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Abstract

Adrenomedullin (AM) is a highly conserved peptide that can act as a potent vasodilator, anti-
microbial factor and anti-inflammatory factor. Several studies have implicated diverse roles for AM
in regulating the inflammatory and hemodynamic responses to septic shock. Moreover, during sepsis
the receptors that mediate AM signaling [calcitonin receptor-like receptor (calcrl) and receptor
activity modifying proteins (RAMP) 2 and 3] undergo dynamic and robust changes in their expression.
Although numerous studies have used animal models to study the role of administered or increased
AM in septic animals, genetic studies to determine the consequences of reduced AM during septic
shock have not yet been performed. Here, we used a murine model of lipopolysaccharide (LPS)-
induced septic shock to assess the inflammatory response in mice heterozygous for the AM gene.
Following LPS challenge, AM*/~ mice had higher expression of TNF-a and IL-12 than LPS-treated
wild-type (WT) controls. Consequently, serum TNF-a was also significantly elevated in LPS-treated
AM*'~ mice compared to WT LPS-treated mice. We also observed higher serum levels of liver
enzymes, suggesting more advanced end-organ damage in mice with genetically reduced AM.
Finally, we found that RAMP2 and calcrl expression levels were markedly reduced in LPS-treated
mice, whereas RAMP3 expression was significantly elevated. Importantly, these changes in receptor
gene expression were conserved in AM*/~ mice, demonstrating that AM peptide itself does not impact
directly on the expression of the genes encoding its receptors. We therefore conclude that during
septic shock the dynamic modulation of AM and its receptors primarily functions to dampen the
inflammatory response.
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1. Introduction

Adrenomedullin (AM) is a peptide encoded by a highly conserved gene that may have evolved
from an antimicrobial peptide in early eukaryotic organisms into a potent vasodilator in higher
mammalian species [37]. AM causes relaxation of vascular smooth muscle cells (VSMCs)
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[7], reduces endothelial cell permeability [10] and is a biologically-relevant antimicrobial
peptide involved in the innate immune response [1]. The 52-amino acid peptide is produced
and secreted by many mammalian tissues and is most highly expressed by VSMCs [30] and
endothelial cells [29]. Stimuli for AM synthesis and secretion include angiotensin II,
endothelin-1, hypoxia, oxidative stress and inflammatory cytokines such as TNF-o and IL-1
[6]. Thus, the biological functions of AM in mammals are numerous, diverse and likely inter-
related.

Plasma levels of AM are significantly elevated in humans with a wide variety of physiological
and pathological conditions, including cardiovascular disease, normal pregnancy and septic
shock [8]. In patients with septic shock, AM peptide levels are 25 to 30 folds higher than in
normal individuals [11,21]. Since AM is a potent vasodilator [15], it is reasonable to assume
that increased plasma AM contributes to the extreme hypotension observed in the early stages
of septic shock. However, our recent studies using genetically engineered mice that lack one
copy of the AM gene demonstrate that reduction of endogenous AM to 50% of wild-type (WT)
levels has no effect on the acute hypotension that occurs in an LPS-induced murine model of
septic shock [2]. These results suggest that AM may play other primary roles during septic
shock.

AM possesses anti-inflammatory [9], bactericidal [1], and positive inotropic [12] properties,
which are all beneficial responses to sepsis. When treated with endotoxin, mice over-expressing
AM in their vasculature experience less severe hemodynamic and inflammatory responses,
less liver damage and lower mortality rates compared to WT endotoxin-treated controls [28].
AM has also been shown to reduce TNF-a expression and release in macrophage cell lines and
rat Kupffer cells [33]. More recently, administration of AM to rats with a-toxin-induced sepsis
reduced vascular hyperpermeability and resulted in dramatically improved survival rates
[31]. Finally, dynamic and robust changes in the expression of AM and its receptors occur in
the lungs in response to septic shock [4,22]. Taken together, these results suggest that the
beneficial roles of AM during septic shock may primarily be to minimize organ damage by
influencing the immune response and/or vascular permeability, rather than by regulating blood
pressure. Yet, experiments to genetically confirm the primary function of AM during septic
shock have not yet been performed.

The AM peptide contains a 6-residue ring structure and amidated C-terminus which, due to
conserved sequence homology and structural motifs, places it in the calcitonin family of
peptides, including calcitonin, calcitonin gene related peptide (CGRP), amylin and intermedin
[37]. Peptides of this family also share a unique mechanism of G-protein coupled receptor
signaling by a novel class of single transmembrane proteins called receptor activity modifying
proteins (RAMPs). RAMPs were first identified through their association with the calcitonin
receptor-like receptor (CLR) and can interact with many other class Il GPCRs to determine
receptor ligand binding specificity [27]. In the case of CLR, association with RAMP1 produces
a CGRP receptor, while association with RAMP2 or RAMP3 produces a receptor specific for
AM. In this way, the spatial and temporal expression of RAMP proteins determines the tissue
responsiveness to either CGRP or AM.

During inflammation and septic shock, there are robust and dynamic changes in the expression
of the RAMP and calcrl genes that are responsible for mediating AM signaling. For example,
TNF-a significantly reduced the expression of calcrl (the gene encoding CLR), RAMP1 and
RAMP2 in cultured smooth muscle cells of human coronary artery in a time and dose-dependent
manner [20]. Moreover, Ono et al. have also shown that calcrl and RAMP2 expression was
significantly decreased in lungs of LPS-induced septic mice, while RAMP3 expression levels
were elevated nearly 40-fold [22]. In a related fashion, the amount of AM binding protein
(AMBP) is significantly reduced during the hypodynamic phase of sepsis, which may account
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for the reduced responsiveness to elevated plasma AM during the late phase of sepsis [32,34,
36,37]. These results suggest that the modulation of AM signaling during septic shock is
complex (involving both receptor modulation and active peptide bioavailability) and finely
tuned in order to maintain homeostatic balance in response to severe physiological insults.
However, whether AM signaling itself is involved in these dynamic receptor responses remains
unclear.

Our previous studies with genetically engineered mouse models have shown that mice lacking
both copies of the AM gene or the calcrl gene die at mid-gestation from extreme hydrops fetalis
and cardiovascular defects [3,5]. Adult female mice heterozygous for AM display profound
reproductive defects [16] and are protected from hypertension-induced cardiovascular end
organ damage [2]. Otherwise, adult male and female AM heterozygous mice are born at the
expected Mendelian ratios, survive to adulthood and have normal blood pressures under basal
and stressed conditions with no obvious phenotypic defects.

To determine if genetic reduction of endogenous AM affects the septic response in mice, we
challenged AM*/~ mice in an LPS-induced model of septic shock. Since AM is consistently
reported as an anti-inflammatory peptide, we were particularly interested in determining
whether genetic reduction of endogenous AM in vivo could alter the inflammatory response
in septic animals. We also used our genetic model to determine if the dynamic gene expression
changes observed in the AM receptor signaling genes during septic shock are dependent on
the expression levels of AM peptide.

2. Experimental Methods

2.1. Experimental Animals and LPS Treatment

The generation and phenotype of mice with a targeted deletion of the AM gene have been
previously described [3]. Experiments were carried out with 8-10 week old male mice bred
under a controlled environment and were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina, Chapel Hill. Animals used in these experiments
were produced by AM*/~ intercrosses and were maintained on an isogenic 129S6/SvEv genetic
background. To induce septic shock in WT and AM*/~ mice, 60 mg/kg LPS (Escherichia
coli O55:B5; Sigma, St. Louis, MO) was injected I.P. (unless otherwise stated).

2.2. Gene expression analysis

Gene expression was analyzed by quantitative reverse transcription-PCR with the Mx3000P
Real-Time PCR machine from Stratagene. Tagman primer and probe sequences for calcrl
detection have recently been published. Primers for RAMP2 were 5'-
CAGAATCAATCTCATCCCACTGA-3 and 5'-
GTCCATGCAACTCTTGTACTCATAC-3'. The probe for RAMP2 detection was 5'-FAM-
TGGAAGACTACGAAACACATGTCCTACCTTG-TAMRA-3'. Primers for RAMP3 were
5-GGTCATTAGGAGCCACGTGT-3' and 5'-GGGCTAAACAAGCCACAGCT-3". The
probe for RAMP3 detection was FAM-5-CAGCCCACACTGGACACAGAATCGTG-
TAMRA-3'. For L1 detection, we used a pre-designed, Assays on Demand primer/probe set
(Applied Biosystems). Primers for TNF-a were 5-CTGTCTACTGAACTTCGGGGTGAT-3
and 5-GGTCTGGGCCATAGAACTGATG-3'. The probe for TNF-« detection was 5'-FAM-
ATGAGAAGTTCCCAAATGGCCTCCCTC-TAMRA-3'. Primer and probe sequences for
AM and IL-1p detection have been previously published [3] and [14]. A GAPDH primer/probe
set was purchased from Applied Biosystems (part # 4308313) and used as an internal control
for all samples. RNA was isolated from lungs with Trizol reagent (Invitrogen), DNase treated,
and purified with an RNeasy Mini Kit (Qiagen). 200 ng of lung RNA was used per reaction
and each sample was run in triplicate. The AA Ct method was used to determine the relative
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levels of gene expression [17]. For these studies, the lung was chosen since it represents a
primary site of inflammation following LPS exposure.

2.3. Measurement of serum TNF-a levels

For basal in vivo serum TNF-a concentrations, tail-vein bleeds were performed prior to LPS
challenge. Mice were then administered LPS for one hour and serum samples were again
obtained by tail-vein bleed. TNF-o concentrations were quantified using anti-TNF-a antibody
by ELISA technique (product # EMTNFAZ2; Pierce, Rockford, IL). Recombinant TNF-a. was
used as a standard control.

2.4. ALT and AST measurement

Blood chemical analysis for serum alanine (ALT) and aspartate (AST) aminotransferase
activities was performed in the Animal Clinical Laboratory Core Facility of the University of
North Carolina at Chapel Hill using a Chemical Analyzer VT250 (Ortho-Clinical Diagnostics
Comp. Rochester, NY).

2.5. Statistical analysis

Statistical analysis was performed using a Student’s t test with unequal variance. A p value
equal to or less than 0.05 was considered statistically significant.

3. Results

3.1 AM gene expression is induced significantly less in AM*~ mice treated with LPS

Using quantitative RT-PCR, AM gene expression was measured in lungs of WT and AM*/~
mice treated with or without LPS for 2 hours. In untreated mice, the basal level of AM gene
expression in AM*/~ mice was 53% of WT mice, consistent with our previous demonstration
that the gene targeting strategy effectively reduced AM gene expression by approximately half
wildtype levels[3]. AM gene expression was dramatically elevated in both WT and AM*/~ mice
following LPS administration. However, the level of AM expression achieved in AM*/~ mice
following LPS treatment was only 37% of the level achieved by WT LPS-treated animals (Fig.
1).

3.2 Elevated TNF-a and IL-1B expression in lungs of AM*/~ septic mice

Since the lungs are a primary site of inflammation during septic shock, we used quantitative
RT-PCR to determine the expression of the pro-inflammatory cytokines TNF-«, I1L-15, and
IL-6 in lungs of WT and AM*/~ mice treated with or without LPS for 45 minutes. Both WT
and AM*/~ animals showed a robust and rapid increase in TNF-« expression following LPS
administration. However, induction of TNF-a expression was significantly higher in lungs of
AM*'~ mice than in lungs of WT control mice (Fig. 2). Similarly, IL-18 expression was
drastically elevated in both WT and AM*/~ mice upon LPS challenge, and this increase was
significantly higher in AM*/~ mice than in WT mice (Fig. 2). Although the expression of
IL-6 was higher in AM*/~ mice than in WT controls, this data did not reach statistical
significance (data not shown). These results demonstrate that the lungs of mice with only one
copy of the AM gene (AM*/~) are more susceptible to the inflammatory response of
endotoxemic shock than WT mice with both copies of the endogenous AM gene.

3.3 Elevated serum TNF-a levels in AM*/~ septic mice

Serum TNF-a was quantified using ELISA before and during LPS challenge in WT and
AM*~ mice. Basal TNF-o levels prior to LPS treatment were similar in both genotypes (30
pg/ml +/—5.59 for AM*/~ versus 19.41 pg/ml +/— 4.69 for WT, p=0.174, Fig. 3). Both WT and
AM*~ mice had a marked elevation in TNF-o. 1 hour after LPS administration. However,
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AM*~ mice showed a more robust response and secreted more than two-fold higher TNF-a
than WT mice within the first hour of LPS challenge (598.83 pg/ml +/— 59 for AM*/~ versus
268.18 pg/ml +/— 41 for WT, p=0.0004, Fig. 3). These results are consistent with our
experiments measuring TNF-a gene expression and provide further evidence that AM*/~ mice
are more susceptible to LPS-induced inflammation than WT controls.

3.4. Increased ALT and AST activity in AM*/~ septic mice

Liver damage is a hallmark characteristic of endotoxin-induced septic shock and can be
assessed by liver enzyme activity. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) are thus accurate indicators of liver cell damage and inflammation
[25], as well as heart damage [26]. In untreated mice of both genotypes, serum ALT levels
were similar (11 U/L +/— 2.3 for AM*/~ versus 9.73 U/L +/— 1.06 for WT, p=0.63). Following
a 24-hour, 100 mg/kg LPS challenge, AM*/~ mice showed significantly higher ALT activity
than WT controls (528.1 U/L +/— 158 for AM*/~ versus 69.4 U/L +/— 15.6 for WT, p=0.02).
Similarly, basal serum AST activity was not significantly different between WT and AM*/~
mice (105.7 U/L +/— 7.5 for AM*/~ versus 111.8 U/L +/— 6.1 for WT, p=0.56). However, after
24 hours of LPS challenge, AM*/~ mice exhibited significantly higher AST activity (878 U/L
+/— 181 for AM*/~ versus 283.1 U/L +/— 45.5 for WT, p=0.01) (Fig. 4). Perhaps due to the
isogenic 129S6/SvEv strain used in these studies, histological analysis and myeloperoxidase
assays for neutrophil infiltration revealed no significant differences between LPS-challenged
livers of WT and AM*/~ mice. Nevertheless, these data clearly demonstrate that reduction of
AM gene expression by 50% in AM*/~ mice leads to more severe end-organ damage after septic
shock than in mice with 2 copies of the AM gene.

3.5 Dynamic regulation of AM receptor genes in AM*/~ septic mice

To determine whether the expression of the AM gene affects homeostatic alterations in the
expression of genes encoding for AM receptors (calcrl, RAMP2, and RAMP3) during sepsis
we used quantitative RT-PCR of total lung RNA from septic WT and AM*/~ mice. We found
that RAMP2 and calcrl expression levels were markedly reduced 97.3% and 98.1%,
respectively, while RAMP3 expression was elevated 23.8 fold in WT mice treated with LPS.
Importantly, similar changes in gene expression were observed in AM*/~ mice; RAMP2
expression was reduced 92.8%, calcrl was reduced 95% and RAMP3 was elevated 24.9 fold
(Fig. 5). In addition, we also measured expression levels of another putative AM receptor,
called L1, in WT and AM*/~ septic mice, and found the expression level of this gene to be
reduced in LPS-treated mice of both genotypes (75.7% reduction in WT mice and 68%
reduction in AM*/~ mice, data not shown). Taken together, our results support the concept that
robust and dynamic changes in the expression of genes responsible for mediating AM signaling
occur during septic shock. Moreover, since the magnitude of these changes was not different
between WT and AM*/~ mice, we conclude that the level of AM peptide is not primarily
involved in mediating responsiveness to AM signaling at the level of receptor expression.

4. Discussion

Many in vitro studies have suggested an important regulatory role for AM in sepsis and other
inflammatory diseases [13,18,19,30,33,35]. Moreover, genetic over-expression of AM in the
mouse vasculature or therapeutic administration of AM peptide in rats or mice had beneficial
effects on reducing the inflammatory and hemodynamic insults elicited by septic shock [28].
However, whether genetic reduction of AM can cause a more severe response to sepsis has not
yet been determined. The present study was designed to test the effects of a genetic reduction
in AM in a murine model of LPS-induced septic shock.
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We found that the administration of LPS induced a more severe inflammatory response in
AM*~ mice than in WT LPS-treated mice. Regulation of the inflammatory response by AM
occured at both transcriptional and translational levels. The expression of two pro-
inflammatory cytokines, TNF-a and IL-1/, was significantly higher in AM*/~ septic mice than
in WT septic mice. In addition, serum TNF-o levels were more than 2-fold higher in AM*/~
septic mice than in WT septic mice. These observations are consistent with previous reports
showing that AM reduces the production of TNF-a in macrophages and Kupffer cells [33].

In addition to increased cytokine production, there was also a significant elevation in ALT and
AST enzyme activity in AM*/~ septic mice, when compared to WT septic mice. These results
are in agreement with a report by Shindo et al. showing that mice overexpressing AM in their
vasculature were resistant to LPS-induced liver damage [28].

Notably, we failed to observe any differences in end-organ histology (liver, kidney), pulmonary
edema formation or overall survival of AM*/~ septic mice compared to control septic mice at
all doses and times examined. We therefore conclude that a modest genetic reduction in AM
to 50% of WT levels does not significantly impact on the pathological morbidity and mortality
of septic shock. Nevertheless, it is likely that the robust induction of AM expression and the
modulation of its receptors plays an important role in mediating the septic response.

Recent studies by others revealed a dynamic change in the expression of genes involved in AM
signaling during sepsis. Nagoshi et al. found that TNF-a significantly reduced the expression
of calcrl, RAMP1 and RAMP2 in cultured smooth muscle cells of human coronary artery in a
time and dose-dependent manner [20]. Furthermore, Ono et al. examined the expression of
calcrl and RAMPL, 2, and 3 in several tissues from LPS-induced septic mice. calcrl and
RAMP?2 expression were significantly decreased in lungs of septic mice, whereas RAMP3
message levels were increased approximately 40 folds in lungs after 12 hours of LPS challenge
[22]. Using a polymicrobial model of sepsis, Ornan et al also showed that RAMP3 expression
is elevated in lungs during the early hyperdynamic stage of sepsis, but not in the later
hypodynamic phase [24]. Similar to these studies, we also found that LPS induced a significant
change in the expression patterns of genes involved in AM signaling, characterized by a
“switch” from RAMP2 to RAMP3 expression in the lungs of septic animals. Importantly, we
further established that genetic reduction of AM does not impact on the magnitude of these
changes, since the response to LPS was similar in AM*/~ and WT mice. Although some studies
[23,24] have suggested that modulation of RAMP2 and RAMP3 may act to alter the clearance
of AM peptide, our data show that the absolute level of AM peptide does not directly impact
on their expression.

We conclude that during septic shock the dynamic modulation of AM and its receptors
primarily functions to dampen the inflammatory response. Therefore, our in vivo studies using
mice with genetically reduced levels of AM support the use of AM therapy to help counteract
the detrimental effects of inflammation during septic shock in humans.
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Figure 1.

AM gene expression levels before and after LPS challenge. Total lung RNA was prepared from
WT and AM*/~ mice treated with or without LPS for 2 hours. AM gene expression was
measured by guantitative RT-PCR. At least 7 animals were used in each group.
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Figure 2.

Gene expression levels of TNF-a and IL-14 following LPS challenge. Total lung RNA was
prepared from WT and AM*/~ mice treated with or without LPS for 45 minutes. Expression
of these genes was measured by quantitative RT-PCR. Four mice were used in each group.
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Figure 3.
Serum TNF-a levels following LPS challenge. Serum from WT and AM*/~ mice was collected

by tail-vein bleed at the indicated time points following treatment with 100 mg/kg LPS. TNF-
o was analyzed by ELISA. n=8 for WT mice and n=9 for AM*/~ mice.
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Figure 4.

Serum (A) ALT and (B) AST levels following LPS challenge. Serum from WT and AM*/~
mice treated with or without LPS for 24 hours was collected. At least 6 mice were used in each

group.
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Figure 5.

AM receptor gene expression in WT and AM*/~ mice following LPS challenge. Total lung
RNA was prepared from WT and AM*/~ mice treated with or without LPS for 12 hours.
Expression of RAMP2, RAMP3 and calcrl were measured by quantitative RT-PCR. Four mice
were used in each group.
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