)
» (-]

N
I

0 -
pm dp  mpv | mpd | m T | !
Rostral Middle PVN Caudal PVN | SON | VMH | Arc | ACE
PVN '
12 -
DOvehicle
510 - \HNitroprusside
@
2 8
(]
|
S 6
4
£
N 4
[
=
g2
0 o I r ~
rostral ’ mlddle caudal ! rostral | caudal |
NTS | VLM . DMX |
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nitroprusside treated animals. NP animals show an increase in signal in the middle NTS.
The signal is calculated as the percent of the area of the nucleus that is covered with
silver grains, and is displayed as mean + standard error.
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nitroprusside treated animals. NP animals show a decrease in signal in the pmPVN,
mpvPVN, and cIPVN.

* indicates p<0.05, ** indicates p<0.005
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Figure 3.10: ppADM mRNA signal in specific forebrain (A) and brainstem (B) nuclei in
phenylephrine treated animals. PHENYL animals show no change in signal compared to

controls.
* indicates p<0.05
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4.1  CNS RAMP-2/CRLR Distribution

Our results show that RAMP-2 mRNA is found throughout the brain, and in
numerous autonomic centers. The extensive distribution of RAMP-2 mRNA, along with
the widespread but relatively low expression of CRLR mRNA suggests a role for the
RAMP-2/CRLR ADM receptor in ANS function. Although previous data argue against
the presence of the ADM receptor in most of the CNS, our results suggest an extensive
expression in the CNS, particularly in autonomic centers. Our results help to resolve the
apparent contradiction between ADM receptor distribution and the observed effects of
ADM in the CNS.

RAMP-2 is widely accepted to be a component of an ADM receptor, along with
CRLR. The results of this study show the CNS distribution of RAMP-2 mRNA, and may
represent the CNS distribution of the RAMP-2/CRLR ADM receptor. However, there are
two important caveats to take into account. First, the expression of mRNA is not
necessarily indicative of protein expression, and second, the expression of one
component of the RAMP-2/CRLR receptor does not necessarily confirm the presence of
the receptor. With these caveats in mind, our results are suggestive of a wide-ranging
distribution for an ADM receptor in the CNS.

The RAMP-2 distribution found in this study is similar to reports from Oliver et
al. (2001), with some notable differences. For example, we found strong signal in the
SON, PVN, and hypoglossal nuclei, moderate signal in the VLM, and low levels of signal
in the PB, AP, DMX, locus coeruleus (LC), subfornical organ (SFO), purkinje cell layer
of the cerebellum, and others which were not previously reported (see Table 3.1). The

presence of RAMP-2 in these autonomic nuclei suggests a more extensive role for ADM
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in CNS signaling than indicated by previous studies. Conversely, Oliver et al. (2001)
reported strong signal in the dorsomedial hypothalamic nucleus, moderate signal in the
facial nucleus and the substantia nigra, and weak signal in the granule cell layer of the
cerebellum. We observed no detectable signal in these areas. The variations in reported
signal are likely due to differences in specific activity of the probe, affinity of the probe,
and incubation times. Furthermore, the control rats used in our experiment received
infusions of vehicle. Although this treatment may have affected the distribution of
RAMP-2 mRNA, this possibility seems unlikely as pilot studies in our lab using
untreated rats showed similar results. Finally, RAMP-2 expression is low in many CNS
nuclei; this weak signal makes detection difficult and may account for some of the
differences between our results and those of Oliver et al. (2001).

RAMP-2 is expressed in many autonomic nuclei, including PVN, NTS, AP,
VLM, PB, ACE, and SON. Since these areas show extensive interconnections (Calaresu
et al., 1984), the fact that they express both RAMP-2 and ppADM suggests that ADM is
produced by, and can act upon these centers. This finding is consistent with the effects of
ADM in the CNS, both in terms of the activation of neurons by ICV injection of ADM,
and the physiological effects of ADM in ICV and microinjection experiments. For
example, ICV ADM was shown to activate neurons in the NTS, ACE, VMH, Arc, and
SON (Ueta et al., 2001; Shan and Krukoff, 2001b). Since no previous studies showed
ADM receptor expression in these areas, it was not known whether ICV ADM could act
directly on these nuclei, or only activated them indirectly through blood pressure
changes. Although our results do not resolve the issue of direct versus indirect activation

by ADM, they do suggest that direct activation is possible. In addition, expression of
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RAMP-2 in the PVN and AP is consistent with experiments showing that ADM can
cause changes in blood pressure when injected to these nuclei (Allen et al., 1997; Smith
and Ferguson, 2001).

Central autonomic nuclei, including the Arc, PVN, and VMH, have been
implicated in feeding behavior (Schwartz et al., 2000). The presence of RAMP-2 in these
nuclei suggests that ADM may influence feeding behavior by acting at these locations.
Likewise, since the NTS, AP, SFO, SON, PVN, and hypothalamic preoptic areas have
been implicated in drinking behavior (Sewards and Sewards, 2000), the presence of
RAMP-2 suggests that ADM may exert its reported effects on drinking behavior and salt
appetite by acting on these nuclei.

Our CRLR ISH results show that CRLR expression is confined to the amygdaloid
region in the CNS, consistent with previous reports of CRLR mRNA distribution
(Fluhmann et al., 1997; Oliver et al., 1998). In contrast, our RT-PCR results suggest that
CRLR is expressed at a low level in many other brain areas. The differing results of the
two techniques indicate that ISH may not be sensitive enough to detect CRLR mRNA.
Indeed, the inability to detect mRNA for CRLR does not exclude the presence of CRLR
protein, as observed by Choksi et al. (2002) in L6 myoblasts. By using RT-PCR, a more
sensitive measure of mRNA levels, we were able to detect CRLR in the amygdala,
hypothalamus, brainstem, cerebellum, and spinal cord of rats. As the use of tissue blocks
prevents specific localization of mRNA, we cannot determine whether the CRLR is
produced in neuronal, glial, vascular, or other cell types. However, as the CRLR ISH
signal is primarily localized to neurons in the amygdala, a similar distribution may occur

in other brain regions. Using semi-quantitative analysis, we found that the mRNA levels
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were relatively low in the hypothalamus and brainstem, which may account for our
inability to detect CRLR in these areas using in situ hybridization. Alternatively, a more
dense distribution of CRLR mRNA in the amygdala compared to other regions may
account for the ability to detect signal in this region, even if the overall mRNA levels are
not significantly different from other CNS regions.

The presence of RAMP-2, and low levels of CRLR mRNA throughout the CNS
suggest that the RAMP-2/CRLR receptor may be expressed at low levels in many
autonomic areas. Low expression levels may explain why autoradiographic binding
studies showed ADM binding sites in the amygdaloid region, but none in the
hypothalamus and brainstem (Juaneda et al., 2001). Receptor expression may be below
the limits of detection of autoradiographic binding, with the exception of the amygdaloid
region, which expresses higher levels of CRLR, as shown by ISH (Oliver et al., 2001). It
has been observed that the third component of the RAMP-2/CRLR receptor, RCP, is
widely expressed in the rodent CNS (Oliver et al., 1999), including many of the areas
expressing RAMP-2. Therefore, the three components of an ADM receptor complex can
all be detected in many brain areas, consistent with the idea of widespread expression of

low levels of RAMP-2/CRLR receptor.

4.2 RAMP-2 mRNA Levels are Altered in Response to Changes in MAP

In order to observe changes in mRNA, it is necessary to maintain a stimulus long
enough to allow gene transcription to occur. Previous studies indicate that a stimulus of 4
hours is sufficient to cause changes in expression of some genes (Ono et al., 2000; Shan

and Krukoff, 2001a). However, changes in mRNA levels may occur with different time
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courses, as illustrated in vascular smooth muscle cells, where dexamethasone treatment
produced a maximal change in RAMP-1 at 4 hours, as opposed to a maximal change in
ppADM at 8 hours (Frayon et al., 2000). Likewise, sepsis induced a maximal change in
RAMP-2 mRNA at 4 hours (Ono et al., 2000). We therefore used a 6 hour stimulus
(change in MAP) to examine effects on RAMP-2 and ppADM mRNA levels. While we
saw changes in both RAMP-2 and ppADM mRNA after 6 hours of altered MAP, it is
possible that the maximal changes in mRNA levels occur at a time other than 6 hours.

Blood pressure alterations resulted in changes in RAMP-2 mRNA levels and
therefore suggest that changes in ADM receptor expression occur in relation to changes
in MAP. Autelitano and Ridings (2001) showed that in cardiomyocytes, increasing
expression of either RAMP-2 or CRLR resulted in an up-regulation of ADM receptor,
while increasing expression of both led to a further increase. Since an increase in the
amount of either component can drive an increase in receptor formation, the production
of the receptor from its component parts is likely a dynamic process. This theory supports
our assumption that changes in RAMP-2 expression are indicative of changes in receptor
expression. The observed alterations in RAMP-2 mRNA levels suggest that the central
ADM system is modulated in response to MAP changes and that brain ADM has a role in
regulating blood pressure.

RAMP-2 mRNA levels in the brain tended to decrease in response to MAP
increases and increase in response to MAP decreases, in agreement with findings in other
tissues. For example, a negative correlation exists between blood pressure and RAMP-2

mRNA expression in the umbilical artery and uterus of patients with pregnancy induced
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hypertension (Makino et al., 2001). In congestive heart failure, blood pressure was
significantly lowered, while cardiac RAMP-2 was up regulated (Totsune et al., 2000).

The specific nuclei showing changes in mRNA were the NTS and PVN, which
play a role in cardiovascular, autonomic, and endocrine integration (Benarroch, 1997). In
the NTS, RAMP-2 mRNA was increased in response to decreased MAP, and decreased
in response to increased MAP. The reciprocal changes in RAMP-2 suggest a
physiological role for the RAMP-2/CRLR receptor in the regulation of blood pressure.
Since the primary role of the NTS in the baroreflex is sensory, the physiological actions
of ADM in the NTS may only be effective when the system is perturbed. In anesthetized
animals, ADM microinjection into the NTS had no effect on MAP (Allen et al., 1997).
Similarly, blocking NO production in the NTS did not alter MAP under control
conditions (Lin et al., 1999). However, when the NTS was first stimulated with
glutamate, blocking NO production attenuated the drop in MAP (Lin et al., 1999). As NO
often acts as a mediator of the effects of ADM (Hinson et al., 2000), a similar
perturbation may be necessary to observe the effects of ADM in the NTS. Here, we have
perturbed blood pressure, and observed a reciprocal change in RAMP-2, suggesting that
ADM may act in the NTS to influence blood pressure homeostasis.

In animals with elevated blood pressure, RAMP-2 mRNA was reduced in the
mpvPVN. The mpvPVN sends projections to brainstem and spinal cord to regulate
sympathetic drive (Sawchenko and Swanson, 1982; Calaresu et al., 1984). RAMP-2
alterations in the PVN will affect the ability of central ADM to regulate sympathetic
drive. However, the specific effects of ADM in the mpvPVN are difficult to predict.

ADM microinjection to the PVN decreased blood pressure (Smith and Ferguson, 2001),
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while microstimulation of the PVN caused either increases or decreases in MAP
(Yamashita et al., 1987; Kannan et al., 1989; Martin and Haywood, 1992), depending on
whether the site of injection is parvocellular or magnocellular (Porter and Brody, 1986).
Since ADM can both stimulate and inhibit neurons (Allen and Ferguson, 1996), it is not
clear whether ADM will increase or decrease MAP when acting in the mpvPVN. Thus,
more study is needed to determine the effects and mechanisms of action of ADM in
specific subnuclei of the PVN, in order to determine what effects the observed decrease

in RAMP-2 may have on homeostatic function.

43 ppADM mRNA Levels are Reduced in Response to a Reduction in MAP

CNS ppADM mRNA levels are reduced in hypotensive rats, in agreement with
the observations of Shan and Krukoff (2001a), who found that LPS treatment, which
reduces blood pressure, also reduces ppADM mRNA in the CNS. The reductions in
ppADM mRNA occurred in the pmPVN, the mpvPVN, and cIPVN.

Neurons of the pmPVN secrete OXY and AVP from the posterior pituitary. The
presence of ppADM mRNA in the pmPVN implicates ADM in the regulation of OXY
and AVP secretion. The observation that RAMP-2 mRNA is present in the posterior
pituitary suggests that ADM could act at the level of the posterior pituitary to regulate
AVP and OXY. AVP secretion plays an essential role in maintaining blood pressure,
especially under hypovolemic conditions (Bennett and Gardiner, 1985), and may
therefore be influenced by the observed reductions in ppADM. Although it is not clear
what effects ADM may have on AVP in the posterior pituitary, central ADM has been

shown to inhibit stimulated AVP release (Yokoi et al., 1996). The observed down-
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regulation of ADM in the pmPVN may therefore act to disinhibit AVP secretion in
hypotensive rats, in order to help restore blood pressure.

A reduction in ppADM mRNA also occured in the mpvPVN and cIPVN of
animals with reduced MAP. Alterations in ppADM in response to low blood pressure
suggest a homeostatic regulation of ADM synthesis. A down-regulation of ppADM in
response to hypotension would be homeostatically favorable if the ADM produced in
mpvPVN and cIPVN normally acts to decrease blood pressure. Indeed, ADM acts in the
PVN to decrease blood pressure (Smith and Ferguson, 2001). Combined with the
observation that some parvocellular neurons send collaterals back into the PVN to
produce recurrent connections (Armstrong, 1995), these data suggest that ADM may act
in a paracrine/autocrine manner in the PVN. If such is the case, then down-regulating

ADM in the PVN of hypotensive animals would help to restore blood pressure.

5 Conclusions

ADM is a peptide with a wide variety of actions in the CNS and periphery. The
CNS distribution of RAMP-2, a component of an ADM receptor, is consistent with the
role of ADM in autonomic regulation. Autonomic nuclei that regulate blood pressure,
eating, and drinking express RAMP-2 mRNA. The distribution of RAMP-2 provides an
anatomical basis for many of the observed CNS effects of ADM. RAMP-2 distribution
likely represents the distribution of the RAMP-2/CRLR receptor, particularly in view of
the widespread detection of CRLR mRNA in the CNS. The observed alterations in the

CNS expression of RAMP-2 and ppADM mRNA in the PVN and NTS, important nuclei



in the autonomic regulation of blood pressure, in response to changes in blood pressure
are consistent with a role for ADM in re-establishing cardiovascular homeostasis.

This study suggests the need for future experiments. The alterations of ADM
signaling components in the PVN are difficult to interpret, due to a lack of information
regarding the specific roles of PVN subdivisions in blood pressure, and the actions of
ADM in these subdivisions. To resolve these issues, studies using microinjections of
ADM to specific subdivisions of the PVN would be informative. Additionally, the
development of specific antagonists for ADM will help to clarify the effects of

endogenous ADM in autonomic nuclei.

63



64

Reference List

Allen, M.A. and A.V. Ferguson. (1996) In vitro recordings from area postrema neurons
demonstrate responsiveness to adrenomedullin. Am J Physiol 270:R920-R925.

Allen, M.A., P.M. Smith, and A.V. Ferguson. (1997) Adrenomedullin microinjection into
the area postrema increases blood pressure. Am. J. Physiol 272:R1698-R1703.

Armstrong WE. 1995. Hypothalamic Supraoptic and Paraventricular Nuclei. In Paxinos
G, editor. The Rat Nervous System. Toronto: Academic Press. p 377-390.

Autelitano, D.J. and R. Ridings. (2001) Adrenomedullin signalling in cardiomyocytes is
dependent upon CRLR and RAMP?2 expression. Peptides 22:1851-1857.

Baylis, P.H. (1987) Osmoregulation and control of vasopressin secretion in healthy
humans. Am J Physiol 253:R671-R678.

Benarroch EE. 1997. Central Autonomic Network: Functional Organization and Clinical
Correlations. Armonk, NY: Futura Publishing Company, Inc.

Bennett, T. and S.M. Gardiner. (1985) Involvement of vasopressin in cardiovascular
regulation. Cardiovasc. Res 19:57-68.

Calaresu FR, Ciriello J, Caverson MM, Cechetto DF, and Krukoff TL. 1984. Functional
Neuroanatomy of Central Pathways Controlling the Circulation. In Kotchen TA and

Guthrie CP, editors. Hypertension and the Brain. Mount Kisco: Futura Pulications. p 3-
21.

Chakravarty, P., T.P. Suthar, H.A. Coppock, C.G. Nicholl, S.R. Bloom, S. Legon, and
D.M. Smith. (2000) CGRP and adrenomedullin binding correlates with transcript levels

for calcitonin receptor-like receptor (CRLR) and receptor activity modifying proteins
(RAMPsS) in rat tissues. Br. J. Pharmacol. 130:189-195.

Chao, J., K. Kato, J.J. Zhang, E. Dobrzynski, C. Wang, J. Agata, and L. Chao. (2001)
Human adrenomedullin gene delivery protects against cardiovascular remodeling and
renal injury. Peptides 22:1731-1737.



65

Charles, C.J., M.T. Rademaker, A.M. Richards, G.J. Cooper, D.H. Coy, N.Y. Jing, and
M.G. Nicholls. (1997) Hemodynamic, hormonal, and renal effects of adrenomedullin in
conscious sheep. Am. J. Physiol 272:R2040-R2047.

Choksi, T., D.L. Hay, S. Legon, D.R. Poyner, S. Hagner, S.R. Bloom, and D.M. Smith.
(2002) Comparison of the expression of calcitonin receptor-like receptor (CRLR) and
receptor activity modifying proteins (RAMPs) with CGRP and adrenomedullin binding in
cell lines. Br. J Pharmacol 136:784-792.

Christopoulos, G., K.J. Perry, M. Morfis, N. Tilakaratne, Y. Gao, N.J. Fraser, M.J. Main,
S.M. Foord, and P.M. Sexton. (1999) Multiple amylin receptors arise from receptor
activity-modifying protein interaction with the calcitonin receptor gene product. Mol.
Pharmacol. 56:235-242.

Chun, T.H., H. Itoh, Y. Ogawa, N. Tamura, K. Takaya, T. Igaki, J. Yamashita, K. Doi,
M. Inoue, K. Masatsugu, R. Korenaga, J. Ando, and K. Nakao. (1997) Shear Stress
Augments Expression of C-Type Natriuretic Peptide and Adrenomedullin. Hypertension
29:1296-1302.

Clarke 1J. 1996. Effector Mechanisms of the Hypothalamus that Regulate the Anterior
Pituitary Gland. In Unsicker K, editor. Autonomic-Endocrine Interactions. Amsterdam:
Harwood Academic Publishers. p 45-88.

Cuttitta, F., R. Pio, M. Garayoa, E. Zudaire, M. Julian, T.H. Elsasser, L.M. Montuenga,
and A. Martinez. (2002) Adrenomedullin functions as an important tumor survival factor
in human carcinogenesis. Microsc. Res. Tech. 57:110-119.

Dobrzynski, E., C. Wang, J. Chao, and L. Chao. (2000) Adrenomedullin gene delivery
attenuates hypertension, cardiac remodeling, and renal injury in deoxycorticosterone
acetate-salt hypertensive rats [In Process Citation]. Hypertension 36:995-1001.

Dschietzig, T., H.A. Azad, L. Asswad, C. Bohme, C. Bartsch, G. Baumann, and K.
Stangl. (2002) The adrenomedullin receptor acts as clearance receptor in pulmonary
circulation. Biochem. Biophys. Res Commun. 294:315-318.

Dschietzig, T., C. Richter, C. Bartsch, C. Bohme, D. Heinze, F. Ott, F. Zartnack, G.
Baumann, and K. Stangl. (2001) Flow-Induced Pressure Differentially Regulates



66

Endothelin-1, Urotensin II, Adrenomedullin, and Relaxin in Pulmonary Vascular
Endothelium. Biochem. Biophys. Res. Commun. 289:245-251.

Flahaut, M., B.C. Rossier, and D. Firsov. (2002) Respective roles of calcitonin receptor-
like receptor (CRLR) and receptor activity modifying proteins (RAMPs) in cell surface
expression of CRLR/RAMP heterodimeric receptors. J. Biol. Chem.M112084200.

Fluhmann, B., M. Lauber, W. Lichtensteiger, J.A. Fischer, and W. Born. (1997) Tissue-
specific mRNA expression of a calcitonin receptor-like receptor during fetal and
postnatal development. Brain Res. 774:184-192.

Fraser, N.J., A. Wise, J. Brown, L.M. McLatchie, M.J. Main, and S.M. Foord. (1999) The
Amino Terminus of Receptor Activity Modifying Proteins Is a Critical Determinant of
Glycosylation State and Ligand Binding of Calcitonin Receptor-Like Receptor. Mol
Pharmacol 55:1054-1059.

Frayon, S., C. Cueille, S. Gnidehou, M.C. de Vernejoul, and J.M. Garel. (2000)
Dexamethasone increases RAMP1 and CRLR mRNA expressions in human vascular
smooth muscle cells. Biochem. Biophys. Res Commun. 270:1063-1067.

Hallbeck, M., D. Larhammar, and A. Blomgvist. (2001) Neuropeptide expression in rat
paraventricular hypothalamic neurons that project to the spinal cord. J Comp Neurol.
433:222-238.

Hinson, J.P., S. Kapas, and D.M. Smith. (2000) Adrenomedullin, a multifunctional
regulatory peptide. Endocr. Rev 21:138-167.

Hofbauer, K.H., E. Schoof, A. Kurtz, and P. Sandner. (2002) Inflammatory Cytokines
Stimulate Adrenomedullin Expression Through Nitric Oxide-Dependent and -
Independent Pathways. Hypertension 39:161-167.

Iwasaki, H., S. Eguchi, M. Shichiri, F. Marumo, and Y. Hirata. (1998) Adrenomedullin as
a Novel Growth-Promoting Factor for Cultured Vascular Smooth Muscle Cells: Role of

Tyrosine Kinase-Mediated Mitogen-Activated Protein Kinase Activation. Endocrinology
139:3432-3441.



67

Jhamandas, J.H., K.H. Harris, T. Petrov, H.Y. Yang, and K.H. Jhamandas. (1998)
Activation of neuropeptide FF neurons in the brainstem nucleus tractus solitarius
following cardiovascular challenge and opiate withdrawal. J Comp Neurol. 402:210-221.

Jougasaki, M. and J.C. Burnett, Jr. (2000) Adrenomedullin: potential in physiology and
pathophysiology. Life Sci. 66:855-872.

Juaneda, C., Y. Dumont, J. Chabot, and R. Quirion. (2001) Autoradiographic distribution
of adrenomedullin receptors in the rat brain. Eur. J. Pharmacol. 421:R1-R2.

Kakishita, M., T. Nishikimi, Y. Okano, T. Satoh, S. Kyotani, N. Nagaya, K. Fukushima,
N. Nakanishi, S. Takishita, A. Miyata, K. Kangawa, H. Matsuo, and T. Kunieda. (1999)

Increased plasma levels of adrenomedullin in patients with pulmonary hypertension. Clin.
Sci. (Colch. ) 96:33-39.

Kannan, H., Y. Hayashida, and H. Yamashita. (1989) Increase in sympathetic outflow by
paraventricular nucleus stimulation in awake rats. Am J Physiol 256:R1325-R1330.

Kapas, S., K.J. Catt, and A.J. Clark. (1995) Cloning and expression of cDNA encoding a
rat adrenomedullin receptor. J. Biol. Chem. 270:25344-25347.

Kapas, S. and A.J. Clark. (1995) Identification of an orphan receptor gene as a type 1
calcitonin gene- related peptide receptor. Biochem. Biophys. Res Commun. 217:832-838.

Kennedy, S.P., D. Sun, J.J. Oleynek, C.F. Hoth, J. Kong, and R.J. Hill. (1998) Expression
of the rat adrenomedullin receptor or a putative human adrenomedullin receptor does not
correlate with adrenomedullin binding or functional response. Biochem. Biophys. Res.
Commun. 244:832-837.

Kitamura, K., K. Kangawa, M. Kawamoto, Y. Ichiki, S. Nakamura, H. Matsuo, and T.
Eto. (1993a) Adrenomedullin: a novel hypotensive peptide isolated from human
pheochromocytoma. Biochem. Biophys. Res. Commun. 192:553-560.

Kitamura, K., J. Sakata, K. Kangawa, M. Kojima, H. Matsuo, and T. Eto. (1993b)
Cloning and characterization of cDNA encoding a precursor for human adrenomedullin.
Biochem. Biophys. Res. Commun. 194:720-725.



68

Kitamuro, T., K. Takahashi, K. Totsune, M. Nakayama, O. Murakami, W. Hida, K.
Shirato, and S. Shibahara. (2001) Differential expression of adrenomedullin and its
receptor component, receptor activity modifying protein (RAMP) 2 during hypoxia in
cultured human neuroblastoma cells. Peptides 22:1795-1801.

Krukoff, T.L., D. MacTavish, and J.H. Jhamandas. (1997) Activation by hypotension of
neurons in the hypothalamic paraventricular nucleus that project to the brainstem. J.
Comp Neurol. 385:285-296.

Krukoff, T.L., D. MacTavish, and J.H. Jhamandas. (1999) Hypertensive rats exhibit
heightened expression of corticotropin- releasing factor in activated central neurons in
response to restraint stress. Brain Res. Mol. Brain Res. 65:70-79.

Kuwasako, K., Y. Shimekake, M. Masuda, K. Nakahara, T. Yoshida, M. Kitaura, K.
Kitamura, T. Eto, and T. Sakata. (2000) Visualization of the calcitonin receptor-like
receptor and its receptor activity-modifying proteins during internalization and recycling.
J Biol. Chem. 275:29602-29609.

Ladoux, A. and C. Frelin. (2000) Coordinated Up-regulation by hypoxia of
adrenomedullin and one of its putative receptors (RDC-1) in cells of the rat blood-brain
barrier. J Biol. Chem. 275:39914-39919.

Lin, H.C., F.J. Wan, and C.J. Tseng. (1999) Modulation of cardiovascular effects
produced by nitric oxide and ionotropic glutamate receptor interaction in the nucleus
tractus solitarii of rats. Neuropharmacology 38:935-941.

Makino, Y., K. Shibata, I. Makino, K. Kangawa, and T. Kawarabayashi. (2001)
Alteration of the adrenomedullin receptor components gene expression associated with
the blood pressure in pregnancy-induced hypertension. J Clin. Endocrinol Metab
86:5079-5082.

Martin, D.S. and J.R. Haywood. (1992) Sympathetic nervous system activation by
glutamate injections into the paraventricular nucleus. Brain Res 577:261-267.

McLatchie, L.M., N.J. Fraser, M.J. Main, A. Wise, J. Brown, N. Thompson, R. Solari,
M.G. Lee, and S.M. Foord. (1998) RAMPs regulate the transport and ligand specificity of
the calcitonin- receptor-like receptor. Nature 393:333-339.



69

Minamino, N., K. Kikumoto, and Y. Isumi. (2002) Regulation of adrenomedullin
expression and release. Microsc. Res. Tech. 57:28-39.

Miret, J.J., L. Rakhilina, L. Silverman, and B. Oehlen. (2001) Functional expression of
heteromeric CGRP and Adrenomedullin receptors in yeast. J. Biol. Chem.M107384200.

Mori, Y., T. Nishikimi, N. Kobayashi, H. Ono, K. Kangawa, and H. Matsuoka. (2002)
Long-Term Adrenomedullin Infusion Improves Survival in Malignant Hypertensive Rats.
Hypertension 40:107-113.

Nagata, N., J. Kato, K. Kitamura, M. Kawamoto, N. Tanaka, T. Eto, and M. Takasaki.
(1998) Dissociation of adrenomedullin concentrations in plasma and cerebrospinal fluid
in pregnant and non-pregnant women. Eur. J. Endocrinol. 139:611-614.

Nishikimi, T., Y. Mori, N. Kobayashi, K. Tadokoro, X. Wang, K. Akimoto, F. Yoshihara,
K. Kangawa, and H. Matsuoka. (2002) Renoprotective Effect of Chronic Adrenomedullin
Infusion in Dahl Salt-Sensitive Rats. Hypertension 39:1077-1082.

Nishimatsu, H., Y. Hirata, T. Shindo, H. Kurihara, M. Kakoki, D. Nagata, H. Hayakawa,
H. Satonaka, M. Sata, A. Tojo, E. Suzuki, K. Kangawa, H. Matsuo, T. Kitamura, and R.
Nagai. (2002) Role of Endogenous Adrenomedullin in the Regulation of Vascular Tone
and Ischemic Renal Injury: Studies on Transgenic/Knockout Mice of Adrenomedullin
Gene. Circ Res 90:657-663.

Nishio, K., Y. Akai, Y. Murao, N. Doi, S. Ueda, H. Tabuse, S. Miyamoto, K. Dohi, N.
Minamino, H. Shoji, K. Kitamura, K. Kangawa, and H. Matsuo. (1997) Increased plasma

concentrations of adrenomedullin correlate with relaxation of vascular tone in patients
with septic shock. Crit Care Med. 25:953-957.

Ohinata, K., A. Inui, A. Asakawa, and M. Yoshikawa. (2001) Novel actions of
proadrenomedullin N-terminal 20 peptide (PAMP)(1). Peptides 22:1809-1816.

Oldfield BJ and McKinley MJ. 1995. Circumventricular Organs. In Paxinos G, editor.
The Rat Nervous System. Toronto: Academic Press. p 391-403.

Oliver, K.R., S.A. Kane, C.A. Salvatore, J.J. Mallee, A.M. Kinsey, K.S. Koblan, N.
Keyvan-Fouladi, R.P. Heavens, A. Wainwright, M. Jacobson, I.M. Dickerson, and R.G.



70

Hill. (2001) Cloning, characterization and central nervous system distribution of receptor
activity modifying proteins in the rat. Eur. J Neurosci. 14:618-628.

Oliver, K.R., A. Wainwright, R.P. Heavens, R.G. Hill, and D.J. Sirinathsinghji. (1998)
Distribution of novel CGRP1 receptor and adrenomedullin receptor mRNAs in the rat
central nervous system. Brain Res. Mol. Brain Res. 57:149-154.

Oliver, K.R., A. Wainwright, A.M. Kinsey, R.P. Heavens, D.J. Sirinathsinghji, and R.G.
Hill. (1999) Regional and cellular localization of calcitonin gene-related peptide- receptor
component protein mRNA in the guinea-pig central nervous system. Brain Res Mol Brain
Res 66:205-210.

Ono, Y., I. Okano, M. Kojima, K. Okada, and K. Kangawa. (2000) Decreased gene
expression of adrenomedullin receptor in mouse lungs during sepsis. Biochem. Biophys.
Res. Commun. 271:197-202.

Parkes, D.G. and C.N. May. (1997) Direct cardiac and vascular actions of
adrenomedullin in conscious sheep. Br. J Pharmacol 120:1179-1185.

Paxinos G and Watson C. 1986. The rat brain in stereotaxic coordinates. San Diego, CA:
Academic Press.

Petrov, T., J.H. Jhamandas, and T.L. Krukoff. (1996) Connectivity between brainstem
autonomic structures and expression of c- fos following electrical stimulation of the
central nucleus of the amygdala in rat. Cell Tissue Res. 283:367-374.

Petrov, T., T.L. Krukoff, and J.H. Jhamandas. (1995) Convergent influence of the central
nucleus of the amygdala and the paraventricular hypothalamic nucleus upon brainstem
autonomic neurons as revealed by c-fos expression and anatomical tracing. J. Neurosci.
Res. 42:835-845.

Pio, R., T.H. Elsasser, A. Martinez, and F. Cuttitta. (2002) Identification,
characterization, and physiological actions of factor H as an adrenomedullin binding
protein present in human plasma. Microsc. Res. Tech. 57:23-27.

Pio, R., A. Martinez, and F. Cuttitta. (2001a) Cancer and diabetes: two pathological
conditions in which adrenomedullin may be involved. Peptides 22:1719-1729.



71

Pio, R., A. Martinez, E.J. Unsworth, J.A. Kowalak, J.A. Bengoechea, P.F. Zipfel, T.H.
Elsasser, and F. Cuttitta. (2001b) Complement Factor H Is a Serum-binding Protein for

Adrenomedullin, and the Resulting Complex Modulates the Bioactivities of Both
Partners. J. Biol. Chem. 276:12292-12300.

Porter, J.P. and M.J. Brody. (1986) A comparison of the hemodynamic effects produced
by electrical stimulation of subnuclei of the paraventricular nucleus. Brain Res 375:20-
29.

Prado, M.A., B. Evans-Bain, K.R. Oliver, and I.M. Dickerson. (2001) The role of the
CGRP-receptor component protein (RCP) in adrenomedullin receptor signal transduction.
Peptides 22:1773-1781.

Pyner, S. and J.H. Coote. (2000) Identification of branching paraventricular neurons of
the hypothalamus that project to the rostroventrolateral medulla and spinal cord.
Neuroscience 100:549-556.

Qing, X., J. Svaren, and .M. Keith. (2001) mRNA expression of novel CGRP1 receptors
and their activity-modifying proteins in hypoxic rat lung. Am. J. Physiol Lung Cell Mol.
Physiol 280:1.547-L554.

Reidelberger, R.D., L. Kelsey, and D. Heimann. (2002) Effects of amylin-related
peptides on food intake, meal patterns, and gastric emptying in rats. Am J Physiol
Regulatory Integrative Comp Physiol 282:R1395-R1404.

Sakata, J., Y. Asada, T. Shimokubo, M. Kitani, H. Inatsu, K. Kitamura, K. Kangawa, H.
Matsuo, A. Sumiyoshi, and T. Eto. (1998) Adrenomedullin in the gastrointestinal tract.
Distribution and gene expression in rat and augmented gastric adrenomedullin after
fasting. J Gastroenterol. 33:828-834.

Sakata, J., T. Shimokubo, K. Kitamura, M. Nishizono, Y. Iehiki, K. Kangawa, H.
Matsuo, and T. Eto. (1994) Distribution and characterization of immunoreactive rat
adrenomedullin in tissue and plasma. FEBS Lert. 352:105-108.

Samson, W K., T.C. Murphy, and Z.T. Resch. (1998) Central mechanisms for the
hypertensive effects of preproadrenomedullin-derived peptides in conscious rats. Am J
Physiol Regulatory Integrative Comp Physiol 274:R1505-R1509.



72

Saper CB. 1995. Central Autonomic System. In Paxinos G, editor. The Rat Nervous
System. Toronto: Academic Press. p 107-135.

Sawchenko, P.E. and L.W. Swanson. (1982) Immunohistochemical identification of
neurons in the paraventricular nucleus of the hypothalamus that project to the medulla or
to the spinal cord in the rat. J Comp Neurol. 205:260-272.

Schwartz, M.W., S.C. Woods, D. Porte, Jr., R.J. Seeley, and D.G. Baskin. (2000) Central
nervous system control of food intake. Nature 404:661-671.

Serino, R., Y. Ueta, Y. Hara, M. Nomura, Y. Yamamoto, I. Shibuya, Y. Hattori, K.
Kitamura, K. Kangawa, J.A. Russell, and H. Yamashita. (1999) Centrally administered
adrenomedullin increases plasma oxytocin level with induction of c-fos messenger

ribonucleic acid in the paraventricular and supraoptic nuclei of the rat. Endocrinology
140:2334-2342.

Serrano, J., D. Alonso, J.M. Encinas, J.C. Lopez, A.P. Fernandez, S. Castro-Blanco, P.
Fernandez-Vizarra, A. Richart, M.L. Bentura, M. Santacana, L.O. Uttenthal, F. Cuttitta,
J. Rodrigo, and A. Martinez. (2002) Adrenomedullin expression is up-regulated by
ischemia-reperfusion in the cerebral cortex of the adult rat. Neuroscience 109:717-731.

Sewards, T.V. and M.A. Sewards. (2000) The awareness of thirst: proposed neural
correlates. Conscious. Cogn 9:463-487.

Sexton, P.M., A. Albiston, M. Morfis, and N. Tilakaratne. (2001) Receptor activity
modifying proteins. Cell Signal. 13:73-83.

Shan J Adrenomedullin regulates neuroendocrine and central autonomic functions. 1-
121. 2000. University of Alberta.

Shan, J. and T.L. Krukoff. (2000) Area postrema ablation attenuates activation of
neurones in the paraventricular nucleus in response to systemic adrenomedullin. J.
Neuroendocrinol 12:802-810.

Shan, J. and T.L. Krukoff. (2001a) Distribution of preproadrenomedullin mRNA in the
rat central nervous system and its modulation by physiological stressors. J. Comp Neurol.
432:88-100.



73

Shan, J. and T.L. Krukoff. (2001b) Intracerebroventricular Adrenomedullin Stimulates
the Hypothalamic- Pituitary-Adrenal Axis, the Sympathetic Nervous System and
Production of Hypothalamic Nitric Oxide. J Neuroendocrinol 13:975-984.

Shan, J., T.Stachniak, J.H.Jhamandas, and T.L.Krukoff. (2002) Autonomic and
Neuroendocrine Actions of Adrenomedullin in the Brain: Mechanisms for Homeostasis.
Regul. Pept. [In Press]

Shimekake, Y., K. Nagata, S. Ohta, Y. Kambayashi, H. Teraoka, K. Kitamura, T. Eto, K.
Kangawa, and H. Matsuo. (1995) Adrenomedullin stimulates two signal transduction
pathways, cAMP accumulation and Ca2+ mobilization, in bovine aortic endothelial cells.
J. Biol. Chem. 270:4412-4417.

Shimosawa, T., Y. Shibagaki, K. Ishibashi, K. Kitamura, K. Kangawa, S. Kato, K. Ando,
and T. Fyjita. (2002) Adrenomedullin, an Endogenous Peptide, Counteracts
Cardiovascular Damage. Circulation 105:106-111.

Shindo, T., Y. Kurihara, H. Nishimatsu, N. Moriyama, M. Kakoki, Y. Wang, Y. Imai, A.
Ebihara, T. Kuwaki, K.H. Ju, N. Minamino, K. Kangawa, T. Ishikawa, M. Fukuda, Y.
Akimoto, H. Kawakami, T. Imai, H. Morita, Y. Yazaki, R. Nagai, Y. Hirata, and H.
Kurihara. (2001) Vascular Abnormalities and Elevated Blood Pressure in Mice Lacking
Adrenomedullin Gene. Circulation 104:1964-1971.

Shinoki, N., T. Kawasaki, N. Minamino, K. Okahara, A. Ogawa, H. Ariyoshi, M. Sakon,
J. Kambayashi, K. Kangawa, and M. Monden. (1998) Shear stress down-regulates gene
transcription and production of adrenomedullin in human aortic endothelial cells. J Cell
Biochem. 71:109-115.

Shinomiya, K., K. Ohmori, H. Ohyama, N. Hosomi, T. Takahashi, K. Osaka, and M.
Kohno. (2001) Association of plasma adrenomedullin with carotid atherosclerosis in
chronic ischemic stroke. Peptides 22:1873-1880.

Smith, P.M. and A.V. Ferguson. (2001) Adrenomedullin acts in the rat paraventricular
nucleus to decrease blood pressure. J. Neuroendocrinol 13:467-471.

Sved, A.F., S. Ito, C.J. Madden, S.D. Stocker, and Y. Yajima. (2001) Excitatory inputs to
the RVLM in the context of the baroreceptor reflex. Ann. N. Y. Acad. Sci. 940:247-258.



74

Szokodi, 1., P. Kinnunen, P. Tavi, M. Weckstrom, M. Toth, and H. Ruskoaho. (1998)
Evidence for cAMP-independent mechanisms mediating the effects of adrenomedullin, a
new inotropic peptide. Circulation 97:1062-1070.

Taylor, M.M. and W K. Samson. (2002) Ribozyme compromise of adrenomedullin
mRNA reveals a physiological role in the regulation of water intake. Am J Physiol
Regulatory Integrative Comp Physiol 282:R1739-R1745.

Totsune, K., K. Takahashi, H.S. Mackenzie, O. Murakami, Z. Arihara, M. Sone, T.
Mouri, B.M. Brenner, and S. Ito. (2000) Increased gene expression of adrenomedullin
and adrenomedullin-receptor complexes, receptor-activity modifying protein (RAMP)2

and calcitonin- receptor-like receptor (CRLR) in the hearts of rats with congestive heart
failure. Clin. Sci. (Colch. ) 99:541-546.

Ueda, T., S. Ugawa, Y. Saishin, and S. Shimada. (2001) Expression of receptor-activity
modifying protein (RAMP) mRNAs in the mouse brain. Brain Res. Mol. Brain Res.
93:36-45.

Uemura, T., J. Kato, K. Kuwasako, K. Kitamura, K. Kangawa, and T. Eto. (2002)
Aldosterone augments adrenomedullin production without stimulating pro-
adrenomedullin N-terminal 20 peptide secretion in vascular smooth muscle cells. J
Hypertens. 20:1209-1214.

Ueta, Y., Y. Hara, K. Kitamura, K. Kangawa, T. Eto, Y. Hattori, and H. Yamashita.
(2001) Action sites of adrenomedullin in the rat brain: functional mapping by Fos
expression. Peptides 22:1817-1824.

Uvnas-Moberg, K. (1997) Oxytocin linked antistress effects--the relaxation and growth
response. Acta Physiol Scand. Suppl 640:38-42.

Yamashita, H., H. Kannan, M. Kasai, and T. Osaka. (1987) Decrease in blood pressure
by stimulation of the rat hypothalamic paraventricular nucleus with L-glutamate or weak
current. J Auton. Nerv. Syst. 19:229-234.

Yang, S., M. Zhou, L. H. Chaudry, and P. Wang. (2001) The role of lipopolysaccharide in
stimulating adrenomedullin production during polymicrobial sepsis. Biochim. Biophys.
Acta 1537:167-174.



75

Yang, W., O. Oskin, and T.L. Krukoff. (1999) Immune stress activates putative nitric
oxide-producing neurons in rat brain: cumulative effects with restraint. J. Comp Neurol.
405:380-387.

Yang, W.W. and T.L. Krukoff. (2000) Nitric oxide regulates body temperature, neuronal
activation and interleukin-1 beta gene expression in the hypothalamic paraventricular
nucleus in response to immune stress. Neuropharmacology 39:2075-2089.

Yokoi, H., H. Arima, T. Murase, K. Kondo, Y. Iwasaki, and Y. Oiso. (1996)
Intracerebroventricular injection of adrenomedullin inhibits vasopressin release in
conscious rats. Neurosci. Lett. 216:65-67.

Yoshihara, F., T. Horio, T. Nishikimi, H. Matsuo, and K. Kangawa. (2002) Possible
involvement of oxidative stress in hypoxia-induced adrenomedullin secretion in cultured
rat cardiomyocytes. Eur. J Pharmacol 436:1-6.

Yoshihara, F., T. Nishikimi, T. Horio, C. Yutani, N. Nagaya, H. Matsuo, T. Ohe, and K.
Kangawa. (2000) Ventricular adrenomedullin concentration is a sensitive biochemical

marker for volume and pressure overload in rats. Am. J. Physiol Heart Circ. Physiol
278:H633-H642.

Yoshihara, F., T. Nishikimi, I. Okano, T. Horio, C. Yutani, H. Matsuo, S. Takishita, T.
Ohe, and K. Kangawa. (2001) Alterations of intrarenal adrenomedullin and its receptor
system in heart failure rats. Hypertension 37:216-222.



