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ABSTRACT
In an integrative approach, we studied the role of histamine H2
receptors in the mouse heart. We noted that histamine, added
cumulatively to the organ bath, failed to affect the force of
contraction in left atrial preparations and did not change
spontaneous heart rate in right atrial preparations from wild-
type mice. By contrast, in the same preparations frommice that
overexpressed the human H2 receptor in a cardiac-specific
way, histamine exerted concentration- and time-dependent
positive inotropic and positive chronotropic effects. Messenger
RNA of the human H2 receptor was only detected in transgenic
mice. Likewise, immunohistology and autoradiography only

gave signals in transgenic but not in wild-type cardiac prepa-
rations. Similarly, a positive inotropic and positive chronotropic
effect was observed with histamine in echocardiography of
living transgenic mice and isolated perfused hearts (Langen-
dorff preparation). Phosphorylation of phospholamban was
increased in atrial and ventricular preparations from transgenic
mice, but not in wild-type animals. The effects of histamine
were mimicked by dimaprit and amthamine and antagonized by
cimetidine. In summary, we generated a newmodel to study the
physiologic and pathophysiologic cardiac role of the human
H2 receptor.

Introduction
Histamine is a naturally occurring monoamine that has

been studied for many years as a neurotransmitter (Parsons
and Ganellin, 2006; Haas et al., 2008). The group of Sir Henry
Hallet Dale in Oxford (Dale and Laidlaw, 1910) was the first to
publish a study on the positive inotropic effect [(PIE), increase
in force] and positive chronotropic effect (PCE) of histamine
(Dale and Laidlaw, 1910), which was confirmed later (Einis,
1913). Cardiovascular effects of histamine were different
between species and anatomic regions. For instance, hista-
mine in rabbit coronary arteries led to vasoconstriction,
whereas histamine relaxed other arterial vessels measured
as hypotension in cat, dog, guinea pig (Dale and Laidlaw,
1910, 1911), and human (Schenk, 1921).
Histamine was synthesized at the University of Freiburg, in

Freiburg, Germany (Windaus and Vogt, 1907). Others at the
same university described the degradation of histidine
to histamine by bacteria (Ackermann, 1910), suggesting that
histamine could be formed in vivo. Currently, the effects of
histamine are thought to be mediated by just four receptors
known as H1, H2, H3, and H4 histamine receptors (Jutel et al.,
2009). These histamine receptors have been extensively
studied in the central nervous system, where histamine is

generated in specific cells and can then act as a neurotrans-
mitter in histaminergic neurons (for a review, see Seifert et al.,
2013; Panula et al., 2015). Less is known about histamine and
histamine receptors in peripheral tissue such as the heart
than in the central nervous system. In the heart, all four
histamine receptor subtypes have been described on the RNA
and/or protein level. In the mouse heart, a direct histamine
receptor–mediated inotropic or chronotropic effect ismissing (this
study), whichmotivated us to construct aH2 receptor–expressing
transgenic mouse (this study). First, there have been reports on a
PIE in themouse left atrium (Liu et al., 2002), anegative inotropic
effect in themouse left atriummediated byH1 andH2 receptors, a
PCE via H2 receptors (Goren et al., 1994, 1995), and a negative
inotropic effect in the mouse ventricle via H2 receptors (Goren
et al., 1994, 1995). Second, histamine may have a functional
cardiac effect, but this effect may be histamine receptor in-
dependent. For example, in the rat, dog, and cat, inotropic effects
of histaminewere found to be indirect (Bartlet, 1963; Flacke et al.,
1967; Dai, 1976; Wellner-Kienitz et al., 2003), that is, via release
of endogenous catecholamines (Laher and McNeill, 1980a,b).
Third, even regional differences in the actions of histamine

or histamine receptor utilization of histamine in the mamma-
lian heart are known: in rabbit atrium, H1 receptors are more
prevalent and a PIE mediated by H1 and phospholipase C
activation has been described in Hattori et al. (1988) (see the
scheme Fig. 1) and Hattori et al. (1990, 1991). In humans, H1https://doi.org/10.1124/jpet.118.255711.

ABBREVIATIONS: PCE, positive chronotropic effect; PCR, polymerase chain reaction; PIE, positive inotropic effect; PKA, protein kinase A; PLB,
phospholamban; TG, transgenic; WT, wild type.
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and H2 receptors were detected early on in the atrium and
ventricle [for radioligand binding, see Baumann et al. (1982,
1983, 1984); for antibody and RNA expression, see Matsuda
et al. (2004)]. In humans, the cardiac H2 receptors were
described to mediate the PIE of exogenously applied hista-
mine in isolated human cardiac preparations (Levi et al., 1981;
Genovese et al., 1988; Zerkowski et al., 1993; Sanders et al.,
1996; Thoren et al., 2011). These PIEs in the human heart
were accompanied by—and, hence, probably mediated by—an
increase in cAMP [for human right atrial preparations, see
Sanders et al. (1996)] and opening of L-type Ca21 channels
(Eckel et al., 1982). Hence, the mode of action of H2 receptors
in the human heart mimics the b-adrenoceptor system in the
human heart. H1 receptors were described tomediate negative
chronotropic effects in isolated human atrial preparations
(Genovese et al., 1988). In surgically obtained ventricular
tissue from one patient, histamine stimulated adenylyl cy-
clase activity in a seminal paper (Klein and Levey, 1971) (see,
also, Fig. 1). Infusion of histamine in patients led to an
increase in heart beat and an increase in the first derivative
of pressure development in the left ventricle (Vigorito et al.,
1983). H3 and H4 receptors are present in the mouse (Koyama
et al., 2003; Aldi et al., 2014) and human heart (Aldi et al.,
2014), but are localized in cardiac neurons, where their
stimulation can inhibit the cardiac release of noradrenaline,
and thus may play a cardioprotective role.
Here, we set out to generate and describe a transgenic mouse

model with cardiac-specific expression of the humanH2 receptor.
Initial data were published in abstract form (Köhler et al., 2013;
Neumann et al., 2013, 2014, 2015; Meister et al., 2014, 2015).

Materials and Methods
Transgenic Mice. The investigation conforms to theGuide for the

Care and Use of Laboratory Animals published by the National
Research Council (2011). Animals were maintained and handled
according to approved protocols of the animal welfare committees of
the University of Münster and the University of Halle-Wittenberg.

The plasmid, containing the human H2 receptor cDNA (GeneBank
Accession Number AY136744), was kindly provided by R. Seifert
(Institute of Pharmacology, Hannover Medical School, Hannover,
Germany). The H2 receptor cDNA together with a C-terminal 6xHisti-
din tag was excised out of the parent plasmid byHind III and XbaI, the
endings of the fragment were blunted by Klenow polymerase, and
finally inserted into theEco ICR site of amouse cardiac a-myosin heavy
chain promoter expression cassette. The orientation of the cDNA was
confirmed by sequencing. The H2 receptor cDNA promoter construct
was digested with Nru I and purified by cesium chloride gradient
centrifugation for injection into the pronuclei of single-cell fertilized
mouse embryos. Generation of transgenic (TG) mice was performed by
standard procedures (mouse strain: FVB/N). Several transgenic lines
overexpressing the H2 receptor under control of the a-myosin heavy
chain promoter were established, one of which was investigated further
and is described in the present study. Other founders had no inotropic
response to histamine: one was responsive to histamine but did not give
the transgene to the offspring, and others had no offspring. The TG line
studied herewas crossed to CD1 background. Genotypeswere identified
by polymerase chain reaction (PCR) analyses of tail tip DNA using
the following primers: 59-ACCCTTACCCCACATAGACC-39 and 59-
AGCAGGTCAGTGATAGCCAA-39. The PCR reaction was performed
using Ampliqon Taq DNA Polymerase (Biomol, Hamburg, Germany)
according to the manufacturer’s instructions. In all experiments, 12- to
30-week-old TG mice and wild-type (WT) littermates of both sexes
were used.

Western Blot Analysis. Homogenates from ventricular tissue
samples were prepared in 300 ml of 10 mM NaHCO3 and 100 ml 20%
SDS. Crude extracts were incubated at 25°C for 30 minutes before
centrifugation to remove debris, and then the supernatants (5
homogenates) were separated and stored at 280°C until further use.
Western blot analysis was performed as previously described (Gergs
et al., 2004). Briefly, aliquots of 100mg of protein were loaded per lane,
and finally bands were detected using enhanced chemifluorescence
(GEHealthcare Europe, Freiburg, Germany) together with a Typhoon
9410 Variable Mode Imager (GE Healthcare Europe). The following
primary antibodies were used in this study: polyclonal rabbit anti-
calsequestrin (Acris Antibodies, Hiddenhausen, Germany), anti-
phosphatase-inhibitor-1 antiboby (ab84477; Abcam, Cambridge, UK),
monoclonal mouse anti-SERCA2a (kindly provided by L. R. Jones,
Indianapolis, IN), monoclonal mouse anti-phospholamban (PLB) (A-1;
Badrilla, Leeds, UK), and polyclonal rabbit anti-phospho-PLB (anti-
bodies were raised against PLB-peptide phosphorylated at serine-16
or threonine-17; Badrilla). The characteristics and use of these
antibodies has been reported repeatedly by our group (Kirchhefer
et al., 2002). The antibodies against TnI and phospho-TnI were
obtained from GE Healthcare, and the antibodies against a-subunits
of Gi-protein and Gs-protein were purchased from Calbiochem (Darm-
stadt, Germany).

Histologic Analysis. Hearts were fixed in buffered 4% formalde-
hyde and embedded in paraffin. Four micron sections were mounted
on polylysine microslides. Immunodetection of 6xHistidin-tag was
performed using rabbit polyclonal antibodies to 6xHistidin-tag [His-
probe (H-15) sc-803; Santa Cruz, Heidelberg, Germany]. For immu-
nohistochemical assays, deparaffinized sections were subjected to
antigen retrieval by heating the sections in 10 mM sodium citrate
buffer, pH 6.0, at 95°C for 30minutes in a domestic vegetable steamer.
Thereafter, sections were immunoreacted with primary rabbit anti-
bodies to 6xHistidin-tag overnight at 4°C. Primary antibodies were
diluted in PBS 1:50. After immunoreacting with primary antibodies
and subsequent washing in PBS, sections were treated with methanol
containing 0.6% H2O2 for 10 minutes to quench endogenous peroxi-
dase. Bound primary antibodies were detected with the AmpliStain
heteropolymeric horseradish peroxidase detection system manu-
factured by Stereospecific Detection Technologies (SDT GmbH,
Baesweiler, Germany) (Buchwalow et al., 2011). The horseradish
peroxidase label was visualized using the NovaRed substrate kit
(Vector Laboratories, Burlingame, CA). Immunostained sections were
examined on a Zeiss Axio Imager Z1 microscope. Microscopy images
were captured using AxioCam digital microscope cameras and
AxioVision image processing (Carl Zeiss Vision, Oberkochen, Ger-
many). The images were acquired at 96 dots per inch and submitted
with the final revision of the manuscript at 300 dots per inch. Images
shown are representative of three independent experiments that gave
similar results.

Autoradiography. Autoradiography at cryosections (12 mm) of
Langendorff-perfused mouse hearts (frozen in Tissue-Tek; Sakura
Europe, Alphen aan den Rijn, The Netherlands) was essentially
performed according to a previously described procedure (Keller
et al., 2008). Leibovitz’s L15 medium with L-glutamine (Gibco,
Paisley, Scotland) supplemented with 1% bovine serum albumin was
used as the binding buffer. Slides with mounted cryosections were
immediately placed in a chamber at 100% humidity and covered with
binding buffer. After 10–15 minutes, the binding buffer was carefully
removed, followed by covering the sections with binding buffer
containing the selective H2 receptor antagonist [3H]UR-DE257
(Baumeister et al., 2015) (30 nM) (total binding) or binding buffer
containing [3H]UR-DE257 (30 nM) and the histamine H2 receptor
antagonist famotidine (9 mM) (unspecific binding). The sections were
incubated in a humidity chamber at room temperature for 60minutes,
followed by a previously described washing and drying procedure
(Keller et al., 2008). Images were acquired after incubation of the
slides on a tritium-sensitive phosphor screen (PerkinElmer) for
21 days.
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Echocardiography. Echocardiography in spontaneously breath-
ing mice was performed under anesthesia with 1.5% isoflurane as
described previously (Gergs et al., 2010).

Hemodynamic Measurements by Left-Ventricular Cathe-
terization. Mice were anesthetized by intraperitoneal injection of
avertin (2,2,2-tribromoethanol; Sigma-Aldrich, Hamburg, Germany)
in 2% solution at a dose of 400 mg/kg21 bodyweight and placed on a
controlled heating pad in supine position. Additional doses of avertin
(each 10% of the initial dose) were applied during the experiments if
appropriate to maintain depth of anesthesia. A 0.5-mm polyethylene
catheter connected to a fluid-filled disposable pressure transducerwas
inserted via the right carotid artery and placed in the left ventricle.
Histamine was administered into the cannulated left external jugular
vein using an automated syringe pump (B. Braun, Melsungen,
Germany). Data were recorded and digitized at a sampling rate of
1000 Hz with the PowerLab system (ADInstruments, Spechbach,
Germany). At the end of the experiments, animals were euthanized by
an avertin overdose, and hearts were excised, weighed, and stored
at 280°C until further examination. Hemodynamic data were ana-
lyzed using Chart5 software (ADInstruments).

Isolation of Cardiomyocytes. Ventricular cardiomyocytes were
isolated similarly to a published protocol (Kirchhefer et al., 2002). In
brief, hearts were perfused at 2 ml/min21 with Ca21-free Hanks’
balanced salt solution (Gibco) for 6minutes, followed by perfusionwith
Hanks’ balanced salt solution supplemented with 1495 U collagenase
(type 2; Worthington, Lakewood, NJ) and 5 U protease (Type XIV;
Sigma-Aldrich) for 6 minutes. After enzymatic digestion, the hearts
were perfused with Hanks’ balanced salt solution containing 90 mM
Ca21 for 6 minutes, and ventricles were cut into several pieces before
myocytes were separated by filtration through a 70-mm nylon mesh
(Corning Incorporated, Durham, NC).

Edge Detection and Measurement of Calcium Transients.
Measurement of cell shortening of isolated cardiomyocytes was done
as previously described (Gergs et al., 2007). Cells were electrically
stimulated (1 Hz, 100 V, 6 milliseconds), and as a parameter of
contractility the shortening of the cell length was determined with a
video edge detector (VED 105; Crescent Electronics, Sandy, UT)
combined with PTI Felix32 software (Photon Technology Interna-
tional, Birmingham, NJ). After recording basal cell shortening,
cardiomyocytes were treated with 10 mMhistamine, 10 mMhistamine
1 100 mM cimetidine, or 1 mM isoprenaline (positive control), and the
difference in cell shortening in relation to the baseline was de-
termined. Calcium transients were measured in isolated and

electrically stimulated cardiomyocytes (1 Hz, 100 V, 6 milliseconds)
by a modified protocol described in Gergs et al. (2011). The cells were
labeled with 2 mM Fluo4-AM (Thermo-Fisher, Karlsruhe, Germany)
according to the manufacturer’s recommendations and analyzed with
a confocal laser scanning microscope (AxioObserver, Zeiss, Oberko-
chen, Germany) combined with a Vt-Eye system (VisiTech Interna-
tional, Sunderland, UK). After recording basal calcium transients,
cells were treated with 10 mM histamine, 10 mM histamine1 100 mM
cimetidine, or 1 mM isoprenaline (positive control). The measured
fluorescence intensities were analyzed with MetaMorph software
(Molecular Devices, Ismaning, Germany) and the differences in
average fluorescence intensity in relation to the basal calcium
transients were determined.

Contractile Function. Mice were anesthetized by intraperito-
neal injection of pentobarbital sodium (50 mg/kg21) and hearts were
excised. Right and left atria were dissected from isolated H2 receptors
in the hearts of TG and WT mice and mounted in an organ bath. Left
atrial preparations were continuously electrically stimulated (field
stimulation), with each impulse consisting of 1 Hz at a voltage of 10%–

15% above threshold and 5-millisecond duration. Right atrial prepa-
rations were allowed to contract spontaneously. The bathing solution
contained 119.8 mM NaCI, 5.4 mM KCI, 1.8 mM CaCl2, 1.05 mM
MgCl2, 0.42 mM NaH2P04, 22.6 mM NaHCO3, 0.05 mM Na2EDTA,
0.28 mM ascorbic acid, and 5.0 mM glucose, and was continuously
gassed with 95% O2 and 5% CO2 and maintained at 35°C, resulting in
a pH of 7.4. Signals detected via an isometric force transducer were
amplified and continuously recorded.

Langendorff-Perfused Hearts. Heart preparations were used
as described previously (Kirchhefer et al., 2014). Mice were anesthe-
tized by intraperitoneal injection of pentobarbital sodium (50 mg/kg21)
and hearts were excised. The hearts were removed from the opened
chest, immediately attached by the aorta to a 20-gauge cannula, and
perfused retrogradely under a constant flow of 2 ml/min21 with
oxygenized buffer solution (37°C) containing 119.8 mM NaCI,
5.4 mM KCI, 1.8 mM CaCl2, 1.05 mM MgCl2, 0.42 mM NaH2P04,
22.6 mM NaHCO3, 0.05 mM Na2EDTA, 0.28 mM ascorbic acid, and
5.0 mM glucose in an isolated heart system (Hugo Sachs Elektronik,
March-Hugstetten, Germany). The heart preparations were allowed
to equilibrate for 30 minutes before measurements. Hearts were
stimulated at 8 Hz and heart rate, aortic pressure, and left ventric-
ular pressure were measured and monitored continuously. The first
derivative of left ventricular pressure (1dP/dt and 2dP/dt) was
calculated (ISOHEART Software; Hugo Sachs Elektronik).

Fig. 1. Scheme and schematic diagram of the transgenic construct.
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Data Analysis. Data shown are mean 6 S.E.M. Statistical
significance was estimated by ANOVA, followed by Bonferroni’s t test
or using the x2-test as appropriate. A value of P, 0.05 was considered
significant.

Drugs and Materials. All other chemicals were of analytical
grade. Demineralized water was used throughout the experiments.
Stock solutions were freshly prepared daily.

Results
Utilizing immunohistology (Fig. 2A) we noted distinct

signals in samples from hearts of TG animals, in contrast to
samples from WT hearts. Similarly, we noted in real-time
PCR, mRNA from TG hearts using primers specific for the
human H2 signals (data not shown). In western blotting with
commercially available antibodies we failed to detect differ-
ences between TG and WT (data not shown). We detected
signals for mouse H2 receptors in PCR in both WT and TG
(data not shown). We failed to detect specific radioligand
binding, starting either with homogenates from hearts of TG
or preparations enriched for membranes of hearts of TG.
However, we succeeded in performing autoradiography with
the selective H2 receptor ligand [3H]UR-DE257 in the heart
sections of TG mice (see Fig. 2B). Quantification of the data
revealed a higher level of H2 receptor expression in atrium
than in ventricle of TG (Table 1). Data for WT are also
presented and are tentatively regarded at background signals
(Fig. 2B; Table 1).
In isolated left atrial preparations (electrically driven), we

noted no effect of histamine on force of contraction when
histamine was cumulatively applied from 0.1 to 10 mM from
WT siblings of TG animals (Fig. 3A, lower original recording).
In contrast, in isolated left atrial preparations (electrically
driven) from TG, we noted concentration-dependent PIEs
when histamine was cumulatively applied from 0.1 to 10 mM
(Fig. 3A, upper original recording). Data are summarized in
Fig. 3B. Moreover, the concentration-dependent effect of
histamine on force of contraction in TG could be attenuated
by cimetidine, a typical H2 receptor inverse agonist (or
antagonist) (see original recording in Fig. 3C and summarized

data in Fig. 3D). Similarly, in spontaneously contracting right
atrial preparations from WT mice, we did not note any effect
on beating rate when the H2 agonist dimaprit was cumula-
tively applied from 0.1 to 10 mM (data not shown). Dimaprit
and amthamine are more selective agonists at H2 receptors
than histamine (which acts as an agonist at all four histamine
receptors). Using amthamine, in isolated left atrial prepara-
tions (electrically driven) from TG, we noted a concentration-
dependent PIE to amthamine (0.1–10 mM, Fig. 3E). Moreover,
cimetidine was able to shift the concentration response curve
of histamine and dimaprit in left and right atrial preparations
of TG to higher concentrations of histamine (rightward shift)
(original recordings of left atrial preparations: Fig. 3, A, C, G,
and I; summarized data: Fig. 3, D and H). Likewise, the PIE of
dimaprit was antagonized in left atrial preparations from TG
by cimetidine (Fig. 3H). Of note, the concentration-response
curve for the PIEs of dimaprit and histamine in left atrial TG
preparations was superimposable, arguing for the similar
potency and efficacy of these drugs (Fig. 3F). Of note, in Fig. 3,
F and H in WT one might detect at first glance an apparent
negative inotropic effect of histamine and dimaprit. However,
we chose here to present the results over time without
correction for time effects. We also performed time control
experiments where atrial preparations ofWTwere not treated
with drugs. We saw a similar decrease in force (data not
shown), which is strong evidence that in WT there is neither a
positive nor a negative inotropic effect of histamine and
dimaprit. One can even argue that we are on the safe side
and are underestimating the effects of histamine and dimaprit
in TG atrial preparations.
Next, it was of interest to investigate ventricular effects of

histamine. To that end, we used isolated retrogradely per-
fused hearts (Langendorff preparations). These preparations
were allowed to beat spontaneously. We recorded force of
contraction from the apex; therefore, under these conditions
we measured ventricular function (original recording). We
noted that 1 mM histamine increased force of contraction in
hearts from TG but not WT (Fig. 4A, original recording). As a
positive control, we studied the effects of isoprenaline, a
typical agonist at b-adrenoceptors. As expected, it was able

Fig. 2. (A) Immunodetection of the His-tag in histologic
sections of mouse hearts. As control (Ctr), tissue was
incubated with peptide-blocked antibodies. (B) Representa-
tive images of autoradiography of WT and TG mouse heart
sections labeled with 30 nm of the H2 receptor–specific
ligand [3H]UR-DE257 or 30 nM [3H]UR-DE257 + 9 mM
famotidine as unspecific control.
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to increase force of contraction (Fig. 4B) in isolated perfused
hearts from WT as well as TG. Moreover, we could show that
cimetidine (as in the atrium) was able to block the PIE in TG
but was ineffective in WT (Fig. 4B). We additionally studied
spontaneous left ventricular force of contraction in isolated
hearts. We noted that basal force was unaltered between TG
and WT (Fig. 4C). Stimulation by histamine was able to
increase left ventricular force of contraction in TG but not in
WT (Fig. 4B). The PIE of histamine in TG was completely
absent if cimetidine was applied together with histamine
(Fig. 4B).
Furthermore, it was of interest to study the effects of

histamine in vivo. To that end, we performed invasive hemo-
dynamic measurements (measurement of pressure in the left
ventricle) in the anesthetized living animal. After intraperito-
neal injection of histamine (100 ml of 10 mM solution of
histamine), we noted an increase in cardiac contractility that
was indicated, for instance, by an increased first positive
derivative of pressure in TG mice to 133% 6 12% and was
absent in WT mice (P , 0.05; n 5 5–7).
To investigate the effects of the H2 receptor on cardiovas-

cular performance in vivo, we performed echocardiographic
measurements in TG and WT mice under isoflurane anesthe-
sia. We noted that dimaprit injected intraperitoneally (100 ml
of a 10 mM solution) increased the left ventricular ejection
fraction and beating rate in TG (Fig. 5, A and B). Furthermore,
using echocardiography we studied the typical dimensions of
the heart such as the left ventricular systolic and diastolic
diameters under basal and dimaprit-stimulated conditions.
We noted substantial increases in these parameters after
injection of dimaprit in TG but not WT (original M-mode
recordings, Fig. 5C). The effects of dimaprit were blocked by
the simultaneously applied cimetidine (Fig. 5, A and B).
Similar alterations were noted for the flow parameters in
these hearts when histaminewas used as an agonist for theH2

receptor (Fig. 5D: original flow recordings of the aorta; Fig. 5,
E and F: summarized data).
Moreover, 1 mMhistamine induced an increase in cell border

movement (edge detection) in isolated electrically driven (1 Hz)
ventricular cardiomyocytes (Fig. 6A). These increased move-
ments could be blocked by cimetidine (Fig. 6A; Table 2).
Furthermore, we noted increased calcium transients in ven-
tricular cardiomyocytes fromTGcomparedwithWTstimulated
by 1mMhistamine. These effects were also cimetidine sensitive
(Fig. 6, B and C).
With respect to signal transduction, we noted that the PIE

of dimaprit in atrial preparations from TG could be reduced by
additionally applyingH89 [a protein kinase A (PKA) inhibitor]
or W7 (a CAM kinase inhibitor, Fig. 7). Furthermore, we
assessed the phosphorylation state of phospholamban. As

expected, histamine increased the phosphorylation state of
phospholamban in left atrial preparations from TG (freeze
clamped at the maximum of the PIE, Fig. 8A). In contrast,
histamine failed to increase the phosphorylation state of left
atrial preparations from WT (Fig. 8A). As a positive control,
isoprenaline elevated the phosphorylation state of in left atrial
preparations fromWT (Fig. 8A). Similar results were obtained
in freeze-clamped isolated perfused heart: histamine in-
creased the phosphorylation state of phospholamban in
preparations from TG (freeze clamped at the maximum of
the PIE), and this effect could be antagonized by cimetidine
(Fig. 8B).

Discussion
Our integrative approach shows that we have successfully

generated mice with cardiac expression of a functional H2

receptor. The starting point of this study was our unexpected
finding that histamine is unable to raise force or beating rate
under our experimental conditions in wild-type mouse atrial
preparations. This is not without precedence, but shows again
how careful you need to be to extrapolate findings frommice to
man. We ourselves encountered a similar finding several
years ago: when studying the effects of serotonin in human
cardiac preparations (Gergs et al., 2009) we noted unexpect-
edly that under the very same experimental conditions where
we noted a PIE of serotonin, mediated by 5HT4 receptors,
using human right atrial preparations in the organ bath, we
failed to detect a similar effect in mouse atrial preparations
(Läer et al., 1998). Hence, we generated mice that express a
functional human 5HT4 receptor and studied these mice in
some detail (Gergs et al., 2010, 2013, 2017; Neumann et al.,
2017). We showed a PCE and PIE in atrial preparations to
serotonin in these transgenic mice (Gergs et al., 2013). We
noted similar findings in isolated perfused hearts and in vivo
utilizing echocardiography or invasive left ventricular hemo-
dynamic measurements (Gergs et al., 2010). The signal
transduction involved serotonin-mediated currents through
L-type channels, increases in free cytosolic Ca21, and in-
creased PLB phosphorylation (Gergs et al., 2010).
Following a similar course of reasoning, experimental design,

and methods, we herein describe the expression of a functional
humanH2 receptor in themouse heart. This conclusion is based
on the following evidence: histamine and more selective
agonists (dimaprit and amthamine) were able to increase force
of contraction in isolated atrial preparations or ventricular
preparations (Langendorff hearts) of TG but not WT. In more
detail, histamine is more potent at H3 (pEC50 5 7.9) and H4

receptors (pEC50 5 7.92) than at H1 (pEC50 5 6.92) and H2

receptors (pEC50 5 5.79) (Seifert et al., 2013). In contrast,

TABLE 1
Average intensity of autoradiography signals of WT and TG mouse heart sections labeled with 30 nm [3H]
UR-DE257 or 30 nM [3H]UR-DE257 + 9 mM famotidine as unspecific control
WT: N/n = 2/7–12, TG: N/n = 2/9, mean 6 S.E.M., ANOVA, *P , 0.05 vs. corresponding control TG, #P , 0.05 vs. same
treatment WT.

Average Intensitya
Atrium Ventricle

Control [3H]UR-DE257 Control [3H]UR-DE257

WT 93.5 6 1.4 98.6 6 3.5 97.4 6 1.6 101.1 6 1.4
TG 84.4 6 0.8 194.3 6 3.3*,# 89.5 6 1.9 124.4 6 1.5*,#

aIn arbitrary units.
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Fig. 3. Concentration-dependent PIE of histamine alone (A and B) and after preincubation (30 minutes) with the H2 receptor antagonist cimetidine
(C and D) in electrically driven (1 Hz) left atrial preparations from TG mice. WT atria did not respond to histamine. (A and C) representative original
recordings; (B and D) quantification of the inotropic effects of histamine. In the presence of cimetidine, a concentration-dependent rightward shift of the
inotropic effect of histamine was noted. Cim, cimetidine; His, histamine; #first P, 0.05 vs. control (Ctr); *P, 0.05 vs. WT; *P, 0.05 vs. Cim 10 mM; n =
5 to 6. (E) Histamine (n = 5) or amthamine (n = 4) induced concentration dependently a PIE in isolated electrically driven left atria of TG. *P , 0.05 vs.
Ctr; #P, 0.05 vs. WT. In isolated electrically driven left atrial preparations, dimaprit (D) exerted a concentration-dependent PIE, starting at 10 nM and
reaching plateau at 3 mMwith a2log EC50 value of 6.396 0.17 (n = 9) compared with 6.736 0.16 (P. 0.05; n = 5) for histamine (F).The EC50 values were
comparable irrespective of whether histamine and after washout dimaprit were applied or vice versa. Furthermore, 10 mM cimetidine (H) shifted the 2log
EC50 value of dimaprit to 4.73 6 0.18 (P , 0.05; n = 9). WT atria did not respond to histamine or dimaprit. Representative original recordings of TG are
shown (G and I). #first P , 0.05 vs. control (Ctr); *P , 0.05 vs. WT.
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dimaprit was developed as a H2 agonist, devoid of action at H1

receptors. However, later (when H3 and H4 receptors were
identified, cloned, and characterized), dimaprit was found also
to be an agonist at H3 and H4 receptors. We did not detect
sex differences in the responses to histamine. Amthamine
was synthesized subsequently, in the search for a compound
agonistic selectively at H2 receptors (Panula et al., 2015). In
some systems, histamine and dimaprit were equipotent (U937
cells) (Smit et al., 1994); in other cells, histamine was more
potent than dimaprit (H2-transfected CHO cells) (Smit et al.,

1994). In the human heart, dimaprit was a full agonist for its
PIE with anEC50 value of 43 mM (Poli et al., 1994). However, in
other laboratories, dimaprit was more potent for its PIE
(human left atrium, right atrium, and papillary muscle) with
an EC50 value around 3 mM (Bristow et al., 1982; Eckel et al.,
1982; Brown et al., 1986). In the guinea pig papillary muscle,
amthamine was more potent and equieffective to histamine
with respect to the PIE (Poli et al., 1993).
Amthamine, compared with histamine, acts as a full agonist

with respect to PIE in human right atrial preparationswith an

Fig. 4. Langendorff heart. (A) Represen-
tative original recordings. In isolated
perfused hearts from TG mice a PIE of
histamine (1 mM) was noted. WT hearts
did not respond to histamine. (B and C)
Basal characteristics of force of contrac-
tion of isolated perfused heart prepara-
tions from WT and TG mice. Ctr, control;
His, histamine (1 mM); Iso, isoprenaline
(1 mM); Cim, cimetidine (10 mM). (B) WT:
n = 3–6, TG: n = 3–6, mean 6 S.E.M.,
ANOVA, *P ˂ 0.05 vs. Ctr; +P , 0.05 vs.
WT. (C) Basal force of contraction before
any drug addition in WT and TG; n = 32.

Fig. 3. Continued.
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Fig. 5. Heart rate (A) and ejection fraction (B) of WT and TG measured by left ventricular echocardiography. #P , 0.05 vs. control; *P , 0.05 vs. WT;
n = 5–10. (C) Original recordings of M-mode parasternal long axis view of TG without and with dimaprit [100 ml of a solution containing 10-3M
dimaprit (D) alone] or cimetidine alone [100 ml of a solution containing 10-3M cimetidine (Cim)] or both (D + Cim). Echocardiography of the ascending
aorta (D and E) and the arteria pulmonalis (F) under basal conditions [control (Ctr)] and after intraperitoneal injection of 100 ml of a 1 mM (1023)
histamine and 10 mM (1022) histamine (His), respectively. (D) Representative original recordings of the ascending aorta from TG. (E and F) Peak
velocitiy inWT and TG.WT: n = 5, TG: n = 7, mean6 S.E.M., ANOVA, *P, 0.05 vs. Ctr, #P, 0.05 vs. WT, xP, 0.05 vs. His 1022, &P, 0.05 vs. His 1023.
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EC50 value of 4.2 mM (Poli et al., 1994). In contrast, in the
guinea pig right atrium amthamine was more potent than
histamine with respect to the PCE (Poli et al., 1993). However,
in the present work amthamine was not more potent than
histamine in increasing the force of contraction (i.e., the
positive inotropic effect), whereas we expected amthamine to
be more potent than histamine based on the literature. The
reason for this is unclear, but it is conceivable that in mouse
cardiomyocytes the H2 receptor loses affinity for amthamine;
however, this hypothesis remains to be tested biochemically

with radioligands. Regrettably, despite considerable effort, we
are hitherto unable to detect radioligand binding to H2

receptors in cardiac homogenates and cardiac membranes of
TG (unpublished observations).
In the present study, the PIE of histamine in left atrial

preparations was blocked by cimetidine, which is a typical H2

antagonist, and the PIE of histamine was not affected by
mepyramine (5 pyrilamine), a typical H1 receptor antago-
nist (Seifert et al., 2013). In addition, histology detects the
receptor on cardiomyocytes. Furthermore, biochemical studies,

Fig. 6. (A) Representative images of cell
shortening of isolated WT and TG cardi-
omyocytes under basal conditions [control
(Ctr)] and after treatment with histamine
[(His), 10 mM], histamine (10 mM) +
cimetidine [(Cim), 100 mM], or isoprena-
line [(Iso), 1 mM]. (B and C) Fluorescence
intensity of calcium transients of isolat-
ed cardiomyocytes of WT and TG under
basal conditions (Ctr) and after treat-
ment with histamine (10 mM), histamine
(10 mM) + cimetidine (100 mM), or iso-
prenaline (1 mM). (B) Representative
original recordings. (C) Percentage of
fluorescence intensity, WT: n = 5 to 6,
TG: n = 3 to 4, mean 6 S.E.M., ANOVA,
*P, 0.05 vs. corresponding Ctr, #P, 0.05
vs. His WT, &P, 0.05 vs. Ctr and HisWT,
xP , 0.05 vs. His + Cim TG.
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electrophysiologicalmeasurements, edge detection studies, and
Ca21 transient studies argue that the H2 receptor is present
and functional in cardiomyocytes.
Moreover, PLB is only expressed in cardiomyocytes and not

in noncardiomyocytes. The fact that we measured an increase
in PLB phosphorylation in atrial and ventricular preparations
and isolated cardiomyocytes is strongly indicative that the
H2 receptors are present on and functional in cardiomyocytes.
There is also other evidence for this conclusion: we used the a-
myosin promotor, which drives expression in the heart only in
cardiomyocytes and not in noncardiomyocytes (Subramaniam
et al., 1993).
As concerns the vascular effect, as mentioned in Introduc-

tion, there are opposite effects of histamine depending on
which species and which arterial vessel is investigated. In the
mouse aorta vasoconstriction by histamine was reported from
independent groups (Van de Voorde and Leusen, 1984),
whereas others failed to detect contraction or relaxation by
histamine in precontracted isolated mouse aorta (Russell and
Watts, 2000). In human coronary arteries, histamine could
induce vasoconstriction via H1 receptors in smooth muscle
cells, and vasodilation via H1 and H2 receptors in the
endothelial cells was reported (Ginsburg et al., 1980;
Vigorito et al., 1986). Vasodilation was only present in vessels
with intact endothelial cells (Toda and Okamura, 1989).
In the intact mouse, low intravenous histamine did not alter

the beating rate of the heart but depressed the arterial blood
pressure, and higher doses of histamine led to a small increase
in blood pressure but a decline in the beating rate (C57BL/6
mice) (Suzuki et al., 2005). The same pattern was present in
H1 knockout mice, but was lacking in H2 knockout mice or
double knockout mice (Suzuki et al., 2005).
Regrettably, we cannot give the extent of expression or

overexpression because the commercially available antibodies
against the receptor detected signals in WT and TG to a
similar extend as the expected molecular weight. This cannot
be the truth because in WT no human H2 is expressed.
Moreover, we cannot quantify the protein level of the endog-
enous receptor with antibodies. We speculate that the endog-
enous H2 receptor is not translated (or is protein unstable)
because we can detect it using PCR but see no functional
response. We cannot rule out the possibility that the endog-
enous receptor is present on the protein level, but lacking in
cardiomyocytes or does not couple to cAMP generation in WT,
which would be bewildering; we were unable to find evidence
of this in the literature for the H2 receptor. Others have noted
previously that the detection of heptahelical receptors such as
H2 receptors in western blotting is notoriously error prone
(e.g., Seifert et al., 2013); hence, our problems are not without
precedence in the literature.

The fact that we measured an increase in serine 16 phos-
phorylation of phospholamban is easily interpreted as result-
ing from cAMP generation after histamine application in TG:
H2 activation is expected to activate PKA, which only phos-
phorylates PLB on serine 16 (Simmerman et al., 1986). The
inotropic effects of histamine were attenuated by both PKA
and Cam kinase inhibitors (Fig. 7). This is in line with the
findings for b-adrenoceptor stimulation in the heart. This
leads to phosphorylation of target proteins such as phospho-
lamban in the heart, and this phosphorylation and the
concomitant increase in force of contraction is thought to be
mediated by cAMP increase, subsequent activation of PKA,
PKA phosphorylation of the L-type Ca channel, opening of the
channel, and increase in cytosolic Ca, and thus activation of
Cam kinase and amplified phosphorylation of phospholamban
and other targets (Simmerman and Jones, 1998). It can now be
asked why we did not block the effects of histamine by kinase
inhibitors completely (Fig. 7). The answer might be 2-fold.

Fig. 7. Signal transduction in TG mice. The PIEs of dimaprit in isolated
electrically driven left atrial preparations of TG mice were antagonized by
the PKA inhibitor H89 (50 mM) (A) or the inhibitor of the calcium
calmodulin–dependent protein kinase (CaMKII) W7 (50 mM) (B). #P ,
0.05 vs. WT; *P , 0.05 vs. control (Ctr); +P , 0.05 vs. dimaprit; xP , 0.05
vs. Ctr (solvent).

TABLE 2
Cell shortening of WT and TG cardiomyocytes under basal conditions (control) and treated with
histamine, histamine + cimetidine, or isoprenaline
WT: n = 6, TG: n = 5–8, mean 6 S.E.M., ANOVA, *P , 0.05 vs. corresponding control, #P , 0.05 vs. histamine WT,
&P , 0.05 vs. control and histamine WT, xP , 0.05 vs. histamine + cimetidine TG.

Cell Shortening Control His (10 mM) Iso (1 mM) His (10 mM) + Cim (100 mM)

mM

WT 2.42 6 0.50 2.31 6 0.49 11.87 6 1.98&

TG 1.70 6 0.37 10.22 6 2.28*,#,x 12.34 6 0.98*,x 1.39 6 0.33

Cim, cimetidine; His, histamine; Iso, isoprenaline.
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Asmentioned previously, if one kinase is blocked the other can
still function and increase the function of cardiac regulatory
proteins. On the other hand, we might have used a concen-
tration of inhibitors that did not fully block the kinase of
interest. However, we used concentrations of inhibitors in the
heart that are within the concentrations or higher than those
used by others (Yaniv et al., 2013).Moreover, kinase inhibitors
lose their specificity at even higher concentrations than we
used (50 mM) (Simmerman and Jones, 1998). The present
model is expected to offer the unique possibility of studying the
human H2 receptor within a cardiac context. For instance, we
have started to crossbreed our H2 and 5HT4-expressing mice
to get double transgenic mice that should more closely mimic
the human heart by responding in a physiologic way to both
histamine and serotonin (which was the case in our initial
experiments, Denise Schwarzer, not yet published). One could
use this in models of systolic (e.g., using aortic banding) or
diastolic heart failure.
Clinical Relevance. Surprisingly, German gynecologists

were the first to study histamine (obtained as a pure drug from
pharmaceutical companies) in humans. They wanted and
could induce contraction of the uterus in women, but at the
same time described (at a scientific meeting in Halle, Ger-
many) many now well accepted side effects of histamine such
as tachycardia (Kehrer, 1912; Jäger, 1913a,b). In healthy
nonsedated humans, histamine injection led to an increase in
heart rate in ECG and/or echocardiographic parameters of
inotropy, which was independent of vascular effects of hista-
mine (Watkins et al., 1982). In humans, histamine reduced
aortic pressure in vivo (Vigorito et al., 1983).
In contrast to b1 adrenoceptors, the density of H2 receptors

in failing human hearts was not changed compared with
nonfailing controls [ventricular samples from transplants in
Munich, Germany, where tritiated tiotipine was used in
binding studies (Baumann et al., 1984)]. In isolated ventric-
ular preparations from failing human hearts some studies did
not detect a reduced PIE to histamine compared with non-
failing controls (Baumann et al., 1982, 1983, 1984), and it was
suggested that H2 agonists might be clinically useful in the
treatment of heart failure. Baumann et al. (1984) and Felix
et al. (1995) even tested aH2 receptor agonist (impromidine) in
the intensive care unit in patients and described beneficial
acute effects. In contrast, others noted a reduced PIE to

histamine in samples from failing human hearts (Brown
et al., 1986; Böhm et al., 1988). A correlation between H2

mutation and heart failure was investigated, but could not be
substantiated, in contrast to a correlation between H3 muta-
tion and heart failure in Han Chinese patients (He et al.,
2016).
There are interesting data suggesting that H2 receptor

antagonists reduce the propensity for heart failure in humans.
Apparently, the first data in this regard were Japanese
register data (Kim et al., 2004); this prompted a better
controlled but still retrospective study in the United States
(Leary et al., 2014, 2016b). The authors provided first evidence
for a beneficial role of H2 receptor antagonists by delaying the
onset of heart failure and alterations of the morphology of the
heart; the development of left ventricular dilation, a hallmark
of imminent heart failure, was delayed. Furthermore, Leary
and Bristow (2016) and Leary et al. (2016a) suggested that
this might be an example of repurposing of drugs (histamine
receptor antagonists) for heart failure. In a subsequent anal-
ysis, Leary et al., 2018 suggested that it might be possible to
identify a subgroup of patients with risk of heart failure that
might benefit particularly from treatment with H2 receptor
antagonists.
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