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Abstract: Atrial natriuretic peptide (ANP) is produced and released by mammalian cardiomyocytes and induces
natriuresis, diuresis, and lowering of blood pressure. The present study examined localization of ANP and a possible
role of the hypothalamic-pituitary-adrenal axis (HPA) activity on the expression of proANP gene in the heart. The
Sprague Dawley (SD) and Lewis (LE) rat strains were used. The animals were exposed to the two types of stress:
immobilization and immobilization combined with water immersion for 1 hour. Localization of ANP was detected by
immunohistochemistry and expression of the proANP mRNA by real-time qPCR in all heart compartments of control
and stressed animals after 1 and 3 hours after stress termination (IS1, IS3, ICS1, and ICS3). Relatively high density
of ANP-immunoreactivity was observed in both atria of both rat strains. In control rats of both strains, the expression
of the proANP mRNA was higher in the atria than in ventricles. In SD rats with the intact HPA axis, an upregulation
of ANP gene expression was observed in the right atrium after IS1, in both atria and the left ventricle after IS3 and
in the left atrium and the left ventricle after ICS3. In LE rats with a blunted reactivity of the HPA axis, no increase or
even a downregulation of the gene expression was observed. Thus, acute stress-induced increase in the expression
of the proANP gene is related to the activity of the HPA axis. It may have relevance to ANP-induced protection of the
heart.
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Introduction
Cardiac natriuretic peptides (NPs) are involved
in the regulation of blood pressure and fluid
homeostasis [1]. Three peptides, atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), and C- type natriuretic peptide (CNP) are
synthesized by three separate genes and then
stored as three prohormones [2]. ANP and BNP
are primarily synthesized in the heart atria and
released by atrial wall stress and stretch [3],
whereas CNP is synthesized in the vascular
endothelium. ANP and BNP are also synthesized by the ventricles, but to a significantly
lesser degree than by the atria. In addition, NPs
were shown to be produced in several non-car-

diac sites including the central nervous system,
liver, gastrointestinal tract, kidneys and gonads
[4].
The biological activities of the cardiac ANP
and BNP are similar. They serve to counterbalance the activity of systems that tend to
increase the extracellular fluid volume and
blood pressure, such as the renin-angiotensin
system and the sympathetic nervous system [5]. Under chronic hemodynamic overload,
cardiac ANP and BNP expression, synthesis
and secretion are increased through both mechanical and neuroendocrine stimuli [6].
Acute stress triggers the brain noradrenergic
system which interacts with the hypothalamic-
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pituitary-adrenocortical (HPA) axis, the major neuroendocrine effector of the stress
response [7]. As such, activation of the HPA
axis may play an important integrative role in
coping and adaptation to stress [8]. Stressor
experiences may contribute to various cardiovascular disturbances such as ventricular arrhythmia, increased coronary vasoconstriction,
heart rate and blood pressure [9, 10]. These
pathological conditions were associated with
increased plasma NPs levels [11, 12]. It was
also shown that emotional stressors and chronic insults increased heart gene expression of
NPs coupled with an increased ANP release
[13-15]. However, little is known about the role
of the HPA system activity on the expression of
NPs in the heart in acute stress conditions. It
is also still unclear whether a change in the
expression of NPs in cardiomyocytes could participate in the acute stress response.
This study was conducted to asses: a) the localization of ANP in the rat heart atria by immunohistochemistry and b) the proANP mRNA
expression in all rat heart compartments by
real-time reverse transcription followed by polymerase chain reaction (RT-PCR). The studies
were performed in control and stressed animals. Given the potential links between the
activity of HPA axis and natriuretic peptides, we
used the two rat strains differing in the magnitude of their HPA response to stress: SpragueDawley (SD) rats, a widely studied comparator
strain, and Lewis (LE) rats, which show a blunted HPA response to stress [16]. All groups of
animals were exposed to the two types of acute
stress: immobilization and immobilization combined with cold in a single session.
Materials and methods
Animals
Sprague-Dawley (SD) and Lewis (LE) adult male
rats were used (Charles-River Laboratories,
Sulzfeld, Germany). Their average starting
body weight was about 200 grams. Animals
had free access to a standard pellet food and
water. Rats were housed five per cage (42 x 26
cm2) and maintained on a standard 12 h
light/12 h dark cycle, at a constant temperature (22 + 1°C) and relative humidity (50-70%).
Behavioral tests were performed from 8 a.m. to
1 p.m. Treatment of rats was in accordance
with the recommendations of the European
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Community Guide for the Care and the Use of
Laboratory Animals. The study was approved by
the Ethical Review Committee, 1st Faculty of
Medicine, Charles University in Prague.
Stress procedure
Animals of both strains were exposed to the
two types of acute stressors. Immobilization
alone (IS) was applied by fixing the front and
hind legs of the rat with adhesive plaster with
mull inside to avoid pain. Then the animal was
immobilized in a snug-fitting plastic mesh. This
mesh was bent to conform to the size of individual animal and a bandage fixed this shape of
mesh. When combined immobilizations with
water immersion (ICS), stressed rats were
immersed to water bath (22°C) in such a way
that upper ¼ of the animal was outside of
water. After stressor exposure for 60 minutes,
the rats were dried and returned to home cages
for 60 minutes (IS1, ICS1) or 180 minutes (IS3,
ICS3). Control animals remained untreated and
were used directly after their removal from the
home cages [17, 18].
Sample preparation
Rats were killed by decapitation. For RNA isolation, hearts were rapidly excised, rinsed with
ice-cold saline, freed of connective tissue and
fat and divided into the left atrium with the
interatrial septum (LA), right atrium (RA), and
free walls of the left (LV) and right (RV) ventricles. The samples were than frozen in liquid
nitrogen and stored in -80°C until RNA isolation. All the procedures lasted less than 15
minutes from killing the rat until freezing the tissues. For immunofluorescence, hearts were
incubated for 18 hours in Zamboni’s fixative
(15% picric acid and 4% paraformaldehyde in
0.1 M phosphate buffer; pH 7.3), washed in 0.1
M sodium phosphate buffer, cryoprotected in
2.3 M sucrose for 24-48 h. Specimens were
frozen in liquid nitrogen.
Immunofluorescence
Frozen tissues from four hearts per experimental group were cut with a cryostat (Leica
CM1850, Germany); 10-µm-thick sections were
placed onto gelatinized slides and stored until
incubated. After 30 minutes of preincubation
with normal goat serum (diluted 1:25 with PBS),
the sections were incubated with primary antibodies. Immunofluorescence was performed
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using rabbit antibody against ANP (1:100,
Millipore, Temecula, CA, USA) for overnight at
room temperature in a moist chamber. After
thorough washing, primary antisera were directly labeled (1 hour, ambient temperature)
with the secondary goat anti-rabbit serum conjugated to Texas Red (1:200, Calbiochem, Darmstadt, Germany). Such directly labeled specimens were used for double incubation with
mouse monoclonal antibody against protein
gene product (PGP) 9.5 (a general marker for
neurons; 1:100, UltraClone Limited, UK). Following this incubation at room temperature
overnight, the second incubation was carried
out with biotinylated goat anti-mouse IgG
(1:200, 1 h, ambient temperature, Sigma, St.
Louis, MO, USA) followed by fluorescein isothiocyanate (FITC) labeled streptavidin (1:200, 1
hour ambient temperature, Calbiochem, San
Diego, CA, USA). The omission of individual primary antisera in all samples served as negative
controls. After careful washing, the preparations were mounted in glycerol and buffered at
pH 8.6 with diazobicyclooctan (DABCO, Sigma,
USA). Sections were evaluated using an epifluorescence microscope equipped with appropriate filter combinations (Olympus BX60, Germany). Some slides were after that stained by
alum hematoxylin solution for 10 minutes,
washed and evaluated in order to verify localization of immunopositivity.
Real-time RT-PCR
Total RNA was extracted from all prepared
samples (n = 6 per group) by TRI reagent
(Sigma, Prague, Czech Republic) according to
the manufacturer’s instructions. The purity and
integrity of the RNA preparations were checked spectrophotometrically and by agarose gel
electrophoresis. Contaminating DNA was destroyed with 1 U DNase/µg of total RNA (Invitrogen, Carlsbad, CA, USA). RNA was converted to cDNA using Superscript RNase HReverse Transcriptase III (200 U; Invitrogen)
for 50 minutes at 42°C. Single-strand cDNA
was synthetized from 2 µg of total RNA. Realtime analysis was carried out on an iCycler
(Bio-Rad, Prague, Czech Republic). The primers
were designed to amplify the sequence corresponding to nucleotides 172-242 (forward: CAACACAGATCTGATGGATTTCA, reverse: CCTCATCTTCTACCGGCATC) of the published rat proANP cDNA sequence (Genbank Accession No.
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NM_012612.2), to nucleotides 873-969 (forward: TTCCTTCCTGGGTATGGAATC, reverse: GTTGGCATAGAGGTCTTTACGG) of the published
β-actin cDNA (Genbank Accession No. NM_
031144), to nucleotides 650-782 (forward:
GATGAAGCCATTGCTGAACTTG, reverse: CTCCCGCTTCTGCTTCGTCTCC) of the published rat
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (Ywhaz) cDNA sequence (Genbank Accession No. NM_013011.3), and to nucleotides
908-1057 (forward: GGCTGTAGCGTGCCAGTAGCAG, reverse: TGGACCATCTTCTTGCTGAACA) of
the published rat hydroxymethylbilane synthase (Hmbs) cDNA sequence (Genbank Accession No. NM_013168.2). Classical PCR reactions were first conducted to confirm the specificity of primers. The expected PCR products
were isolated by agarose gel electrophoresis,
eluted, and cloned. The plasmids containing the cloned fragments were serially diluted
from 5 x 103 to 5 x 108 molecules/μl and used
as templates in quantitative real time PCR reactions to establish the standard curves and
assess efficiency of reaction. Reactions were
performed in a 25 μl reaction mixture containing either 5 μl of diluted cDNA or plasmid
standard or water, 1 μl (20 nmol/l) of each
primer, 5.5 μl of ultrapure water and 12.5 μl
iQ SYBR Green Supermix (Bio-Rad). The PCR
reactions were performed as follows: denaturation at 95°C for 10 minutes followed by 45
cycles of amplification (denaturation: 95°C
for 30 seconds; primer annealing: 58°C for 25
seconds and primer extension: 72°C for 20
seconds). Each run was completed with a melting curve analysis in order to confirm the specificity of amplification and lack of primer
dimers. After amplification, the samples were
slowly heated from 65°C to 95°C with continuous reading of fluorescence to obtain a
melting curve. Each pair of primers yielded a
single peak in the melting curve and a single
band of the expected size in agarose gel.
Reactions for all samples were performed in
triplicate and from these replicates, averages
were calculated and expressed as real quantitative cycle (Cq; ΔCq = Cq target - Cq reference) and
reported as normalized ΔCqs. Freely available
computational program BestKeeper, excelbased tool using pair-wise correlations, was
used for identifying the optimal normalization
gene among a set of candidates reference
genes as was in detail explained by the authors
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Figure 1. A. Immunoreactivity (IR) for PGP 9.5 and ANP in the same field in section of the left control atrium of SD
rats. A ganglion containing large-diameter neurons is seen. PGP 9.5-IR visualized by FITC labelled streptavidin is
located in neuron cell bodies of a cardiac ganglion and in varicosities of nerve terminals within the myocardium. In
contrast, the localization of ANP-IR conjugated to Texas Red is completely different. It is shown in coarse granules
within the cytoplasm of cardiomyocytes. Bar represents 100 μm. B. Immunoreactivities (IR) for ANP by the use of
antibody conjugated with Texas Red in atrial sections of stressed SD rats for 1 hour according the protocols: immobilization and immobilization + cold after 1 or 3 hours (IS1, IS3, ICS1, ICS3). ANP-IR is seen in coarse granules
within the cytoplasm of cardiomyocytes. Quantitative analysis of ANP-IR in sections of preparations from different
stress protocols was not carried out. Bar represents 100 μm.

[19]. The expression level of the β-actin gene
was used to normalize for differences in input
cDNA while it has been shown as the most stable gene out of the tested reference genesHmbs, Ywhaz and β-actin in our experimental
conditions. The quantification analysis of the
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data was performed by using the Optical
System Software (Bio-Rad). To analyze relative
expression of the proANP gene in separated
heart compartments in control (unstressed)
rats, as well as in stressed animals following
formula has been used: Normalized amount =
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Figure 2. Immunoreactivity (IR) for ANP and histochemical staining in control atrium of SD and LE rats to verify localization of ANP-IR. ANP-IR is seen in coarse granules within the cytoplasm of cardiomyocytes (arrows) in atria of both
rat strains. Large-diameter neurons (arrowheads) are not ANP-IR.

(1 + E)Cq reference transcript/(1 + E)Cq target transcript. The
control group was used as a calibrator for comparison of gene expression level in every sample from stressed animals.
Data analysis
Results from separated heart compartments
of control animals are presented as ΔCq and
RE ± SEM. To compare levels of the ANP
mRNA expression in corresponding compartments of control SD and LE rats, mean values
from SD rats were used as comparators. All
results were statistically analyzed by the nonparametric Kruskal-Wallis test followed by
the Mann-Whitney test. The analysis was performed using the software package STATISTICA Cz, version 7 (StatSoft CR, Prague, Czech
Republic). The results were considered significantly different when P < 0.05.
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Results
ANP immunoreactivity
ANP immunoreactivity (IR) was evaluated in
all heart compartments of control and stressed animals. Relatively high density of ANP-IR
was observed in both atria of the two rat
strains, SD and LE ones. However, no specific
staining was seen in any of the two ventricles
(not shown). Method of double labeling with
the two antibodies (against ANP and PGP 9.5)
in the same section of preparations was used
to confirm the pattern of distribution of ANP
in the cytoplasm of cardiomyocytes in comparison with the distribution of a general neuronal marker PGP 9.5 within the cell bodies of
neurons of a cardiac ganglion and in the varicosities of nerve terminals (Figure 1A). Since
the method used is basically qualitative, no
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significantly different from all
other compartments in both
strains.

Figure 3. Real-time RT-PCR of ANP mRNA levels in corresponding heart compartments of control Sprague-Dawley (SD) and Lewis (LE) rats. Data are presented as a relative expression ± SEM. Mean values from SD rats were used
as a calibrator. *p < 0.005 (Mann-Whitney-test) compared to corresponding
heart compartment in SD rats. N = 4-6 in each group.

quantitative changes of ANP immunoreactive
granules among preparations from control and
stressed animals were observed (Figure 1A
and 1B). Subsequent staining of these sections
with alum hematoxylin solution demonstrates
that ANP-IR is present in cardiomyocytes
(Figure 2).
ANP mRNA expression
The proANP mRNA expression was detected in
all rat heart compartments: left atrium (LA),
right atrium (RA), left ventricle (LV) and right
ventricle (RV) in control and stress-induced animals of the two rat strains with a different activity of the HPA axis, SD and LE rats.
In control SD and LE animals, relative expressions were much higher in atria than in ventricles. We used relative expression of LV as a
comparator, since in SD rats it contained the
smallest amount of mRNA for proANP. In SD
rats, rank order of the proANP gene expression
was: LA = 50.8 (p > 0.005) > RA = 35.9 (p >
0.005) > RV = 3.3 (p > 0.005) > LV = 1, while in
LE rats, it was LA = 501.5 (p > 0.005) > RA =
302.9 (p > 0.005) > LV = 1 > RV = 0.27 (p >
0.01). Thus, relative expression of the proANP
mRNA level in each heart compartment was
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When comparing levels of
the proANP gene expression
between corresponding heart
compartments in control SD
and LE rats, the mean values
of relative expression in individual compartments of SD
rats were used as comparators. With the exception of
RV in LE rats, all other heart
compartments of this strain
showed significantly higher
expressions of proANP mRNA
levels than those of SD rats:
namely LA (16.3-fold), RA
(13.9-fold), and LV (1.7-fold).
The proANP relative expression made just 0.14-fold in
the RV of LE rats compared to
SD rats (Figure 3).

We also investigated the effect of the two
types of stress on the proANP gene transcripts in both SD and LE rats. Immobilization by
itself led to increased expression of the gene
in SD rats, which was observed after 1 hour
(IS1) in RA as well as after 3 hours (IS3) after
the stress exposure in LA, RA and LV. Also, combination of immobilization with immersion to
water had similar effect in LA and LV 3 hours
(ICS3) after the stress exposure. However, in
LE rats, no change in any compartment was
observed with the exception of RA. This compartment, however, responded to both types
of stress (IS and ICS) by a significant decline
of the proANP mRNA expression, which was
observed just 1 hour after the stress exposure
(Figure 4). Additionally, we observed a tendency to decreasing of the gene expression in RV
of both rat strains, however statistical significance was not reached. Comparison of the
expressions in the same compartments of both
rat strains under stress conditions showed
that since in LA of SD rats the expression
raised, it did not reach the levels of expressions in LA of LE animals. On the contrary, the
observed down-regulation of the ANP expression in RA of LE rats did not lead to comparable
expression in both rat strains, while the expression was higher in LE rats than in SD rats 1
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Figure 4. Real-time RT-PCR. Effect of acute restraint stressors on relative expression of proANP mRNA levels in four
heart compartments of Sprague Dawley (SD) and Lewis (LE) rats. Data are presented as relative expression values
(compared to β-actin) in corresponding heart compartments. Percentiles 0, 25, 50, 75 and 100 are presented in
box plots; small circles and asterisks represent single data beyond 3x S.D. Abbreviations: IS1, IS3 are immobilization stresses and ICS1, ICS3 are immobilization stresses combined with immersion of rats to water. +p < 0.05
(Mann-Whitney-test) compared to corresponding control group. N = 4-6 in each group.

hour after immobilization and/or combined
stress application (Figure 4).

blood-pressure-lowering properties in animals
and humans [6, 21, 22].

Discussion

We have determined the expression of the proANP gene transcripts separately in all heart
chambers in the two rat strains, SD and LE rats.
Our results confirm the previous observations,
that the greater part of the proANP gene expression occurs in atria of the heart in comparison
with ventricles [23, 24]. The relative proANP
mRNA expression in control SD rats was 36 to
51-fold higher in the right and left atrium,
respectively, than in the left ventricle. In control
LE rats, the difference between the expression
in atria and ventricles was even higher; 303 to
501-fold in the right and left atrium, respectively, when compared with the left ventricle. In
addition, the atria of control LE rats exhibited
much higher expression of the proANP gene
than the atria of control SD rats.

Our study confirms the previous findings, that
ANP is stored in atrial cardiomyocytes in the
specific atrial granules (for a historical review
see [20]. The proANP gene encodes for the synthesis of a 126-amino acids (aa) prohormone.
Within this prohormone are several peptide
hormone: the first 30 aa of the prohormone
(long-acting natriuretic hormone; LANH), aa
31-67 (proANP 31-67; vessel dilator), aa 79-98
(proANP 79-98; kaliuretic peptide), and aa
99-126 (ANP, which is synonymous with its
other terminology as atrial natriuretic hormone,
ANH). Four peptide hormones constitute greater than 98% of the circulating ANP which exert
significant diuretic, natriuretic, kaliuretic, and
3154
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SD rats represented a comparative strain with
the intact HPA system. Stress is known to activate this system and thus elicits the secretion
of vasopressin (ADH) and corticotropin-releasing hormone (CRH) into hypophyseal portal vessels, which evokes increased adrenocorticorticotropin (ACTH) secretion by the anterior pituitary [25, 26], resulting in elevated plasma levels of corticoids. In addition, levels of catecholamines increase in the peripheral circulation
[27]. The resulting effect is retention of salt and
water and an increased vascular tone with
increased blood volume and blood pressure
[28].
Fink et al. [29] discovered that ANP is an important neurohormone which acts centrally to suppress stress-induced ACTH release. They also
reported that ANP reduces negative feedback
control of ACTH release mediated by glucocorticoid receptors. In addition, Franci et al. [25]
showed that ANP also inhibits stress-induced
vasopressin release which could account for
the inhibitory action of ANP on stress-induced
ACTH release. The results of these studies
appear to indicate that an increased release of
ANP may dampen a number of responses to
stressful stimuli.
In our experiments, immobilization stress increased expression of the proANP mRNA in SD
rats significantly (by 59%) in the right atrium
only. A tendency to an increase was also observed in the left atrium (by 22%) and the left
ventricle (by 89%) when determined 1 hour
after stress exposure. An increase persisted
over 3 hours after stress exposure, being significantly pronounced in the right atrium (by
53%), the left atrium (by 48%), and the left
ventricle (by 127%). Combination of immobilization with immersion to water caused a significant increase of the proANP mRNA expression
in the left atrium (by 67%) and the left ventricle
(by 187%) only 3 hours after stress exposure.
Since higher expression of the proANP gene
potentially elevates a depletable pool of ANP in
the heart [30], an increased plasma level of
ANP may exhibit the protective effect on the
heart and circulation due to the peptide suppression of stress-induced ACTH release [29] in
combination with its diuretic, natriuretic and
vasodilatory actions [31, 32].
LE rats however, exhibit a defect in the hypothalamic response to stress in the form of reduced
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synthesis and secretion of CRH, leading to
reduced plasma ACTH release from the pituitary gland and corticosterone from the adrenal
cortex [16, 33]. In our experiments, restraint
stressors did not change the proANP gene level
in any heart compartment of LE rats which may
be attributed to hyporesponsiveness of the
HPA axis of this strain. Moreover, the significant
decline by 29% and 32% in the right atrium 1
and 3 hours after stress exposure, respectively,
was observed. However, much higher levels of
the pro ANP gene expression in both atria of
control LE rats in comparison with SD rats were
observed which probably reflect a role of ANP in
body fluid homeostasis also in this strain.
It has been reported that the production and
expression of ANP in atria and ventricles is differentially regulated. In atria, ANP expression
appears to be governed by mechanical stimuli
whereas in ventricles, it seems to be mainly
dependent on the neuroendocrine environment
[23, 34-36]. In our experiments the greatest
increase in the proANP gene expression was
found in the left ventricles of stress-induced SD
rats in which the endocrine environment of cardiomyocytes is changed. Effects of hormones
on regulation of the proANP gene expression
were observed after the administration of mineralocorticoids and glucocorticoids. Ballerman
et al. [37] administered deoxycorticosterone
(DOCA) to rats and found plasma ANP levels
and the atrial proANP mRNA content increased
in animals retaining sodium in response to
DOCA after 12 hours. Administration of dexamethasone, a potent glucocorticoid receptor
agonist, increased proANP mRNA levels in both
atria and ventricles of the rat approximately
twofold. Additionally, norepinephrine stimulates
the proANP mRNA expression and secretion
[38]. The enhancement appears to result mainly from transcriptional activation of the proANP
gene [39].
However, molecular mechanisms of control or
stress-induced ANP gene expression and its
relationship to other genes and proteins in myocardium which may undergo a pathogenesis
of different cardiovascular disturbances have
been only partially revealed. ANP mRNA was
shown to be upregulated in the rat left ventricle in response to immobilization stress and
reached a maximum 3 hours following the
onset of the stress. In addition, colocalization
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of the ANP mRNA and one of the typical cellular
stress-induced substance, c-Fos protein, was
observed which suggest that c-Fos can be
involved in the upregulation of ANP [13]. On the
other hand, the immobilization stress did not
activate another transcriptional factor, the
c-Jun-N-terminal kinase, as seen in ischemiareperfusion [40, 41]. Thus, transcriptional control involved in ANP mRNA expression in different types of stress, diseased states and also in
control individuals of different strains have still
to be elucidated.
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