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Histamine is metabolized by several enzymes in vitro and in vivo. The relevance of this
metabolism in the mammalian heart in vivo is unclear. However, histamine can exert
positive inotropic effects (PIE) and positive chronotropic effects (PCE) in humans via Ho-
histamine receptors. In transgenic mice (Ho-TG) that overexpress the human H, receptor in
cardiomyocytes but not in wild-type littermate mice (WT), histamine induced PIE and PCE
in isolated left or right atrial preparations. These H,-TG were used to investigate the
putative relevance of histamine degrading enzymes in the mammalian heart. Histidine, the
precursor of histamine, increased force of contraction (FOC) in human atrial preparations.
Moreover, histamine increased the phosphorylation state of phospholamban in human
atrium. Here, we could detect histidine decarboxylase (HDC) and histamine itself in
cardiomyocytes of mouse hearts. Moreover, our data indicate that histamine is subject
to degradation in the mammalian heart. Inhibition of the histamine metabolizing enzymes
diamine oxidase (DAQO) and monoamine oxidase (MAQ) shifted the concentration response
curves for the PIE in H,-TG atria to the left. Moreover, activity of histamine metabolizing
enzymes was present in mouse cardiac samples as well as in human atrial samples. Thus,
drugs used for other indication (e.g. antidepressants) can alter histamine levels in the heart.
Our results deepen our understanding of the physiological role of histamine in the mouse
and human heart. Our findings might be clinically relevant because we show enzyme
targets for drugs to modify the beating rate and force of the human heart.

Keywords: histamine synthesis and degradation, chronotropy, transgenic mice, Hx-histamine receptor, human
atrium, inotropy
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INTRODUCTION

Histamine was synthesized in a study to compare several
monoamines by researchers in organic chemistry (Windaus
and Vogt, 1907). Ackermann (at the same University of
Freiburg, Germany) first described the conversion of histidine
to histamine by bacteria (Ackermann, 1910), suggesting that
histamine could be formed in vivo from histidine and thus
could be of physiological relevance. It is now known that
histamine is synthesized from histidine, for instance, in the
human gut by bacteria (microbiome) but also in many organs
of the human body (e.g., enterochromaffine-like cells, neurons or
mast cells) and that histamine produced in such a way in the gut
or ingested with food can enter the body. This is clinically relevant
in some patients because they react e.g. with increased more rapid
heartbeat (tachycardia) and fall in blood pressure (hypotension)
to this orally applied histamine (Maintz et al., 2006; Haas et al,,
2008; Schwelberger, 2010; Panula et al., 2015). The group of Sir
Henry Hallet Dale in Oxford (Dale and Laidlaw, 1910) was
apparently the first to publish on the positive inotropic effect
(PIE, increase in force) and positive chronotropic effect (PCE,
increase in heart beat) of histamine in the mammalian heart (e.g.,
rabbit) (Dale and Laidlaw, 1910). They also noted in rabbits a
vasodilatory blood pressure reducing effect of histamine,
speculated it might be involved in anaphylaxis and isolated
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histamine from the intestine of the rabbit, thus proving that it
must be endogenously formed and were the first to show that
infused histamine in animals is nearly completely metabolized
(Dale and Laidlaw, 1910: isolated perfused liver). Human studies
were initiated by a German gynecologist, who reported signs of
allergic shock after injection of histamine including tachycardia
and hypotension (Jager, 1913a, Jdger, 1913b). Arrhythmia after
injection of histamine in patients was already reported early on
(Schenk, 1921) and confirmed ever after (in vitro, human atrium:
Sanders et al., 1996). The direct cardiac effects of histamine are
currently explained by stimulation of specific cardiac histamine
receptors. Histamine is thought to act via only four receptors
known as H;, H,, H; and H, histamine receptors (Jutel et al.,
2009; Seifert et al., 2013; Panula et al., 2015). Regional differences
in the actions of histamine or histamine receptor utilization by
exogenous histamine in the mammalian heart are known: in
rabbit left atrium, H, receptors are more prevalent but the PIE of
histamine is mediated by H, receptors while in guinea pig left
atrium a positive inotropic effect of histamine is mediated via H;
receptors (Hattori et al., 1988; Sakuma et al., 1988; Hattori et al,,
1990; Hattori et al., 1991). In humans, H; and H, receptors were
detected early on in atrium and ventricle (radioligand binding:
Baumann et al., 1982; Baumann et al., 1983; Baumann et al., 1984,
antibody and RNA expression: Matsuda et al., 2004). Moreover,
the human cardiac H, receptors were described to mediate the
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FIGURE 1 | A scheme of the putative signal transduction of the Hp-receptor in the mammalian heart. Ca?* enters the mammalian heart cell via the L-type Ca®*
channel (LTCC). This process can be enhanced by histamine and blocked by cimetidine via a cascade starting with the Ho-receptor. Binding of histamine elevates the
activity of adenylyl cyclase (AC) in the sarcolemma via stimulatory G-proteins (Gs), augmenting thereafter the cellular cAMP and thereby stimulates the activity of CAMP-
dependent protein kinase (PKA). PKA increases cardiac force generation and relaxation by increasing the phosphorylation state (P) of LTCC, phospholamban
(PLBY), and other regulatory proteins. Trigger Ca®* initiates release of Ca®* from the sarcoplasmic reticulum via ryanodine receptors (RYR) into the cytosol, where Ca®*
activates myofilaments and leads to increased inotropy. In diastole, Ca®* is taken up into the sarcoplasmic reticulum (SR) via a sarcoplasmic reticulum Ca®* ATPase
(SERCA) whose activity is higher when the phosphorylation state of PLB is elevated by PKA. Ca®* binds to calsequestrin (CSQ) in the SR. Moreover, the scheme depicts
putative synthesis and degradation of histamine. More details are presented in Figure 2. Further, the putative storage and release of histamine is indicated.
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PIE of exogenously applied histamine in isolated human cardiac
preparations (atrium: Ginsburg et al, 1980; Levi et al., 1981;
Zerkowski et al., 1993; Sanders et al., 1996). These PIE in the
human heart were accompanied by and hence probably mediated
by an increase in cAMP (human right atrial preparations: Sanders
et al, 1996) and opening of L-type Ca** channels (Eckel et al,
1982, compare Figure 1). However, phospholamban
phosphorylation in the human heart in the presence of
histamine was previously predicted (Sanders et al, 1996) but
is now reported in the present work. Hence, the mode of action of
H,-receptors mimics the jf-adrenoceptor system in the
human heart.

Histamine is usually degraded by diamine oxidase (DAO) in
the gut but higher doses of histamine can escape this pathway and
can be ingested from food and thereafter histamine is delivered
via blood cells to e.g. the heart (Smith and Garrett, 2005).
Although peroral histamine intake is usually well tolerated, it
has long been known to sometimes lead to tachycardia (humans,
500 mg; Weiss et al, 1932). A controversy exists whether
histamine can also be synthesized and degraded in the heart
and more specifically in cardiomyocytes, which will be addressed
in the present report. We would make also the point here that
histamine acts in many ways similar to serotonin (5-HT) in the

heart. We reported previously that 5-HT can be formed and
degraded in mouse and more importantly human hearts (Ponicke
et al, 2012; Gergs et al., 2017b). Like histamine, 5-HT has no
contractile effect in wild type (WT) mouse heart, but only in
transgenic 5-HT,-overexpressing mice (5-HT4-TG: Gergs et al.,
2013). We used this 5-HT,-TG to selectively monitor the
contractile effect as a read out for 5-HT formation (Gergs
et al, 2010; Buchwalow et al., 2013; Gergs et al., 2013). We
histologically described the synthesizing and degrading enzymes
in cardiomyocytes and used their inhibitors to raise or lower
cardiac 5-HT levels (Gergs et al., 2017b). The same approach was
used in the current communication for histamine metabolism in
the heart. It was known before the start of our project that
histidine via transporters can enter cells, that histidine is
converted solely by histidine decarboxylase (HDC) to
histamine (Figures 1, 2, for review: Haas et al., 2008; Panula
et al., 2015). Moreover, HDC can be induced also in muscle cells,
e. g. by stimulation with cytokines or hormones, leading to
histamine synthesis followed by immediately release (Fogel,
2015). A HDC-knockout (HDC-KO) mouse has been
generated and widely studied for that purpose (Ohtsu et al,
2001). Histamine can undergo two major pathways for
degradation: N-methylation and oxidation via several chemical
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compounds until the degradation products leave the human body
via the urine (Figure 2). For each of the enzymes involved, more
or less specific small molecule inhibitors are available that were
tested in vitro and in vivo to experimentally test these concepts
(Figure 2) but also have been tried in patients for therapeutic
purposes. Histamine has been detected in human hearts
(ventricle: 5ug/g: Patella et al, 1995) and was in the same
order of magnitude as noradrenaline (Petch and Nayiler,
1979; Wolff and Levi, 1986), and much less in mouse hearts
(0.29 ug/g: Anton and Sayre, 1969, 1-4 pmol/mg; Zimmermann
et al., 2011).

The present study was started to determine whether the inotropic
and chronotropic effects of histamine can be due to histamine formed
and metabolized in the mouse and human heart. Preliminary reports
of this project have been published in abstract form (Grobe et al,
2015; Meister et al., 2015; Grobe et al., 2016).

MATERIALS AND METHODS

Transgenic Mice

Transgenic mice (H,-TG) with cardiac myocyte-specific
overexpression of the human H,-receptor and their littermate
control mice (WT) were generated as described by Gergs et al.
(2019a). Heart-specific expression was achieved via the a-myosin
heavy-chain promoter. The age of the animals ranged from three
to five months. Contraction experiments were performed on left
and right atrial preparations as previously described by Gergs
et al. (2013). All mice were housed under conditions of optimum
light, temperature, and humidity with food and water provided ad
libitum. The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the National Research
Council (2011). Animals were handled and maintained according
to approved protocols of the animal welfare committee of the
University of Halle-Wittenberg, Halle, Germany (approval
reference number 42502-02-691 MLU).

Clinical Patient Data

Right atrium samples were obtained from patients undergoing
open-heart surgery with coronary artery bypass grafts, and
electrically stimulated in organ baths as described previously
(Gergs et al,, 2013; Gergs et al., 2018; Boknik et al., 2019).
Patients were treated with the following classes of drugs: ACE-
inhibitors, f-adrenoceptor-blockers, diuretics, antilipemic agents,
cholinergic agents, antithyroid agents, hypoglycemic agents, gout
suppressants, antibiotics, a-adrenoceptor-blockers,
parasympatholytics, calcium channel blockers, proton-pump
inhibitors, and analgesics. Patients were in CCS scale from III
to IV and NYHA class II-III. Left ventricular ejection fraction
ranged from 40 to 55%. This study complied with the Declaration
of Helsinki and was approved by the local ethics committee (hm-
bii 04.08.2005). All patients gave informed consent.

Contractile Studies in Mice and Men

In brief, left atrial preparations from mouse or right atrial
preparations from man were isolated and mounted in organ
baths as described by Neumann et al. (2003); Gergs et al. (2013);
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Gergs et al. (2017a); Gergs et al. (2019b). The organ baths’ bathing
solution contained 119.8 mM NaCl 5.4 mM KClI, 1.8 mM CaCl,,
1.05mM MgCl,, 042mM NaH,PO,, 22.6mM NaHCOs;,
0.05mM Na,EDTA, 0.28 mM ascorbic acid, and 5.05 mM
glucose. It was continuously gassed with 95% O, and 5% CO,
and maintained at 37°C and pH 7.4, as described by Neumann
et al. (2003); Kirchhefer et al. (2004). Preparations were attached
to a bipolar stimulating electrode and suspended individually in
10-ml glass tissue chambers for recording isometric contractions.
Force of contraction (FOC) was measured with inductive force
transducers connected to a PowerLab system (ADInstruments,
Oxford, United Kingdom). Time parameters and first derivate of
force of contraction of single contractions were evaluated from
digitized recordings. Each muscle was stretched to the length of
maximal FOC. The left atrial preparations from mice were
electrically stimulated at 1 Hz with rectangular pulses of 5m
duration; the voltage was ~10-20% greater than the threshold of
initiation of contraction.

Real Time PCR

Total RNA isolation from mouse ventricular tissue and isolated
cardiac myocytes followed by reverse transcription and real time
PCR were performed as described previously (Gergs et al., 2019¢).
Relative gene expression was calculated according to the 2744
method (Livak and Schmittgen, 2001) with the GAPDH signal for
normalization. Following primer sequences were used: HDC,
forward GGATGATGGTACACTTTGACTG, reverse TGTCTG
ACATGTGCTTGAAGAT (Wiener et al., 2003); GAPDH,
forward ATGCATCCTGCACCACCAAC, reverse, ATGCCT
GCTTCACCACCTTC (Gergs et al., 2019c¢).

Histochemical and Immunohistochemical
Staining of Mouse Samples

Tissue samples of mouse hearts (or human atrial samples for
MAO-A or MAO-B detection) were fixed in buffered 4%
formaldehyde and routinely embedded in paraffin. PBS was
used for all washings and dilutions. 4-pm-thick paraffin tissue
sections were deparaffinized with xylene and graded ethanols. For
pathohistological analysis, tissue sections were routinely stained
with hematoxylin-eosin (HE) and Masson-Goldner-Trichrome
staining (MG). For immunohistochemical assays, deparaffinaized
sections were subjected to antigen retrieval by heating in 10 mM
sodium citrate buffer, pH 6.0, at 95°C for 30 min.

For histamine detection, tissue samples were fixed overnight in
4% 1-ethyl-3 (3-dimethylaminopropyl)-carbodiimide (EDAC) in
PBS (pH 7.4), post-fixed for 30 min in 4% formaldehyde in PBS,
cryoprotected with 20% sucrose in PBS, snap-frozen in liquid
nitrogen and cryosectioned at 4 um thickness. Sections were
mounted on polysine microslides (Menzel Glaeser,
Braunschweig, Germany), thoroughly air-dried and stored at
—20°C until use. The sections were first washed in H,O for
5 min and then in PBS for 10 min.

For identification of mast cells in the myocardium, Giemsa
stain, as well as an enzymohistochemical reaction for
visualization of specific ASD-chloroacetate-esterase activity
(von Dorsche et al., 1981) were used.
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Immunostaining was performed according to the standard
protocol routinely used for immunohistopathology (Buchwalow
and Boecker, 2010). We recently reported that endogenous Fc
receptors in routinely fixed cells and tissue probes do not retain
their ability to bind Fc fragments of antibodies (Buchwalow et al.,
2011); therefore, blocking the endogenous Fc receptors prior to
incubation with primary antibodies was omitted. After
incubation with primary antibodies and following washing in
PBS, sections were treated for 10 min with methanol containing
0.6% H,0, to quench endogenous peroxidase. Bound primary
antibodies were detected with the AmpliStain™ heteropolymeric
HRP detection system manufactured by Stereospecific Detection
Technologies (SDT GmbH, Baesweiler, Germany) (Buchwalow
et al., 2013). HRP label was visualized using DAB substrate kit
(Vector Laboratories, Burlingame, CA, United States). Following
primary antibodies were used: rabbit polyclonal anti histidine
decarboxylase (AbCam, #ab37291, dilution in PBS 1:50), rabbit
polyclonal anti histamine (Chemicon/Millipore, #AB5885, 1:500
and 1:1,000), rabbit polyclonal anti monoamine oxidase A
(antibodies-online, #ABIN406595, 1:200), rabbit polyclonal
anti monoamine oxidase B (GeneTex, #GTX113771, 1:200),
rabbit polyclonal anti histamine N-methyltransferase (abcepta,
#AP1442A, 1:50 and 1:10), mouse monoclonal anti diamine
oxidase (Acris/OriGene, #AM33186PU-S, 1:100 and 1:500).

Visualization and image processing. Immunostained sections
were examined on a Zeiss microscope “Axio Imager Z1.
Microscopy images were captured using AxioCam digital
microscope camera and AxioVision image processing (Carl
Zeiss Vision, Germany). The images were acquired at 96 DPI
and submitted with the final revision of the manuscript at 300
DPI. Images shown are representative of 3 independent
experiments which gave similar results.

Immunohistochemical Staining of Human

Samples

For immunohistochemical staining of DAO and HMT, human
heart samples were fixed for 16-24 h in 4% paraformaldehyde
and embedded in paraffin wax. Sections of 5 pm were mounted
on silanized glass slides (Menzel, Braunschweig, Germany),
dewaxed, rehydrated, and autoclaved for 10 min at 121°C in
10mM sodium citrate pH 6.0 for antigen retrieval
Endogenous peroxidase activity was blocked by incubation in
1% H,0, for 15 min, endogenous biotin was blocked employing
the Biotin Blocking System (Dako, Glostrup, Denmark), and non-
specific protein binding sites were blocked by incubation in TNB
(TBS containing 0.5% Blocking Reagent, PerkinElmer, Rodgau,
Germany) for 30 min. Slides were incubated for 16 h at 4°C with
the mouse monoclonal antibodies HYB313-03 specific for human
DAO (Schwelberger et al., 2013) kor HYB372-07 specific for
human HMT (Schwelberger et al., 2017) diluted 1:500 in TNB
and then for 2 h a 25°C with horseradish peroxidase-conjugated
anti-mouse immunoglobulins (Dako, Glostrup, Denmark)
diluted 1:100 in TNB. The Tyramide Signal Amplification
System (PerkinElmer, Rodgau, Germany) was used according
to manufacturer’s instructions for signal amplification. For
staining of immunocomplexes, slides were incubated for 5 min
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with DAB substrate (0.05% 3,3’-diaminobenzidine, 0.01% H,O,,
50 mM Tris.HCl, pH 7.6) and counterstained with Mayer’s
hemalum (Merck, Darmstadt, Germany). Slides
dehydrated and coverslips were mounted with Entellan
(Merck, Darmstadt, Germany).

were

Western Blotting of Human Samples

Human atrial tissue samples were immediately frozen and stored at
—-80°C until analyzed. Tissue samples (50-100mg) were
homogenized in 20mM Tris-HCl, pH 7.0 containing 10 mM
dithiothreitol and Complete Protease Inhibitor Cocktail (Roche,
Vienna, Austria) for 5min at 30 Hz using a TissueLyser II
homogenizer (Qiagen, Hilden, Germany). The homogenates were
cleared by centrifugation for 10 min at 20,000xg 4°C and the
supernatant containing the total soluble protein was diluted in
SDS sample buffer. Aliquots containing 10 ug protein were
separated on 10% or 12.5% SDS polyacrylamide gels (Laemmli,
1970) and blotted onto polyvinylidene fluoride (PVDF)
membranes (Towbin et al,, 1979). After washing in TBST (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and blocking non-
specific binding sites by incubation for 60 min at 4°C in TBSTM
(TBST containing 2% non-fat dry milk) the membranes were
incubated for 16 h at 4°C with monoclonal antibodies HYB313-03
specific for human DAO or HYB372-07 specific for human HMT
(Schwelberger et al., 2013; Schwelberger et al., 2017) diluted 1:2,000 or
1:10,000 in TBSTM, respectively. Following incubation for 60 min at
4C  with  horseradish  peroxidase-conjugated — anti-mouse
immunoglobulins (Dako, Glostrup, Denmark) diluted 1:1,500 in
TBSTM, immunocomplexes were detected by incubating blots
5min with ECL Prime reagent (GE Healthcare, Vienna, Austria)
and exposure to Cronex 5 film (Agfa, Mortsel, Belgium). Protein
concentration of all samples was determined by the Bradford method
(Bradford, 1976) using a commercial kit (Biorad, Vienna, Austria).

Western Blotting of Mouse Samples

For analyses of mouse enzymes, mouse cardiac homogenates were
prepared in 300 ul of 10 mM NaHCO; and 100 ul 20% SDS.
Mixtures were kept at 25°C for 30 min before centrifugation to
remove debris. Thereafter, supernatants (called homogenates) were
kept at —80°C until further analysis. Western blot analysis was
performed as reported (Gergs et al, 2016). Briefly, protein
concentrations were determined according to the Lowry method
(Lowry et al,, 1951). Aliquots of 100 ug of protein were loaded per
lane, transferred to nitro cellulose membranes (Towbin et al., 1979)
and for immunodetection, membranes were incubated over night at
4°C with the following primary antibodies: polyclonal rabbit anti
calsequestrin (#ab3516, Abcam, Cambridge, United Kingdom),
monoclonal mouse anti PLB (#A010-14, Badrilla, Leeds,
United Kingdom), polyclonal rabbit anti phospho-PLB
(antibodies against PLB phosphorylated at serine-16 (#A010-12)
or at threonine-17 (#A010-13), Badrilla, Leeds, United Kingdom),
diamine oxidase (DAO, ABPI1; #AM33186PU-S, Acris, Herford,
Germany), monoamine oxidase A (MAO-A; #ABIN406595,
antibodies-online, Aachen, Germany), monoamine oxidase B
(MAO-B; #GTX113771, GeneTex (Biozol), Eching, Germany),
histamine N-methyltransferase (HMT; #AP1442A, Abcepta, San
Diego, CA, United States), and histidine decarboxylase (HDGC;
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#ab37291, Abcam, Berlin, Germany). Subsequently, membranes
were incubated with alkaline phosphatase-conjugated secondary
antibodies (Sigma-Aldrich, Darmstadt, Germany). Bands were
detected using enhanced chemifluorescence according to the
manufacturer’s instructions (ECF, GE Healthcare Europe,
Freiburg, Germany). Fluorescent bands were visualized in a
Typhoon 9410 Variable Mode Imager (GE Healthcare Europe,
Freiburg, Germany).

Enzymes Activity Measurement

One part of the frozen tissue samples of the mouse and human
cardia was analyzed with the most sensitive isotopic assays using
'C labeled substrates: '*C- serotonin for MAO A, '*C-beta-
phenylethylamine for MAO-B, '*C-putrescine for DAO and
"“C-methyl S-adenosyl-L-methionine for HMT as described
elsewhere (Taylor and Snyder, 1972; Fowler and Tipton, 1982;
Fogel et al, 1985). In more details, outer mitochondrial
membrane bound MAO-A and MAO-B activities were
estimated in the tissue homogenates using serotonin (final
concentration 200 uM) and '*C-beta-phenylethylamine (final
concentration 20 uM), as well as specific inhibitors, i.e.
clorgyline and deprenyl (0.3 uM each), respectively (Fowler
and Tipton, 1982). Diamine oxidase, a soluble enzyme, was
assayed in supernatants with '*C-putrescine (300 uM) as
substrate. Products of the oxidative deamination were
separated by column chromatography on Dowex 50WX8 and
measured by liquid scintillation counting (Fogel et al., 1985).
Histamine N-methyltransferase activity (HMT) likewise was
determined in the tissue supernatants using histamine as a
substrate and adenosyl-L-methionine, S-[methyl-"*C] (Perkin-
Elmer) as a donor of methyl group (100 uM each) with
aminoguanidine and pargyline serving as inhibitors of DAO
and MAO enzymes, after Taylor and Snyder (1972). The
enzyme activities were expressed as pmol/min/mg protein.
Protein concentrations were analyzed according to Lowry’s
method (1951).

Mass Spectrometry
The amount of histamine in cardiac preparations (heart tissue,
ventricular myocytes and plasma/serum) was quantified as
follows:

The tissue was weighed and subsequently homogenized using
a FastPrep 24 device (MP Biomedicals). Therefore tissue was
transferred into 2 ml screw caps filled with Lysing Matrix A (MP
Biomedicals). 800 pl ethanol/water (70/30; v/v) was added and
the samples were homogenized two times for 30 s with 5m/s.
After centrifugation 600 pl of supernatant was transferred to a
reaction tube and evaporated to dryness under a gentle nitrogen
stream at 40°C. The residual pellet was reconstituted in 50 ul 80/
20 acetonitrile/water (v/v) containing 0.25 uM of d4-histamine
(C/DIN isotopes, Pointe-Caire, Canada) as internal standard.
This solution was transferred to an analysis vial for
masspectrometric analysis. Cardiac myocyte suspension was
treated with a 4 fold amount of 50/50 acetonitrile/water (v/v).
After centrifugation supernatant was transferred to a reaction
tube and prepared for analysis as described above. For analyte
extraction of murine blood or serum, 50 pl sample was treated
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with 200 pl of 50/50 acetonitrile/water (v/v). After centrifugation
supernatant was transferred to a reaction tube and prepared for
analysis as described above. The calibrators (ranging from 0.0079
to 4 pmol/sample) were prepared in 50 mg/ml BSA and aliquoted
to 50 pL. The calibrators were prepared in the same way as blood/
serum samples. Histamine was quantified using a liquid
chromatography system coupled to a mass spectrometer
(API2000; Sciex, Foster City, CA) as described previously
(Zimmermann et al., 2011).

Data Analysis

Data shown are means + SEM. Statistical significance was
estimated by analysis of variance followed by Bonferroni’s
t-test or by student’s t-test where appropriate. A p-value of
less than 0.05 was considered significant. Experimental data
for agonist-induced positive inotropic and chronotropic effects
were analyzed by fitting sigmoidal curves to the experimental data
with GraphPad Prism 5.0. All other statistical analyses were
performed as indicated in the figures and tables. Statistical
evaluation was conducted with GraphPad Prism 5.0
(GraphPad Software, San Diego, California, United States).

Drugs and Materials

Histidine, histamine, cimetidine, quinacrine, tranylcypromine,
aminoguanidine, and compound 48/80 were purchased from
Sigma-Aldrich (Taufkirchen, Germany). All other chemicals
were of the highest purity grade commercially available.
Deionized water was used throughout the experiments. Stock
solutions were freshly prepared daily.

RESULTS

Effects of Histidine and Histamine

As seen in the original recording (Figure 3A), histidine exerted a
PIE in isolated electrically stimulated (1 Hz) human right atrial
preparations: 10 mM histidine increased force of contraction by
27% from 6.02 + 0.63 mN to 7.66 + 0.43 to mN (p < 0.05, n = 3).
In the presence of NSD-1055 (100 M), a decarboxylase inhibitor,
histidine failed to exert a PIE in human atrial preparations (data
not shown). For comparison, the effects of histidine (cumulatively
applied) and histamine (10 pM) on a H,-T'G mouse left atrium
are shown in Supplementary Figure S1. In mouse atrial
preparations, histidine was less effective than in human
atrium. Similarly, histamine exerted a concentration-dependent
PIE in human right atrial preparations (original recording,
Figure 3B) when histamine was cumulatively applied. In a
different set of patient samples, a PIE to single additions of
histamine (1, 10, or 100 uM) was recorded which could be
blocked by 10puM cimetidine (Figure 3C). Histamine was
more potent than histidine to elicit a PIE. Moreover, as a new
finding, histamine in the set of patient samples where it was not
cumulatively applied increased the phosphorylation state of PLB
at serine 16 (Figure 3D), which was likewise blocked by
cimetidine. This PIE of histamine at human atrium was also
accompanied by shortened relaxation time and elevated
maximum rate of relaxation, consistent with the known
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FIGURE 3 | Human right atrial preparations. (A) Representative original recording of the concentration- and time-dependent effect of histidine on the force of
contraction (FOC) inisolated electrically driven (1 Hz) atrial preparations from human heart. For comparison, the effect of histidine on the FOC inisolated electrically driven
left atrial preparation from Ho-TG mouse heart is shown as Supplementary Figure S1. (B) Representative original recording and quantification (n = 9) of the
concentration- and time-dependent effect of histamine on the FOC in isolated electrically driven (1 Hz) atrial preparations from human heart. *p < 0.05 vs. Ctr. (C)
Effect of 10 uM histamine alone or 10 uM histamine in the presence of 10 uM cimetidine on FOC in isolated electrically driven (1 Hz) atrial preparations from human heart:
original recordings. (D) Representative original Western blots indicating an increase of phospholamban (PLB) phosphorylation at serine 16 (PS16) and at threonine 17
(PT17) under histamine. The PLB phosphorylation was cimetidine-sensitive. Calsequestrin (CSQ) expression was used as loading control. Molecular weight markers in
kilo Dalton (kDa) are indicated. Samples used were frozen from contraction studies like those in (C).
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functional consequences of phospholamban phosphorylation
(Table 1).

In mouse atrial preparations, the histamine releasing agent
compound 48/80 exerted a PIE on left atria from H,-TG and this
effect was attenuated by cimetidine (Figure 4). Initial
experiments detected a PIE of compound 48/80 also in WT
atria, which was absent in the additional presence of 50 uM
propranolol. Therefore, the experiments for compound 48/80
in H,-TG and WT all contained 50 pM propranolol. Under these
conditions compound 48/80 was unable to exert a PIE in WT
atria (data not shown).

Effects of Enzyme Inhibitors:
Aminoguanidine, Quinacrine and

Tranylcypromine
Aminoguanidine (AG) alone (1 mM), an inhibitor of diamine
oxidase (Figure 5A), reduced FOC in H,-TG and shifted the

concentration response curve of histamine on FOC to the left in
H,-TG but was ineffective in WT (Figure 5A). More specifically,
aminoguanidine (1 mM) shifted the log concentration response
curves for the PIE in H,-TG left atrium to the left from ECso-
values (=half maximum effective drug concentrations) of 110 nM
to 37 nM (n = 4-6; p < 0.05).

TABLE 1 | Contractile parameters (time to peak tension (TP), time of relaxation
(RT), first maximum positive or negative derivate of force development (dF/dt
max or min)) in human right atrial preparations. Data are means + SD from 8
preparations of 3 patients.

Parameters Ctr Histamine (100 pM)
TP (ms) 542 +28 439 + 2.2*

RT (ms) 124.0 + 11.3 108.3 + 8.9"
dF/dtmax (mN/s) 71.2 + 241 337.7 + 73.4*
dF/dtmin (mN/s) -40.4 + 15.0 -183.9 + 63.0

*0 < 0.05 vs. Ctr.
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FIGURE 4 | Effect of compound 48/80 alone (Comp 30 or 100 pM, open
bars) or in the presence of 10 uM cimetidine (closed bars) on FOC of isolated
electrically driven (1 Hz) left atrium of H,-receptor overexpressing Ho-TG mice.
Numbers in bars indicate the number of animals studied. *p < 0.05 vs.

Ctr (no drug addition); $o < 0.05 vs. absence of compound 48/80.

Quinacrine (QAN), an inhibitor of histamine-N-
methyltransferase ~ (HMT) that inactivates  histamine
(Figure 5B), did not shift the concentration response curve of
exogenously administered histamine on FOC in H,-TG atrium
and was ineffective in WT (Figure 5B). Now, one can ask what
would happen if one inhibited both metabolizing pathways:
diamine  oxidase = and  histamine-N-methyltransferase:
aminoguanidine combined with quinacrine (Figure 5C)
increased per se FOC in H,-TG, suggesting an action of
endogenous histamine and shifted the concentration response
curve of histamine on FOC (Figure 5C) to the left in H,-TG but
was ineffective in WT (data not shown).

Similar effects of aminoguanidine and quinacrine were noted
on the beating rate of right atrial preparations from H,-TG.
Regrettably, only a few right atria per group remained in sinus
rhythm till the end of the histamine concentration response
curves in the additional presence of inhibitors of metabolism
(Supplementary Figure S2). Therefore, it was difficult to
properly analyze the effects of the inhibitors on the beating
rate, that is to say that the noted differences lack statistically
significance (Supplementary Figure S2). In WT right atrial
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preparations, aminoguanidine, quinacrine and of course
histamine were ineffective (Supplementary Figure S2).

Furthermore, the inhibitor of both monoamine oxidase A and
B (MAO-A and MAO-B), tranylcypromine (10 uM), shifted the
PIE of histamine in H,-TG atrium from ECsy-values of 70 nM to
38 nM and increased the efficacy of histamine for the PIE in H,-
TG atrium from a maximum response of 9.3 + 0.8 mN to 12.4 +
02mN (n = 3-4; p < 0.05, Figure 5D). Experiments were
performed in the presence of 50 uM of the f-adrenoceptor
antagonist propranolol because we noted in initial experiments
a profound PIE of tranylcypromine alone (in H,-TG and WT).
This PIE was blocked by previously applied propranolol
suggesting that the PIE of tranylcypromine (in the absence of
propranolol) resulted from elevated noradrenaline near the
B-adrenoceptor in the sarcolemma, due to inhibition of
noradrenaline uptake into cells.

Enzyme Activity

In mouse cardiac tissue (n = 2-3), we detected similar activities of
HMT in WT and H,-TG. Namely, in left atrium we measured
HMT as 60.4 + 0.2 pmol/min/mg protein (H,-TG) compared to
68.1 + 4.7 pmol/min/mg protein (WT). In right atrium we noted
HMT as 80.4 pmol/min/mg protein (H,-TG) compared to 114 +
10.1 pmol/min/mg protein (WT). In ventricles we observed HMT
as 83.2 + 1.1 pmol/min/mg protein (H,-TG) vs. 79.1 + 3.5 pmol/
min/mg protein (WT). As concerns MAO-B, in left atrium we
detected 1147 pmol/min/mg (H,-TG) and 1759 pmol/min/mg
(WT) and in right atrium 879 pmol/min/mg (H,-TG) vs.
1056 + 152 pmol/min/mg (WT). In ventricles, MAO-B
amounted to 903 + 50.7 pmol/min/mg (H,-TG) and 869 +
27.6 pmol/min/mg (WT). Interestingly, DAO activity was very
low amounting in ventricles and amounted to 1.08 pmol/min/mg
(H,-TG) and 1.45 pmol/min/mg (WT). In atrial samples, DAO
activity was below our level of detection due to the small size of
the murine atrium. In human atrial samples recovered during
surgery, we could measure MAO-A and MAO-B activity of 666 +
166 and 891 + 35.7 pmol/min/mg protein (n = 3), respectively,
and histamine concentration in these samples amounted to 845 +
60.5ng/g (n = 3).

Western Blotting and Histology

Given the effects of the various inhibitors described above, we
asked if the different enzymes presumably inhibited by these
compounds are present in mouse and human heart tissue. We
could detect the mRNA of HDC in mouse ventricular samples
and in isolated mouse cardiac myocytes (Figure 6A) and the
HDC protein in its active 53 kDa form in isolated mouse cardiac
myocytes (Figure 6B). Here, a mouse stomach sample was used
as positive control and a cardiac sample of a HDC knockout
mouse as negative control (Figure 6B). By comparison with the
knockout sample, HDC was detected as monomer and dimer as
indicated. The detection of cardiac calsequestrin (CSQ) was used
as loading control especially for cardiac samples (Figure 6B).
Moreover, we could detect MAO-A, MAO-B, DAO (extremely
low