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Abstract. Both adrenomedullin and calcitonin gene-related peptide (CGRP) regulate vascular tone in
the heart, being cardioprotective in hypoxia. Additionally, adrenomedullin exhibits antiproliferative
and antiapoptotic functions in the myocardium, while CGRP exerts positive chronotropic effect. Their
actions are mediated through the specific G protein-coupled receptor, CRLR, whose ligand affinity is
determined by receptor activity modifying proteins RAMP1-3. CGRP binds to the complex formed
by CRLR/RAMP1, whereas CRLR/RAMP2 and CRLR/RAMP3 serve as receptors for adrenomedul-
lin. Here, we quantified expression of this signaling system in the rat heart and supplying sensory
ganglia (dorsal root ganglia T1-T4 and vagal nodose ganglia) in streptozotocin-induced diabetes.
In the course of diabetes, an increase of CRLR mRNA was noticed in the right ventricle 8 weeks and
of RAMP3 mRNA in the left ventricle and right atrium 26 weeks after induction of diabetes. Rela-
tive expressions of other tested genes were not significantly altered. In the nodose vagal supplying
specific cardiac afferents, but not in dorsal root ganglia which provide cardiac pain fibres, a small
upregulation of CGRP expression was detected. In summary, the shifts observed in diabetes may
favour a trend of a pronounced adrenomedullin signaling. These observations may provide a new
possible therapeutic strategy for diabetic cardiomyopathy.
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Introduction

Adrenomedullin (AM) is a 52 amino acid peptide that was
originally isolated from a human pheochromocytoma (Ki-
tamura etal. 1993). It is synthesized and secreted by several
organs including the heart (Hinson et al. 2000). AM shares
components of the receptor system with calcitonin gene-
related peptide (CGRP), a neuropeptide released by primary
sensory neurons in the heart. Both AM and CGRP regulate
vascular tone in the heart (Gardiner et al. 1995) and exert
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positive inotropic effect (Thara et al. 2000) Additionally, AM
exhibits antiproliferative and antiapoptotic functions in the
myocardium, and enhances NO production (Shimosawa
et al. 2003), while CGRP has positive chronotropic effect
(Saito et al. 1986). The receptors for these peptides consist
of at least two protein components: the ligand-binding
subunit, i.e. the calcitonin receptor-like receptor (CRLR),
and one of three identified receptor activity modifying
proteins (RAMP1-3) which determine the specificity of the
receptor for a particular peptide. CGRP activates the CRLR/
RAMPI complex, and AM appears to act as an agonist at
CRLR/RAMP2 and CRLR/RAMP3 (Chakravarty et al.
2000). Physiological response of the heart to the CGRP/AM
peptides is dependent on the levels of expression of CRLR
and various RAMPs.
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Both AM gene transcription and AM peptide release in
the heart were found to be profoundly stimulated by me-
chanical stretch (Tsuruda et al. 2000) and hypoxia (Cormier-
Regard et al. 1998; Pfeil et al. 2006). AM in the heart serves
a protective role as demonstrated in animal models with its
transgenic or adenovirus-mediated overexpression and by
AM delivery following myocardial infarction (Bunton et al.
2004). Specifically in diabetes, AM improves cardiac func-
tion and has been considered as a promising new therapeutic
approach (Dobrzynski et al. 2002; Adeghate 2004). Except
for a notion of fluctuating values of preproAM mRNA in the
rat heart at 2 and 4 weeks (Tang et al. 2007) and unaltered
expression in the left ventricle at 7 weeks after streptozotocin
(STZ) administration (Ruzicska et al. 2004), it is currently
unclear to which extent the endogenous cardiac AM signal-
ing system is affected in the course of the disease, particularly
in long-term diabetes.

On the background of these proposed links of AM to
diabetic cardiomyopathy (Dobrzynski et al. 2002; Adeghate
2004; Tang et al. 2007) and to glucose-dependent neuronal
damage (Tixier et al. 2008), we set out to determine gene
expression of AM and the components of its receptor system
in the various compartments of the rat heart (right and left
atria and ventricles) in the course of STZ-induced long-term
(8 and 26 weeks) diabetes. Since sensory neurons are also
both target and source of AM/CGRP peptides (Cottrell et al.
2005; Hong et al. 2009) and are affected in long-term diabetes
(Toth et al. 2007), we also investigated the expression of this
signaling system in sensory ganglia providing the extrinsic
innervation to the heart 26 weeks after STZ application.

Materials and Methods

Experimental model of diabetes

Adult female Wistar rats were purchased from VELAZ
(Prague, Czech Republic). The animals were housed eight
per cage, fed standard laboratory chow ad libitum with free
access to drinking water. All animals were left intact to adapt
for 2 weeks before the initiation of the experiments. All ex-
periments were approved by the University Committee for
Experiments on Laboratory Animals and were conducted in
accordance with the “Guide for the Care and Use of Labora-
tory Animals” (NIH Publication No. 85-23, revised 1996)
as well as the relevant Guidelines of the Czech Ministry of
Agriculture for scientific experimentation on animals. All
efforts were made to minimize the number of animals and
their suffering throughout the experiment.

Diabetes was induced in animals at the age of 50 days by
a single intravenous injection of STZ (65 mg/kg body weight;
Sigma, St. Louis, MO) dissolved in citrate buffer (pH 4.5).
To validate development of severe hyperglycemia, plasma

glucose levels were measured by the glucose oxidase method
(Bio-La-Test, Lachema, Czech Republic) before administra-
tion of STZ, 48 hours after STZ injection, and at the time
point of killing of the animal. Animals with fasting glucose
level above 18 mmol/l were considered to be diabetic and
used for experiments.

Two groups of diabetic rats, 8 (STZ8) and 26 (STZ26)
weeks after the onset of the disease, were studied. Control
age-matched animals received a corresponding volume of
vehicle and were also sacrificed 8 (C8) and 26 (C26) weeks
after the injection. Totally, 23 controls and 24 STZ-treated
animals were examined in the present study.

Heart rate measurement

Rats of both experimental groups were placed in a small
chamber with electrodes in the floor that were connected
to an electrocardiograph (EKG Seiva Praktik, Prague, Czech
Republic). Animals were left to adapt for 20 min, and then
the resting heart rate was measured five times in one-minute
intervals (n = 6-10 per each group). To estimate spontane-
ous heart frequency (without influence of sympathetic and
parasympatetic innervation on the heart rate), an antagonist
of the muscarinic acetylcholine receptors atropine (4 mg/kg
b.w., i.p.) and nonselective 3-adrenergic receptor antagonist
metipranolol (2 mg/kg b.w., i.p.) were administered and heart
rate was measured again five times after 15 min adaptation
period. The values presented in the results represent means
of these measurements.

Contraction experiments

Animals were anaesthetized with intraperitoneal injection
of urethane (1.5 g/kg body weight) 10 minutes after having
received heparin (500 U, i.p.) and their hearts were quickly
excised (n = 5-6 per each group). Then the papillary mus-
cles were dissected from the right ventricle and placed in
an experimental chamber and attached to an isometric
force transducer F30 (Hugo Sachs, Germany). The resting
tension was set to reach 90-95% of maximum developed
force at stimulation frequency of 1 Hz. Double-chamber
stimulation (stimulator Pulsemaster A300, WPI, USA) was
used. The square-wave voltage pulses had duration of 1 ms
and amplitude 250% above threshold. The preparation was
perfused with 36°C, oxygenated Tyrode solution (in mmol/l:
NaCl 137, KCl 4.5, MgCl, 1, CaCl, 2, glucose 10, Hepes 5;
pH adjusted to 7.4 with NaOH) at a constant flow rate
(6-10ml/min). After a stabilization period (>30 minutes)
the steady-state contractions at stimulation frequency 1 Hz
were recorded and expressed in arbitrary units (a.u.). The
resting tension was taken as zero. Data were recorded and
analyzed using the data acquisition system DiSys (Merlin,
Czech Republic).
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Gene expression analysis

Rats were anaesthetized with ether and killed by decapitation.
Hearts from animals of all experimental groups and sensory
ganglia from rats of C26 and STZ26 were rapidly excised and
frozen in liquid N2 (n = 6 per each group). Prior to freezing,
hearts were freed of fat and connective tissue and divided into
the left atrium with the interatrial septum, right atrium, and
free walls of both ventricles. Sensory ganglia to be analyzed
were selected on the basis of previous neuroanatomical trac-
ing studies demonstrating sources of rat cardiac afferents.
Neuronal cell bodies of spinal afferents are predominantly
located in dorsal root ganglia (DRG) at thoracic levels T1-T4
(Guic etal. 2010). Perikarya of brainstem afferents are located
in the vagal ganglion complex formed by the jugular and
nodose ganglia (Hayakawa et al. 2011), for the sake of brevity
designated “nodose ganglion” in this work. Accordingly, DRG
T1-T4 and nodose ganglia were analyzed in this study.

Total RNA was isolated from each heart compartment
of STZ-treated and control animals (# = 6 per group) using
RNAzol B (WAK-Chemie, Bad-Soden, Germany). Ganglia
were homogenized by a ball mill (Mixer Mill MM300, Retsch
GmbH, Haan, Germany) and total RNA was isolated using
the RNeasy mini kit (Qiagen, Hilden, Germany). Contami-
nating DNA was destroyed with 1 U DNase/ug total RNA
(Invitrogen, Carlsbad, CA, USA). RNA was reverse tran-
scribed using Superscript RNase H-Reverse Transcriptase
IT (200 U/onset; Invitrogen) for 50 min at 42°C and iScript
(Bio-Rad, Munich, Germany) for 30 min at 52°C for heart
samples and ganglia, respectively. Real-time quantitative
PCR was done in the I-Cycler (Bio-Rad) using primers and
SYBR Green PCR kit (Bio-Rad). The primers were designed
to amplify the sequence corresponding to the published rat
cDNA sequence for AM, CGRP, CRLR, RAMP1, RAMP2,
RAMP3 and B-actin (see Table 1). All analyses were done
in triplicate. The expression of AM, CGRP, CRLR, RAMPI,
RAMP2, RAMP3 was normalized with B-actin as a control
gene. The relative expression was calculated by comparison
of the received Cq (quantification cycle) values as described
previously (Skopek et al. 2012). Values obtained for groups
STZ8 and STZ26 were compared with those for correspond-
ing vehicle-injected and age-matched controls, respectively.
Since cardiac CGRP originates to major extent from sensory
neurons (Wharton et al. 1986), evaluation of its mRNA ex-
pression was done in the ganglia where the respective cell
bodies are located but not in the heart itself. Control runs
by omission of the RT step or by omission of template were
negative.

Data analysis

Data from heart rate measurements and contraction experi-
ments are presented as means + S.E.M. Statistical compari-

Table 1. Oligonucleotides used for RT-PCR

Size Accession

T Y
arget Sequence (5°>3°) (bp) number

Pactin  \chlcactateggeaatgage 59 \\p 0311442
ctc ctt ctg cat cct gtc age

AM gtc ttg gac ttt gcg ggt tt 138 NM_ 012715
taa cat cag ggc gat gga aa

CGrp ~ Sftcicccetiiectegtiy 175 NM_001033956
gct cec tga ctt tea tet ge

CRLR caa cag cac gca tga gaa agt g 141 NM_012717
gta atc cgt tgg caa cttagg ¢

RAMP-1 cat gga gac cat agg gaa gact 137 AF181550
aga act tgt cca ctt ccg gat tg

RAMP-2 ctc cct ccg ctg tta ctg ct 152 AF181551
tac cag caa ggt agg aca ttt gtt

RAMP-3 caa cct gtc gga gtt cat cgt NM_020100

act gce tat gga tac ccg tga t

AM, adrenomedullin; CGRP, calcitonin gene-related peptide;
CRLR, calcitonin receptor-like receptor; RAMP, receptor activity
modifying protein.

sons were made with the Student’s ¢-test for unpaired (control
vs. diabetic rats) data groups, after testing for normality of
distribution. Statistical analysis of relative gene expression
was done by Kruskal-Wallis test followed by Mann-Whitney
test using SPSS software (SPSS software, Munich, Germany).
Throughout, the results were considered significantly differ-
ent when p < 0.05.

Results and Discussion

To evaluate the effect of diabetes mellitus on AM/CGRP
signaling system we used a well-defined animal model based
on the application of STZ, which causes selective destruction
of the pancreatic B-cells within 24 h after the administra-
tion of the diabetogenic agent. This leads to hyperglycemia
and hypoinsulinemia in the treated animals (Rakieten et
al. 1963).

In the present study, fasting serum glucose levels were
5.0 £ 0.9 mmol/l in vehicle-treated rats (n = 21), and were
24.9 + 3.1 mmol/l in STZ-treated rats after 8 weeks (n = 12),
and 22.4 + 2.0 mmol/l in STZ-treated rats after 26 weeks
(n = 11; data given as means + S.D.). STZ-diabetic rats had
significantly lower body weights than vehicle-treated con-
trols (p < 0.0001; Table 2).

In order to evaluate the effects of STZ application on the
basic heart functions, cardiac contractility and resting heart
rate were measured. Additionally, we tested the spontaneous
heart rate (in the absence of sympathetic and parasympa-
thetic activities). STZ diabetes significantly decreased the
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Table 2. Plasma glucose levels and body weights of rats receiving
vehicle (Control) or STZ treatment (Diabetes)

Control Diabetes
Plasma glucose 8w 4.89 +0.81 24.92 +3.09*
(mmol/l) 26w 5.16 £ 0.98 22.44 +2.02%
Body weight 8w 220 £ 9.6 168 + 15.3*
(g) 26w 239+133 170 + 12.8*

Data are expressed in mean + S.D.; = 10-12 per group. * p < 0.0001
STZ vs. age-matched controls. w, weeks.

contraction force (CF) of the right papillary muscle at both
time points, i.e. 8 and 26 weeks after the induction of diabe-
tes. In the control group, CF (at stimulation frequency 1 Hz)
was 49 + 5.1 arbitrary units (a.u.) 8 weeks and 47 £ 2.8 a.u.
26 weeks after the beginning of the experiment, whereas in
STZ rats CF was 26 + 3.1 a.u. and 23 + 2.9 a.u., respectively
(Fig. 1A).

The resting heart rate did not change significantly with
age, reaching 334 + 7 beats per minute (bpm) in C8 rats
and 322 £ 6 bpm in C26 animals. STZ treatment led to
a significant reduction of the resting heart rate; diabetic
rats had 248 + 7 and 245 + 9 bpm 8 and 26 weeks after STZ
administration, respectively. After the blockade of sympa-
thetic and parasympathetic activities, heart rate increased
in controls to 364 + 6 and 363 + 6 bpm, respectively, and
in diabetic animals to 269 + 5 and 261 + 5 bpm (Fig. 1B).
The results show that in the absence of autonomic nervous
system modulation, heart rate of STZ-treated animals has
increased significantly less than in controls, which indicates
impairment of this innervation.

Expression of genes

Heart

In control hearts, mRNAs coding for AM, CRLR, RAMPI,
RAMP2 and RAMP3 were detected in all heart chambers
without any noticeable differences between atria and ven-
tricles, or right and left side, respectively. Out of all these
genes, AM, RAMP2 and CRLR exhibited strong expression
in approximately similar range. Expression of mRNAs for
RAMP1 and RAMP3 was significantly lower (app. 5%) than
that of RAMP2 in all heart compartments, and did not differ
between each other (Fig. 2).

In the course of diabetes, significant increase of CRLR
mRNA was seen in the right ventricle (4-fold) 8 weeks
(Fig. 3), and RAMP3 mRNA rose in the left ventricle (3-fold)
and right atrium (2-fold) 26 weeks after induction of diabetes
(Figs. 4 and 5). Additionally, some tendency to increased
expression of mRNA for RAMP3 and downregulation of
RAMP2 in the right atrium and upregulation of RAMP1

and RAMP2 in the left ventricle of 8 week STZ groups were
noted but statistical significance was not reached.

In the heart, AM is secreted from vascular smooth muscle
cells, endothelial cells and fibroblasts and acts here as a para-
crine factor with important role in regulating cardiovascular
homeostasis (Hinson et al. 2000). Our study has show that
expression of mRNA for AM is similar in all heart compart-
ments. AM is involved in the control of cardiac function,
where it has a positive inotropic effect and increases cardiac
output (He et al. 2007; Thara et al. 2000) and, additionally,
it has inhibitory actions on cardiac myocytes hypertrophy
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Figure 1. A. Contraction force at stimulation frequency 1 Hz.
* p < 0.05, compared to the respective control value. Inset: Contrac-
tion force at stimulation frequency 1 Hz in control and STZ-treated
rats. B. Resting and spontaneous heart rates in controls and STZ-
treated rats. * p < 0.05, compared to the corresponding control
value. 8w, 8 weeks; 26w, 26 weeks; AU, arbitrary units.
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and fibroblast proliferation (Tsuruda et al. 1998; Horio et al.
1999). Expression and role of AM has been studied in a wide
range of pathological states. In many cardiovascular disor-
ders, expression of AM was increased, e.g. in hypertension
(Pan et al. 2006), congestive heart failure (Jougasaki et al.
1996; Oie et al. 2000), cardiac ischemia (Oie et al. 2000) and
short time diabetes (He et al. 2007; Tang et al. 2007). Most of
these pathologies are associated with increased plasma levels
of AM that are related to disease severity (Brain and Grant
2004). Elevation of AM plasma level has been noticed also
in patients with diabetes (Garcia-Unzueta et al. 1998). STZ
treatment of rats led to an increased AM mRNA expression
in heart ventricles but not in the atria 2 and 4 weeks after the
application. Interestingly, this increase was not paralleled by
an increase in AM peptide content (Tang et al. 2007). AM
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has been reported to act in an autocrine/paracrine fashion
to prevent cardiovascular damage (Shimekake et al. 1995).
In our study, long-term diabetes did not cause any change
in AM mRNA production in any heart compartment, but
affected expression of its receptor system.

AM acts throughout two specific receptors formed by
the CRLR and RAMP2 or RAMP3. Oie et al. (2005) showed
that both of these heterodimers are present in the heart, but
CRLR/RAMP?2 predominates. This is in agreement with our
results showing approximately 20-fold higher expression of
RAMP2 than RAMP3 in all heart compartments of intact
rats. A tendency of AM protein binding to vary with RAMP2
mRNA levels, but not with RAMP3 mRNA levels in various
rat tissues was already described (Chakravarty et al. 2000).
STZ treatment caused transient upregulation of CRLR gene
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Figure 2. Real-time RT-PCR, hearts of control animals. Percentiles 0, 25, 50, 75 and 100 are presented in box plots; small circles and
asterisks represent single data beyond 3 x §.D. Data are presented as AC, values (compared to -actin) to indicate differences in expres-
sion between different targets in separated heart compartments. Hence, low values represent high expression. * p < 0.05; ® p < 0.0005;
# P <0.0001. LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; AM, adrenomedullin; CRLR, calcitonin receptor like

receptor; RAMP, receptor activity modifying protein.
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in the right ventricle 8 weeks after the onset of the disease,
which is in agreement with our previous results (Chottova
Dvorakova et al. 2005).

Recent results show that expression of RAMPs is dif-
ferently regulated in the heart in various cardiovascular
diseases. Congestive heart failure caused elevation of cardiac
expression of RAMP2 (Totsune et al. 2000). Conversely,
chronic heart failure (induced by aortic stenosis) is associ-
ated with mRNA as well as protein overexpression of RAMP1
and RAMP3 but not RAMP2 in both atria and ventricles
(Cueille et al. 2002). Several other models of hypertension
caused upregulation of RAMP3 in the cardiovascular system
(Nishikimi et al. 2003; Pan et al. 2006; Zhao et al. 2006).
These differences in the expression of RAMPs under various
pathological conditions suggest distinct roles for receptors,
which they form.

Diabetic cardiomyopathy is defined as a disease process
which affects the myocardium in diabetic patients causing
a wide range of structural abnormalities eventually leading
to left ventricular hypertrophy and diastolic and systolic
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dysfunction (Hayat et al. 2004). Various rat models with
left ventricular hypertrophy exhibit overexpression of AM,
RAMP2 and RAMP3 (Kuwasako et al. 2011). Our result
show that, among members of the AM/CGRP signaling
system, mainly RAMP3 expression is altered in the heart af-
fected by long-term diabetes. Since RAMP3 is considered as
a cardioprotective factor via enhancing AM signaling during
cardiovascular stress (Gibbons et al. 2007), this anticipated
protective role may also operate in the diabetic heart.

Sensory ganglia

Cell bodies of primary afferent neurones providing sen-
sory nerve fibres to the rat heart are localized in the upper
thoracic (T1-T4) dorsal root ganglia (DRG) and the vagal
sensory nodose ganglia (Gui¢ et al. 2010, Hayakawa et al.
2011). In both types of ganglia, CGRP mRNA was orders
of magnitudes higher than AM mRNA, judged by ACq
values with P-actin serving as reference gene. For the com-
ponents of the receptor system, rank order of expression
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Figure 3. Real-time RT-PCR, effect of STZ treatment on expression of different targets in separated heart compartments — 8 weeks after
application. Control values of the appropriate heart compartments were used as comparators and were settled as 1. The bars represent

the means of the relative expression levels determined for each mRNA with standard errors of the mean.

see Fig. 2.

* p < 0.05. For abbreviations
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was RAMP3 > RAMP2 > CRLR > RAMP1 in DRG and
RAMP3 > RAMP2 > CRLR = RAMPI in nodose ganglia of
intact animals (Fig. 6).

The sensory innervation of the heart is impaired in diabet-
ic patients, which may lead to painless myocardial ischemia
(Adeghate 2004). Cardiac pain is transmitted by the spinal af-
ferents with their cell bodies located in upper thoracic DRG,
and their stimulation causes reflex tachycardia and rise in
blood pressure (Fu and Longhurst 2009). It has been reported
that STZ-induced diabetes mellitus causes downregulation
of CGRP mRNA in sensory neurones of rat lumbar DRG
6 weeks and 12 months after STZ administration (Ritten-
house et al. 1996; Zochodne et al. 2001). This is not paralleled
by our data on thoracic DRG 26 weeks after STZ treatment
showing unaltered expression of the AM/CGRP signaling
system. In line with the persistent high expression of CGRP
mRNA in these DRG, we have previously demonstrated that
CGRP content of all four heart compartments is not reduced
but rather slightly enhanced 16 weeks after STZ injection
(Chottova Dvorakova et al. 2005). This adds to the notion
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that the impact of diabetes on neuronal CGRP expression
and content is organ specific as it increases in skin (Karanth et
al. 1990) and iris (Marfurt and Echtenkamp 1995), decreases
inileum (Belai et al. 1996), and remains unaltered in cornea
(Marfurt and Echtenkamp 1995).

Sensory neurons of vagal ganglia are not considered
to convey specific cardiac sensory modalities such as
myocardial stretch to the brainstem rather than being
involved in cardiac pain perception (Fu and Longhurst
2009). Nonetheless, a population of rat vagal cardiac af-
ferent contains CGRP (Hayakawa et al. 2011). In contrast
to spinal (DRG) afferents, the stimulation of this vagal
pathway results in a decrease in heart rate and blood pres-
sure (Fu and Longhurst 2009). This functionally, and to
a large extent also embryonically distinct set of sensory
neurons responded slightly different to long-term diabetes
than thoracic DRG neurons. In our study, STZ treatment
caused a small (1.4-fold) but significant upregulation in
CGRP mRNA in the nodose ganglion (Fig. 7). Such an
increase may be either due to upregulation at the level of
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Figure 4. Real-time RT-PCR, effect of STZ treatment on expression of different targets in separated heart compartments — 26 weeks after
application. Control values of the appropriate heart compartments were used as comparators and were settled as 1. The bars represent the
means of the relative expression levels determined for each mRNA with standard errors of the mean. For abbreviations see Fig. 2.
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already CGRP expressing neurons, or, as it is the case in
allergic airway inflammation, by de novo expression in
neurons that previously had not expressed this neuropep-
tide (Fischer et al. 1996). Since the number of CGRP-im-
munoreactive neurons in rat sensory vagal ganglia has
been reported to keep constant even 24 weeks after STZ
injection (Regalia et al. 2002), we favour a slight upregu-
lation at individual neuron level rather than recruitment
as being the cause of the presently observed enhanced
CGRP mRNA content.

In general, AM expression in sensory neurons is also
susceptible to plasticity, e.g. it increases in DRG neurons
within hours after injection of complete Freund’s adjuvant
(CFA) into the rat hind paw (Hong et al. 2009). AM is
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Figure 5. Real-time RT-PCR, effect of STZ treatment on expres-
sion of RAMP3 mRNA in separated heart compartments — 8 and
26 weeks after application. Control values of the appropriate heart
compartments were used as comparators and were settled as 1. The
bars represent the means of the relative expression levels determined
for each mRNA with standard errors of the mean. * p<0.05. w,
week. For other abbreviations see Fig. 2.
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Figure 6. Real-time RT-PCR, DRG and nodose ganglia of control
animals. Percentiles 0, 25, 50, 75 and 100 are presented in box plots;
small circles and asterisks represent single data beyond 3 x S.D.
Data are presented as AC, values (compared to f-actin) to indicate
differences in expression between different targets in separated
heart compartments. Hence, low values represent high expression.
* p <0.05. DRG, dorsal root ganglia; CGRP, calcitonin gene-related
peptide. For other abbreviations see Fig. 2.

coexpressed with CGRP in DRG neurons (Fernandez et
al. 2010), and it influences CGRP expression as CGRP
content is diminished in DRG from neuron specific AM
knockout mice (Fernandez et al. 2010) and the blockade
of AM receptors abrogates changes in CGRP expression in
the hind paw-CFA model (Hong et al. 2009). We are not
aware, however, on previous reports on AM expression
and potential regulation in vagal sensory neurons. As the
present data show, AM mRNA levels in the vagal sensory
ganglion are equivalent to those in upper thoracic DRG
and are unaffected in long-term diabetes at both locations.
Hence, changes in AM expression are unlikely the triggers
for the slight upregulation of CGRP mRNA in sensory
vagal ganglia.
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Figure 7. Real-time RT-PCR, effect of STZ treatment on expres-
sion of different targets in DRG and nodose ganglia - 26 w after
application. Control values of the appropriate ganglion were used
as comparators and were settled as 1. The bars represent the means
of the relative expression levels determined for each mRNA with
standard errors of the mean. * p < 0.05. For abbreviations see
Fig. 6.

Conclusion

In the course of diabetes, expression of RAMP3 is, out
of all evaluated members of AM/CGRP signaling system,
mainly affected in the heart. Upregulation of receptors for
AM in the heart of animals with long-term diabetes would
be an explanation for therapeutic effect of AM in such state,
which has been already postulated (Dobrzynski et al. 2002). It
might be a promising option for the treatment of deleterious
effects of diabetic state. To obtain more information about
cell types in the heart mainly affected by the disease, further
experiments using laser microdissection are required.
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