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Abstract

Cantharidin (CANT) and sodium fluoride inhibit serine/threonine phosphatase (PP) 1
and PP2A in the heart. We hypothesized that Cant and sodium fluoride could weaken the
reduction in force by carbachol in the presence of serotonin in human right atrial prepa-
rations (HAP). We measured contractility in HAP, and for comparison, in left atria from
wild type mice (CD1, WT), mice with human 5-HT4-serotonin receptor cardiac overexpres-
sion (5-HT4-TG), or in mice with human H2-histamine receptor cardiac overexpression
(H2-TG). Isoprenaline (1 µM), histamine (1 µM), and serotonin (1 µM) raised contraction
in HAP. Likewise, isoprenaline (1 µM), histamine (1 µM), and serotonin (1 µM) raised
contractility in the left atria of WT, H2-TG, and 5-HT4-TG. Carbachol (1 µM), a muscarinic
cholinoceptor agonist, diminished the force of contraction in a time-dependent manner
after prior stimulation of force by serotonin, isoprenaline, or histamine in HAP but also in
left atria from 5-HT4-TG, WT, and H2-TG. These anti-β-adrenergic, anti-serotoninergic and
anti-histaminergic effects of carbachol on force of contraction were attenuated by 100 µM or
30 µM cantharidin or 3 mM sodium fluoride in HAP and in left atrial preparations from WT,
H2-TG, and 5-HT4-TG, respectively. We conclude that muscarinic cholinoceptor activation
may exert a negative inotropic effect in the HAP by stimulating PP1 and/or PP2A, which
had previously been inhibited by isoprenaline or histamine or serotonin.
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1. Introduction
In the human heart, we find several receptors for monoamines that activate adenylyl

cyclases (AC). Such receptors include the 5-HT4-serotonin-receptors, the β-adrenoceptors
as well as H2-histamine receptors (Figure 1). These three receptors convey positive in-
otropic effects in HAP (e.g., [1–3]. They have in common 5-HT4-serotonin receptors like
β-adrenoceptors, but also H2-histamine receptors that activate adenylyl cyclases (ACs) via
stimulatory GTP-binding proteins [4,5]. This leads to an enhanced phosphorylation state
of, for example, phospholamban in the sarcoplasmic reticulum. Increased phosphorylation
of phospholamban can, in part, explain an increase in force of contraction, in the rate of
tension (or force) development, in the rate of tension relaxation, the shortened time to peak
tension, and the shortened time to relaxation with isoprenaline, serotonin, and histamine
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in the heart. The phosphorylation of phospholamban is reversed by PP1 and PP2A [6,7].
Serotonin plays a wide role in cardiac function. For instance, serotonin can be formed in the
heart and can exert autocrine and paracrine actions [4,5]. Of note, serotonin can increase
the beating rate of the human heart by the stimulation of 5-HT4-serotonin receptors in the
sinus node. Stimulation of 5-HT1- and 5-HT2-serotonin receptors can lead to detrimental
constriction of the coronary arteries. Stimulation on 5-HT2B receptors on fibroblasts in
the heart can lead to defects of valve closure. Thrombi, for instance, in the right atrium,
can locally release serotonin, and this released serotonin can lead to supraventricular ar-
rhythmias [3]). Finally, serotonin induces a positive inotropic effect in the isolated muscle
strips from the right and left atrium via 5-HT4-serotonin receptors [8,9]. The density of
5-HT4-serotonin receptors increased in rat models of cardiac hypertrophy and in human
heart failure. Plasma levels of serotonin increased in hypertension, sepsis, and heart failure
(reviews: [4,10].

Figure 1. Scheme of putative effects of carbachol in the heart: Ca2+ entering the cardiomyocyte
through the L-type Ca2+ channel (LTCC) triggers in large part the subsequent release of Ca2+ from
the sarcoplasmic reticulum (SR) through ryanodine receptors (RYR) in the junctional SR. Cardiac
relaxation facilitated by an augmented phosphorylation state of phospholamban (PLB) in the free
SR and of inhibitory subunit of troponin (TnI) in the myofilaments. PLB inhibits the activity of the
SR-Ca2+-ATPase (SERCA). When PLB is phosphorylated Ca2+ is pumped by SERCA from cytosol
into the SR. Protein phosphatases (PP), mainly PP1 and PP2A, can dephosphorylate PLB, TnI, and the
LTCC. PP1 and more potently PP2A are inhibited by cantharidin. Carbachol (CAR) stimulates cardiac
M2-muscarinic receptors (M2-R). Carbachol may reduce activity of the adenylyl cyclases (ACs) via
pertussis-toxin sensitive inhibitory guanosine-triphosphate binding-proteins (Gi). In the human
atrium, isoprenaline stimulates β-adrenoceptors, while histamine activates H2-histamine receptors
and serotonin activates 5-HT4-serotonin receptors. These three receptors lead, via stimulatory G-
proteins (Gs), to augmentation of the activity of adenylyl cyclases (ACs). As a result, the cAMP
levels are elevated. Thereafter, the cAMP activates the cAMP-dependent protein kinase (PKA). PKA
phosphorylates and stimulates many other proteins as well as PLB.

Carbachol reduces, in atria, the positive inotropic effects of isoprenaline in many
species (mouse: e.g., [11], HAP: e.g., [12]. Not only serotonin, but also isoprenaline and
histamine augment the phosphorylation state of phospholamban in HAP [13]. These
isoprenaline-induced phosphorylations of cardiac regulatory proteins are reduced, at least
in the whole isolated hearts from guinea pigs and from rats or in isolated guinea-pig car-
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diomyocytes by carbachol (e.g., [14]. After isoprenaline treatment, carbachol reduced the
phosphorylation of regulatory proteins in the atrium and ventricle of mammals (e.g., [14]).
However, there is controversy regarding how this comes about. Some showed that car-
bachol reduced isoprenaline-stimulated cAMP levels in isolated mammalian atrium and
ventricle. Others, and ourselves, failed to measure such reductions in cAMP. At least
in part, isoprenaline reduced the activity of PP1, and additionally, applied carbachol in-
creased PP1 activity in the guinea pig ventricle, which would explain the reduction in the
phosphorylation state of phospholamban [15].

Cantharidin inhibited the activity of the catalytic subunits of PP1 and more potently
PP2A from the human heart [16,17]. Cantharidin failed to raise the cAMP levels but elevated
force of contraction in guinea-pig papillary muscles and also in human atrial and ventricular
cardiac preparations [16,18,19]. This increase in force of contraction by cantharidin was
accompanied, and therefore, in our view was caused, by increased phosphorylation of
cardiac proteins in animal hearts and in the human heart like the L-type calcium ion channel
or phospholamban [16,18]. Moreover, another way to inhibit PP1 and PP2A is the use
of sodium fluoride. We have shown that sodium fluoride at the concentration used in
this study, namely 3 mM, inhibited the activity of PP1 and PP2A from the mammalian
heart [17]. Pre-treatment with sodium fluoride could attenuate the negative inotropic
effect of carbachol after force had been elevated by isoprenaline in guinea pig or rat
ventricular preparations [17]. Likewise, sodium fluoride inhibited the negative inotropic
effect of carbachol alone in mouse atrium or HAP [19]. Our current hypothesis is that
M2-muscarinic cholinoceptors act via the activation of PP in the HAP. We assume that
carbachol acts in the mouse atrium and the human atrium via M2-muscarinic receptors.
This view results from, firstly, the fact that in M2-KO mice, carbachol cannot reduce force of
contraction or beating rate [20]. Secondly, in the human atrium, the negative inotropic effect
of carbachol is attenuated by M2-receptor antagonists [21,22]. It has not been previously
reported whether or not carbachol reduced the serotonin-stimulated force of contraction in
left atrial preparations from 5-HT4-TG, which we studied here for comparison. Moreover,
for comparison, we also studied whether carbachol could reduce the force of contraction in
H2-TG, which is likewise a novel hypothesis.

Therefore, we studied the main hypothesis:
That cantharidin attenuates the negative inotropic effect of carbachol in the presence

of serotonin in left atrial preparations from 5-HT4-TG and HAP.

2. Materials and Methods
2.1. Generation of Transgenic Mice

We have previously described the generation of 5-HT4-TG and H2-TG [13,23]: basically,
we cloned the human H2-histamine receptor or the human 5-HT4 serotonin receptor into a
cloning site of a construct that harbored the α-myosin heavy chain promoter. In this way,
one can ascertain that the receptor of interest is expressed in the atrium of the adult mouse
heart. The genes are inherited in a heterozygous fashion. In this way, each litter contains
wild type and transgenic animals of both sexes to about identical numbers.

2.2. Contractile Studies in Mice

Handling, keeping, and sacrifice of mice followed the current European guidelines
and had a permit from the local regulators (Veterinäramt der Stadt Halle: I8M9). We
used animals of random sex. The mice were aged about 186 ± 24 days. The animals
were sacrificed by cervical dislocation. The heart was rapidly excised and placed into a
buffer-filled Petri dish under a dissecting microscope. Left atrial preparations from wild
type mice or H2-TG or 5-HT4-TG were isolated and mounted in organ baths of 10 mL
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organ bath volume [11,13]. The bathing solution of the double-jacketed organ baths and
the Petri dishes was a modified Tyrode’s solution and contained 119.8 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl2, 1.05 mM MgCl2, 0.42 mM NaH2PO4, 22.6 mM NaHCO3, 0.05 mM
Na2EDTA, 0.28 mM ascorbic acid, and 5.05 mM glucose. The solution was continuously
gassed with 95% O2 and 5% CO2 in order to maintain a pH 7.4 in the bath and to ascertain
sufficient oxygen content in the buffer. Ascorbic acid is included here as our standard
procedure because we have found this necessary to impair the rapid oxidation of serotonin
or isoprenaline (e.g., [12]. The buffer in the organ baths were kept at 37 ◦C by the circulation
of warm water through the outer jacket of the organ baths from a thermostat pump (Lauda
company, Lauda-Königshofen, Germany).

We mounted the left atrial preparations vertically, having attached metal hooks to each
end of the atrium. The rod contained two platinum stimulation electrodes. Then atria were
stretched under isometric conditions until maximum force was generated. This stretching was
monitored via transfer of the force via a thin metal wire from the atria to a force transducer
(Hellige, Freiburg, Germany). This signal went into a bridge amplifier (AD instruments):
Signals were digitized in a PowerLab (ADInstruments, Oxford, UK) and fed into a commercial
personal computer (Dell, Halle, Germany). Signals were quantified for developed force, time
of contraction, and rate of contraction using commercial software (LabChart version 8.1.31,
ADInstruments). Left atrial preparations did not beat spontaneously but were electrically
stimulated with 1 Hz of direct current for 5 milliseconds and at about 3–5 V, just sufficient
to initiate muscle contraction. For electrical stimulation, we used a Grass SD 9 stimulator
(Quincy, MA, USA). The drug application in mouse left atrial preparations was as follows.
After equilibration, 30 µM cantharidin was added to left atrial preparations until a plateau
in the generation of force had been reached, then a single concentration of isoprenaline,
histamine, or serotonin was applied to each left atrial preparation. Then, where indicated in
the figures, carbachol was applied to the preparations.

2.3. Contractile Studies on Human Preparations

We measured contraction in HAP with the same equipment and solutions as we
used in the mouse atria (cf. preceding section). HAP do not beat spontaneously because
they do not contain the sinus node. Thus, HAP were also electrically stimulated (vide
supra).The HAP were obtained from male and female patients aged between 57 and 85 years.
Cardiac comorbidities included atrial fibrillation, coronary heart disease, heart failure, and
hypertension. Cardiac drug therapy included metoprolol or a similar β-adrenoceptor
antagonist, furosemide or a similar diuretic drug, apixaban or a similar anticoagulant drug,
statins, and acetyl salicylic acid. Non-cardiac morbidities of the patients were: anemia
due to iron deficiency, bladder cancer, epilepsy, gastritis, hyperthyreosis, hyperlipidemia,
hyperuricemia, obesity, prostatomegaly, renal insufficiency, shingles, and type 2 diabetes.
Our methods used for atrial contraction studies in human samples have been previously
published [16–18].

The drug application in left atrial preparations was basically as follows. After equi-
libration, 100 µM cantharidin was added to HAP until the increase in force had reached
a new plateau; then a single concentration of isoprenaline, histamine or serotonin was
applied to each HAP. Then, where indicated, carbachol was applied to the HAP.

2.4. Data Analysis

Data shown in the figures are arithmetic mean values ± standard error of the mean.
We first tested the data for normality with the Shapiro–Wilk test with GraphPad Prism 9.
Thereafter, statistical significance was evaluated using ANOVA and Bonferroni’s multiple
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comparisons test or the Student’s t-test as appropriate. We arbitrarily defined a p-value less
than 0.05 as significant.

2.5. Drugs and Materials

Isoprenaline-hydrochloride, histamine dihydrochloride, serotonin hydrochloride, and
carbachol were dissolved in water, whereas cantharidin (CANT) was made 100 mM in
dimethylsulfoxide (DMSO), and carbachol (CAR, dissolved in water) were purchased
from Merck (Darmstadt, Germany). All other chemicals were of the highest purity grade
commercially available. Deionized water was used throughout the experiments. Stock
solutions were prepared daily.

3. Results
Mouse Left Atrium

Isoprenaline (1 µM) alone augmented contraction in the left atria from wild type mice
(Figure 2A). Additionally, the applied 1 µM of carbachol reduced the force of contraction
(Figure 2A). This finding and these concentrations are in agreement with the published re-
ports in mouse left atrial preparations from our group under these experimental conditions
(e.g., [11]). In a separate preparation, cantharidin by itself exerted a positive inotropic effect
in left atrial preparations from wild type mice (original tracings in Figure 2B). Please note
that we utilized 30 µM cantharidin in mouse atria and 100 µM cantharidin in HAP (as we
have previously reported: [18,19] (original tracings in Figure 2B). The positive inotropic
effect of cantharidin was further augmented by additional isoprenaline (original tracings in
Figure 2B). Thereafter, 1 µM carbachol was added to the organ bath (original tracings in
Figure 2B). Please consider that as in Figure 2A and also in Figure 2B, 1 µM of carbachol
exerted a negative inotropic effect. However, in the presence of cantharidin, the negative
inotropic effect of 1 µM carbachol in the additional presence of isoprenaline was attenuated
in extent and time (cf. original recordings in Figure 2A with Figure 2B). These data over
time were summarized from several experiments. Data were compared with and without
30 µM cantharidin for developed force of contraction (Figure 2C). Likewise, in these atria,
carbachol reduced the isoprenaline-stimulated rate of tension development (Figure 2D) and
the isoprenaline-stimulated rate of tension relaxation (Figure 2E). We have expressed here
and in subsequent figures the rate of tension development and the rate of relaxation in per-
cent of control, as others have also chosen to do in mouse atrial preparations. These effects
of carbachol were more pronounced in the absence than in the presence of cantharidin.

Next, we interrogated the interaction of histamine and carbachol in a mouse model
(Figure 3A). We have repeatedly shown that in left atrial preparations of WT, there exists
no positive inotropic effect to histamine (e.g., [23]). Therefore, we generated and now used
here mice that express these human H2-histamine receptors only in the cardiomyocytes.
We have shown that in isolated left atrial preparations of H2-TG, histamine exerts a positive
inotropic effect [23]. As a result, 1 µM of histamine was able to maximally increase the force
of contraction, and so this concentration was used in the present study [23]. Cantharidin
increased the force of contraction and force was further elevated by later applied histamine
(Figure 3B). Additional carbachol (1 µM) reduced the force of contraction (Figure 3B).
However, with cantharidin, the negative inotropic effect of carbachol in the continuous
presence of histamine (1 µM) was attenuated (Figure 3B). These data on force of contraction
are summarized in Figure 3C. Likewise, under these conditions, the reductions by carbachol
in the histamine-stimulated rate of tension development (Figure 3D) and the histamine-
stimulated rate of relaxation (Figure 3E) were lessened with cantharidin in the additional
presence of histamine.
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Figure 2. Isoprenaline—Mouse left atrium. Effect of carbachol (CAR) in the presence of isoprenaline
(Iso, (A)) in the additional presence or absence of cantharidin (+/− CANT, (B)) on the force of contrac-
tion. Time dependence of the effect of CAR in the presence of isoprenaline alone (Iso = 3.67 ± 0.34 mN,
n = 7) or after CANT (Iso = 7.11 ± 1.44 mN, n = 8) on the force of contraction (C), the maximum
rate of tension development ((D), Iso = 141 ± 19.9 mN/s, n = 7; 262 ± 61.5 mN/s, n = 8), or on the
maximum rate of tension relaxation ((E), Iso = −134 ± 15.9 mN/s, n = 7; −242 ± 54.6 mN/s, n = 8).
* and # indicate first significant differences (p < 0.05) versus Iso (100%) or versus without CANT,
respectively. Numbers in brackets indicate the number of experiments.

Figure 3. Mouse left atrium from H2-TG. Effect of carbachol (CAR) in the presence of histamine (His,
(A)) or in the additional presence or absence of cantharidin (+/− CANT, (B)) on the force of contrac-
tion. Time dependence of the effect of CAR in the presence of histamine alone (His = 5.37 ± 0.80 mN,
n = 4) or after CANT (His = 6.88 ± 0.46 mN, n = 5) on the force of contraction (C), the maximum
rate of tension development ((D), His = 283 ± 83.4 mN/s, n = 4; 327 ± 52.0 mN/s, n = 5), or on the
maximum rate of tension relaxation ((E), His = −204 ± 25.5 mN/s, n = 4; −253 ± 15.7 ms, n = 5).
* and # indicate first significant differences (p < 0.05) versus His (100%) or versus without CANT,
respectively. Numbers in brackets indicate the number of experiments.

Subsequently, we wanted to study the interaction of carbachol and serotonin in another
transgenic mouse model (Figure 4A) with the aim of contrasting these data with those
in HAP (vide intra). Again, we have repeatedly shown that in left atrial preparations of
wild type mice, serotonin does not exert positive inotropic effects (e.g., [13]). Therefore,
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we generated and used here mice that express these human 5-HT4 serotonin receptors
in the heart. We have shown that in the 5-HT4-TG, serotonin augments the force of
contraction [23]. Therefore, we used this model, 5-HT4-TG, here. As shown above for
isoprenaline or histamine, serotonin itself in 5-HT4-TG is a lone force of contraction, and
this effect was diminished by 1 µM carbachol (Figure 4A). We have previously shown that
1 µM serotonin is effective to stimulate force maximally in this model [13]. In separate
experiments, cantharidin in 5-HT4-TG increased the force of contraction, which was further
increased by 1 µM serotonin. Additionally, application of 1 µM carbachol elicited a negative
inotropic effect (Figure 4B). However, in the presence of cantharidin, the negative inotropic
effect of carbachol was attenuated (cf. Figure 4A,B). Time-dependent effects are summarized
for force of contraction in mN in Figure 4C. Likewise, the reductions by carbachol in the
serotonin-stimulated rate of tension development (Figure 4D) and serotonin-stimulated
rate of tension relaxation (Figure 4E) were diminished in the presence of cantharidin.

Figure 4. Mouse left atrium from 5-HT4-TG. Effect of carbachol (CAR) in the presence of serotonin
(Sero, (A)) or in the additional presence or absence of cantharidin (+/− CANT, (B)) on force of contrac-
tion. Time dependence of the effect of CAR in the presence of serotonin alone (Sero = 3.13 ± 1.04 mN,
n = 5) or after CANT (Sero = 5.98 ± 1.07 mN, n = 6) on force of contraction (C), on the maximum
rate of tension development ((D), Sero = 116 ± 31.3 mN/s, n = 5; 364 ± 86.6 mN/s, n = 6), or on
the maximum rate of tension relaxation ((E), Sero = −106 ± 30.7 mN/s, n = 5; −214 ± 35.1 mN/s,
n = 6). * and # indicate first significant differences (p < 0.05) Sero (100%) or versus without CANT,
respectively. Numbers in brackets indicate the number of experiments.

After these studies in mice, we switched to our main tissue of interest, namely HAP.
We used HAP from the right atrium instead from the left atrium, because only samples from
the right atrium are routinely obtained in bypass surgery. Again, a single concentration of
cantharidin [18] and isoprenaline were utilized (original tracings in Figure 5A,B). We used
a higher concentration of cantharidin in human atrium than in mice (100 µM versus 30 µM)
because more cantharidin is required to begin to increase the force of contraction in human
atrium than in mouse atrium. We have observed this before and have suggested that this
can be explained by a higher basal phosphatase activity in the human heart compared to the
mouse heart [19]). We have also previously shown that 100 µL of the solvent DMSO brought
about a transient negative inotropic effect (in an organ bath volume of 10 mL: [18]. However,
here, we used 10 µL DMSO as a solvent control, which did not raise the force of contraction.
Our current stock solution contains 100 mM cantharidin in DMSO. Cantharidin (100 µM)
had a positive inotropic effect, which was enlarged by additionally applied isoprenaline
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(original tracings in Figure 5B). As a control, only isoprenaline was given (Figure 5A). For
comparison, we studied the interaction of isoprenaline and carbachol in the presence of
another phosphatase inhibitor, namely sodium fluoride. Thereafter, under all conditions,
the samples received carbachol (Figure 5C). Carbachol elicited a pronounced negative
inotropic effect in all conditions. However, in the presence of cantharidin (Figure 5B) or
sodium fluoride (Figure 5C) and isoprenaline, the negative inotropic effects of carbachol at
1 µM was attenuated compared to isoprenaline alone (original recordings in Figure 5A–C).
These data are summarized for the negative inotropic effects in Figure 5D. Under these
conditions, the reductions by carbachol in the rate of tension development (Figure 5E) and
the rate of relaxation (Figure 5F) were reduced by both cantharidin and sodium fluoride.

Figure 5. Isoprenaline—Human right atrium. Effect of 1 µM CAR in the presence of isoprenaline (Iso,
(A)) or in additional presence of CANT (B) or NaF (C) on force of contraction (CANT/NaF). Time
dependence effect of CAR in the presence of isoprenaline alone (Iso = 11.8 ± 1.23 mN, n = 4) or after
cantharidin (Iso = 22.4 ± 1.75 mN, n = 4) or NaF (Iso = 13.0 ± 0.83 mN, n = 5) on force of contraction
(E), on the maximum rate of tension development ((F), Iso = 260 ± 34.5 mN/s, n = 4; 614 ± 30.2 mN/s,
n = 4; 226 ± 14.1 mN/s, n = 5), or rate of tension relaxation ((G), Iso = −140 ± 21.3 mN/s, n = 4;
−230 ± 14.5 mN/s, n = 4; −136 ± 6.33 mN/s, n = 5). Representative single contraction in human
atrium (D). * first significant difference versus Iso (100%). # or + first significance difference versus
without CANT or without NaF. Number in brackets indicates the number of experiments.

Furthermore, the same protocol for histamine as in mice was also employed in human
atrial preparations. Again, a single concentration of cantharidin (100 µM) or sodium
fluoride (3 mM) exerted a time-dependent positive inotropic effect. Histamine alone
(Figure 6A), with cantharidin (Figure 6B) and sodium fluoride (Figure 6C), increased the
force of contraction. Thereafter, carbachol was applied. A total of 1 µM carbachol elicited
a pronounced negative inotropic effect, which was quantified for force of contraction in
Figure 6D. However, with cantharidin and sodium fluoride, the negative inotropic effects
of carbachol at 1 µM was lessened (Figure 6D). Under these conditions, the reductions
by carbachol in the histamine-stimulated rate of tension development (Figure 6E) and
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histamine-stimulated rate of relaxation (Figure 6F) were weakened by both cantharidin and
sodium fluoride.

Figure 6. Histamine—Human right atrium. Effect of 1 µM CAR in the presence of histamine (His,
(A)) or in additional presence of CANT (B) or NaF (C) on force of contraction (CANT/NaF). Time
dependence effect of CAR in the presence of histamine alone (His = 5.26 ± 1.51 mN, n = 7) or after
cantharidin (His = 5.48 ± 1.61 mN, n = 4) or NaF (His = 6.16 ± 1.38 mN, n = 7) on force of contraction
(D), on the maximum rate of tension development ((E), His = 118 ± 34.9 mN/s, n = 7; 120 ± 37.7 mN/s,
n = 4; 95.1 ± 20.9 mN/s, n = 7), or rate of tension relaxation ((F), His = −54.6 ± 11.2 mN/s, n = 7;
−64.8 ± 15.1 mN/s, n = 4; −52.1 ± 11.6 mN/s, n = 7). * first significant difference versus His (100%).
# or + first significance difference versus without CANT or without NaF. Number in brackets indicates
the number of experiments.

Finally, again, a similar protocol for serotonin was utilized in the human atrial prepara-
tions as in mice. A single concentration of cantharidin (100 µM) exerted a time-dependent
positive inotropic effect. Serotonin alone (Figure 7A) or serotonin with cantharidin
(Figure 7B) or 3 mM sodium fluoride (Figure 7C) increased the force of contraction fur-
ther. We used 100 µM cantharidin because lower concentrations of cantharidin did not
increase the force of contraction in human atrial preparations [18]. Thereafter, carbachol
was applied. A total of 1 µM of carbachol exerted a negative inotropic effect (Figure 7A–C).
These effects for force of contraction were quantified from several experiments in Figure 7D.
However, in the presence of cantharidin or sodium fluoride, the negative inotropic effects
of 1 µM carbachol were diminished (Figure 7D). Under these conditions, the reductions
by carbachol in the serotonin-stimulated rate of tension development (Figure 7E) and the
serotonin-stimulated rate of relaxation (Figure 7F) were lessened by both cantharidin and
sodium fluoride.
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Figure 7. Serotonin—Human right atrium. Effect of 1 µM CAR in the presence of serotonin (Sero,
(A)) or in additional presence of CANT (B) or NaF (C) on force of contraction (CANT/NaF). Time
dependence effect of CAR in the presence of serotonin alone (Sero = 4.60 ± 1.39 mN, n = 9) or after can-
tharidin (Sero = 4.07 ± 0.64 mN, n = 9) or NaF (Sero = 8.56 ± 1.72 mN, n = 7) on force of contraction (D),
on the maximum rate of tension development ((E), Sero = 99.2 ± 35.6 mN/s, n = 9; 100 ± 18.2 mN/s,
n = 9; 158 ± 36.1 mN/s, n = 7), or rate of tension relaxation ((F), Sero = −44.0 ± 10.6 mN/s, n = 9;
−60.2 ± 8.73 mN/s, n = 9; −75.2 ± 15.3 mN/s, n = 7). * first significant difference versus Sero
(100%). # or + first significance difference versus without CANT or without NaF. Number in brackets
indicates the number of experiments.

4. Discussion
In our eyes, the most notable finding in this report lies in the observation that can-

tharidin and sodium fluoride attenuated the anti-β-adrenergic, anti-serotoninergic, and
anti-histaminergic negative inotropic effects of carbachol in the HAP.

It is known that HAP respond to isoprenaline, histamine, and serotonin with an
increase in force via their respective receptors (Figure 1). In other words, in the human
heart, more specifically in the isolated human atrium, the β-adrenoceptor, the H2-histamine
receptor, and the 5-HT4-serotonin receptor are known to mediate positive inotropic effects.

Carbachol (or acetylcholine) reduced the positive inotropic effect of isoprenaline or
histamine or serotonin in the human atrium in the organ bath (e.g., [2,9,12]. The positive
inotropic effects of serotonin, histamine, and isoprenaline were attenuated by carbachol,
and this effect of carbachol was attenuated by cantharidin, but also to a smaller extent by
sodium fluoride in the human atrium in the organ bath.

Carbachol reduced the positive inotropic effects of isoprenaline in the wild type mouse
left atrium in the organ bath (e.g., [11]. However, novel findings are that carbachol reduced
the positive inotropic effect of serotonin in left atrial preparations from 5-HT4-TG and that of
histamine in H2-TG: these negative inotropic effects of carbachol were attenuated by cantharidin.

Positive inotropic effects of isoprenaline in the guinea pig ventricle involve an increase in
the phosphorylation state of phospholamban. This increase in the phosphorylation of phos-
pholamban is probably augmented by an increased phosphorylation state of the phosphatase
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inhibitor 1 ([24] isolated guinea pig hearts). This phosphorylation in turn leads to activation of
the phosphatase inhibitor 1, which then inhibits the enzymatic activity of PP1 [15]. Carbachol
increased the PP1 activity but only when it had been previously reduced by isoprenaline [15].
Moreover, activation by carbachol is not necessarily confined to the activation of PP1. In the
isolated perfused rat heart, carbachol mainly activated PP2A [25], but this might be a species
difference. The increase in rate of tension development by isoprenaline is mainly dependent
on phospholamban and its phosphorylation state [26]. There is evidence for a causal relation-
ship for at least two reasons. The increase in the rate of tension development and the rate
of relaxation follows closely in time to the increase in phospholamban phosphorylation [27].
Moreover, when they deleted phospholamban from the mouse heart, isoprenaline was less
effective to raise the force of contraction and less effective to increase the rate of tension
development and the rate of relaxation [28]. We routinely compared the effects of drugs on
force with data on the first derivative of this force versus time (dF/dt, cf. original recording in
Figure 5D), which was conducted for two reasons. Firstly, to facilitate a comparison with our
own previous work (e.g., [29,30]). Secondly, because the first derivatives are more sensitive
markers on the intrinsic contractility of a muscle than force or in animals or patients. This
has been studied intensively by others (e.g., [31]), who noted that isoprenaline was more
potent in raising the rate of tension development (+dF/dt) and suggested that +dF/dt is a
better measure of intrinsic contractility of the mammalian heart than the developed force of
contraction [31]. Moreover, in percent, isoprenaline increased contractility more effectively;
when the first derivative of left ventricular pressure was studied, they noted larger effects that
when measuring the left ventricular systolic pressure [31]).

In the present study, the effect of isoprenaline on force and its first derivative were
similar when expressed in percentage. The first derivative, absolute numbers in mN/s, is al-
ways larger than the force values in mN. In addition, the absolute value for +dF/dt is about
double the value of −dF/dt. For instance, after isoprenaline in HAP (Figure 5), we calcu-
lated 11.8 ± 1.23 mN. Under these conditions, we calculated +dF/dt 260 ± 34.5 mN/s and
−dF/dt as −140 ± 21.3 mN/s. In other words, the atria of mice and humans contract with
a higher speed than they relax, which is well-known. The new information we can provide
here is that the speed at which tension mounts and falls is similarly affected percentage-
wise as in the absolute force values by carbachol. Both contractile rate parameters (rate of
tension, rate of relaxation) were similarly less attenuated by carbachol, if cantharidin was
present. Moreover, different physiological and biochemical processes determine receptor
mediated increases (with isoprenaline) or decreases (with addition carbachol) in force of
contraction. For instance, genetic studies (overexpression and knock out of phospholamban
or troponin I) suggest that mainly phospholamban and also troponin I and myosin-binding
protein C underlie the relaxant properties in mouse atria [28,32–34]. One could speculate
that the same holds true for the human atrium. The rate of tension development is mainly
determined by phospholamban, the ryanodine in the junctional sarcoplasmic reticulum and
the L-type calcium cation channel in the sarcolemma [4,17,28,34]. Hence, phospholamban
is in part responsible for the speed of tension and speed of relaxation, but other proteins
certainly also come into play. This means that our data are hypothesis-generating and can
motivate us to study the phosphorylation and function of the four mentioned regulatory
proteins in subsequent work. Our data have further merit because we did not only raise
the force and speed in the human atrium by using isoprenaline, instead, we show that there
seems to be a general phenomenon because we observed similar results with serotonin
and histamine, which do not signal via the β-adrenoceptor. Instead, they signal via 5-HT4

serotonin receptors and H2-histamine receptors, respectively. All three mentioned recep-
tors (Figure 1), belong to the same family of type A G-protein coupled receptors and can
increase the cAMP levels in the mouse and human heart via the activation of stimulatory
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G-proteins and subsequent activation of the adenylyl cyclase in the sarcolemma. When we
increased the force of contraction in the atrial preparations of humans or wild type mice
(for isoprenaline) or transgenic mice (5-HT4-TG: serotonin, H2-TG: histamine), the effects
of carbachol were attenuated by cantharidin and sodium fluoride, respectively. These new
findings indirectly suggest but do not prove that not only the β-adrenoceptor, but also the
H2-histamine receptors and 5-HT4-serotonin receptor in the mammalian atria can activate
serine/threonine protein phosphatases (PP1 and/or PP2A). We have presented evidence in
the past that this holds true for the interaction of isoprenaline and carbachol with respect
to the current through the l-type calcium ion current (LTCC): isoprenaline increased this
current in isolated ventricular cardiomyocytes from guinea pigs. This current was reduced
by carbachol. This effect of carbachol on the current was attenuated by sodium fluoride,
okadaic acid, and cantharidin [35]. These findings suggested to us, but do not prove, that
in principle, carbachol in the mammalian cardiomyocytes can activate phosphatases, at
least those phosphatases that reduce the activity of the LTCC. Based on these findings,
we suggest, but cannot prove from the present data, that carbachol may also activate
phosphatases in the mouse and human atrium. We hypothesize that the M2-muscarinic
receptors activate PP1 and/or PP2A. This activation is most likely crucially mediated by
inhibitory G-proteins, conceivably by indirectly reducing the catalytic activity of PP1/or
PP2A in the heart. We arrived at this hypothesis from the observation that in atria from
animals treated with pertussis toxin (which inactivates inhibitory G-proteins by covalent
modification), the negative inotropic effects of carbachol in the presence of isoprenaline are
nearly abolished [11].

Human atria have the advantage that they are certainly of clinical relevance. Human
atria have the disadvantage that all patients usually suffered from more than one disease,
which may have altered signal transduction in their atrium. Therefore, we generated and
studied transgenic mice for the human 5-HT4 serotonin receptor and the H2-histamine
receptor. The mice were disease-free and drug-free. Qualitatively, we obtained the same
findings in the mouse atria as in the human atria. Therefore, in our view, the experiments
in transgenic mouse atria strongly support our findings in human atria. Admittedly, mouse
cardiac pharmacology is not identical to human cardiac pharmacology, but currently, this
has to be accepted as a limitation of our studies.

Similarly to the findings described above for isoprenaline, we have reported in H2-
TG, that histamine increased phosphorylation of the state of phosphatase inhibitor 1 [23].
Thereafter, carbachol might stimulate PP1 and/or PP2A, previously inhibited by isopre-
naline, serotonin or histamine, but this is speculative. We assume that this activation of
PP by carbachol in HAP was impaired by cantharidin or sodium fluoride. The remaining
negative inotropic effects of carbachol in the permanent presence of cantharidin might be
due to the activation of potassium ion channels (but see [36] for an opposite view) or the
inhibition of LTCC or reduction in cAMP or increase in cGMP in the atrium (review: [21]).
Moreover, one can argue that cantharidin is less potent or selective than okadaic acid to
inhibit PP1 and PP2A. However, okadaic acid is prohibitively costly for use in organ baths
(having a volume of 10 mL). Instead, we used it to strengthen our point (the involvement of
phosphatase in the negative inotropic effect of carbachol in the presence of e.g., serotonin),
in addition to cantharidin, another readily available phosphatase inhibitor, namely sodium
fluoride. Sodium fluoride, of course, also has additional effects at 3 mM. For example,
sodium fluoride stimulated the activity of phospholipase C [37], can inhibit and stimulate
the calcium ion pump of the sarcoplasmic reticulum [38], inhibits the sarcolemmal sodium,
potassium ATPase [39], and can interact with GTP-binding proteins [37,40,41]. Additionally,
cantharidin does not only inhibit phosphatases, but also has additional effects on other
targets [42]. However, we argue here that cantharidin and sodium fluoride have in common
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that they inhibit both PP1 and PP2A. Hence, the fact that both cantharidin and sodium
fluoride, while from distinct chemical classes (organic versus inorganic molecules), would
both attenuate the effects of carbachol in the presence of e.g., serotonin and histamine,
probably strengthens our interpretation that under these circumstances, carbachol acts
in part as a phosphatase activator in the human atrium. Others have suggested that the
interaction of isoprenaline and carbachol is based on a common antagonistic action on
the sodium-calcium exchanger in an animal model [41]. Interestingly, the sodium-calcium
exchanger binds to and is dephosphorylated by PP1 and PP2A [43,44]. Other targets for
the action of carbachol are potassium channels and LTCC. In human atrial preparations,
others have noted that carbachol opened potassium channels, leading to hyperpolarization,
shortening of the duration of the action potential, and conceivably as a result of a nega-
tive inotropic effect [35,45] although this view has been challenged [34]). However, their
findings might be reconciled with our results, because the activity of cardiac potassium
channels or LTCC can be regulated by cardiac phosphatases [19,20,46–48]. Indeed, cardiac
potassium channels and LTCC can be dephosphorylated by PP1 and PP2A, and that this
dephosphorylation can alter their function in the heart [47,48]).

Limitations of the study: We currently do not have access to human ventricular muscle
strips. Therefore, we do not know whether similar results would be obtained in the human
ventricle as in the human atrium, as in the present study. Cantharidin and sodium fluoride
have the drawback in that they act in all cells, and not only within cardiomyocytes. Hence,
we cannot exclude that cantharidin and sodium fluoride might have acted in the present
study, at least in part, through other cells in the heart. Moreover, we did not provide data on
how carbachol in the presence of serotonin could increase the activity of phosphatases. This
is due to the limited tissue available. Others have succeeded in reporting that carbachol
augmented phosphatase activity that had been reduced by isoprenaline in isolated perfused
guinea pig hearts ([15]). Their assay found an increase in the activity of PP1 only in cardiac
membranes that also contained sarcolemma. The hearts in their study weighed about
one gram. In contrast, the atrial preparations that we used here in the human or mouse
atrial preparations weighed only about 4–6 milligrams. We have not yet succeeded in
preparing enough yield of membranes to measure phosphatase activity in each frozen
atrium. Moreover, we have not yet measured the protein phosphorylation under our
experimental conditions to better study the biochemical targets involved. Such studies
are hampered by the paucity of human atria available to us. Hence, such study of protein
phosphorylation in individual human atrial muscle strips was beyond the aim of the present
study. In addition, we only used single concentrations of receptor agonists, namely 1 µM
serotonin, 10 µM histamine, and 100 µM cantharidin, in our contraction studies in HAP. This
was conducted because these concentrations of serotonin or histamine have been shown to
maximally stimulate the force of contraction under our experimental conditions [16–18]. We
used 100 µM cantharidin here because higher concentrations damaged the muscle leading
to contracture in the HAP. Lower concentrations like 30 µM cantharidin hardly raised the
force of contraction in HAP [18]). We did not measure Ca2+-handling in HAP. This would
require the availability of Ca2+-tolerant cardiomyocytes prepared from the human atrium;
a method that we have not yet established in our lab. In such cells, it would be possible
to study the interaction of isoprenaline and carbachol on intracellular Ca2+ transients in a
direct fashion. Such experiments are awaited with interest. Our study involved diseased
human hearts and not non-failing human hearts. Our study patients suffered from cardiac
diseases like coronary heart disease or atrial fibrillation or hypertension and were treated
with a β-adrenoceptor antagonist. Cardiac comorbidities can reduce inotropic effects, for
instance, of isoprenaline in terminal heart failure [49]). In contrast, the positive inotropic
effects in HAP of a stimulation of H2-histamine receptors or of cantharidin were not
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diminished in patients with severe heart failure [50,51]. Chronic treatment of patients with
coronary heart disease with a β-adrenoceptor antagonist increases not only the potency
of histamine and serotonin, but also isoprenaline to elicit a positive inotropic effect in
HAP [9]. Finally, the effectivity of M2-muscarinic receptors may be compromised in cardiac
diseases like heart failure (electrophysiological effects in canine atrial cardiomyocytes: [52].
Likewise, in isolated human atrial cardiomyocytes, the ability of M2-muscarinic receptors
to open the acetylcholine-gated inward-rectifier K+-current was altered in persistent atrial
fibrillation [53]. We would argue that this underscores the usefulness of our transgenic
mouse models: the mice were not drug-treated before the contraction studies and did not
suffer from arrhythmias, coronary heart disease, or heart failure. Because we obtained
similar findings in patient samples and in mouse samples, we can argue that our findings
in HAP are not likely to be compromised by drug treatment or comorbidities, but show
basic pharmacological control mechanisms.

In conclusion, the main new findings of the present study are that cantharidin and
sodium fluoride attenuate the negative inotropic effects of carbachol in the presence of sero-
tonin in transgenic mouse atria, and most importantly in HAP. We suggest that stimulation
of the M2-muscarinic receptor might have activated human atrial PP that had previously
been inactivated by cAMP increasing receptors like the β-adrenoceptor, the H2-histamine
receptor, and the 5-HT4-serotonin receptor, which may contribute to the negative inotropic
effect of carbachol in the human heart.

Author Contributions: Designed the project: J.N. and U.G. Supplied reagents and clinical data: B.H.
and U.K. Performed experiments: R.S. and J.N. Performed statistics and plotted data: R.S. and U.G.
Wrote the paper: U.G. and J.N. All authors have read and agree with the submission of the present
version of the work. The authors declare that all data were generated in-house and that no paper mill
was used. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Animals: The animals were handled and maintained accord-
ing to the approved protocols of the Animal Welfare Committee of the University of Halle-Wittenberg,
Veterinäramt der Stadt Halle, Halle (Saale) Germany (internal permit #I8M10). Humans: This study
complies with the Declaration of Helsinki and was approved by the local Ethics Committee for the
Universitätsklinikum Halle (Saale) (permit: hm-bü, 4 August 2025).

Informed Consent Statement: Written informed consent was obtained from all patients included in
this study.

Data Availability Statement: The data from this study are available from the corresponding author
upon reasonable request.

Conflicts of Interest: All authors declare that they have seen and approved the submitted version of
this manuscript. The authors declare no competing interests of a financial or personal nature.

References
1. Blackmore, P.F.; Boocckino, S.B.; Waynick, L.E.; Exton, J.H. Role of a guanine nucleotide-binding regulatory protein in the

hydrolysis of hepatocyte phosphatitylinositol 4,5-bisphosphate by calcium mobilizing hormones and the control of cell calcium.
J. Biol. Chem. 1985, 260, 14477–14483. [CrossRef] [PubMed]

2. Genovese, A.; Gross, S.S.; Sakuma, I.; Levi, R. Adenosine promotes histamine H1-mediated negative chronotropic and inotropic
effects on human atrial myocardium. J. Pharmacol. Exp. Ther. 1988, 247, 844–849. [CrossRef] [PubMed]

3. Kaumann, A.J.; Sanders, L.; Brown, A.M.; Murray, K.J.; Brown, M.J. A 5-hydroxytrytamine receptor in human atrium. Br. J.
Pharmacol. 1990, 100, 879–885. [CrossRef] [PubMed]

4. Barnes, N.M.; Ahern, G.P.; Becamel, C.; Bockaert, J.; Camilleri, M.; Chaumont-Dubel, S.; Claeysen, S.; Cunningham, K.A.;
Fone, K.C.; Gershon, M.; et al. International Union of Basic and Clinical Pharmacology. CX. Classification of Receptors for
5-hydroxytryptamine; Pharmacology and Function. Pharmacol. Rev. 2021, 73, 310–520. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/cimb48070698

https://doi.org/10.1016/s0021-9258(17)38594-0
https://www.ncbi.nlm.nih.gov/pubmed/2997209
https://doi.org/10.1016/s0022-3565(25)13290-4
https://www.ncbi.nlm.nih.gov/pubmed/3204518
https://doi.org/10.1111/j.1476-5381.1990.tb14108.x
https://www.ncbi.nlm.nih.gov/pubmed/2169944
https://doi.org/10.1124/pr.118.015552
https://www.ncbi.nlm.nih.gov/pubmed/33370241
https://pmc.ncbi.nlm.nih.gov/articles/PMC7770494
https://doi.org/10.3390/cimb48070698


Curr. Issues Mol. Biol. 2026, 48, 698 15 of 17

5. Panula, P. Histamine receptors, agonists, and antagonists in health and disease. Handb. Clin. Neurol. 2021, 180, 377–387. [CrossRef]
[PubMed]

6. Klapproth, E.; Kämmerer, S.; El-Armouche, A. Function and regulation of phosphatase 1 in healthy and diseased heart. Cell.
Signal. 2022, 90, 110203. [CrossRef] [PubMed]

7. Schwarz, R.; Hadova, K.; Klimas, J.; Neumann, J.; Gergs, U. Protein phosphatase 2A-induced cardiac hypertrophy is attenuated
by an inhibitory protein. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2026, 399, P036, S28. [CrossRef] [PubMed]

8. Gergs, U.; Neumann, J.; Simm, A.; Silber, R.E.; Remmers, F.O.; Läer, S. Phosphorylation of phospholamban and troponin I through
5-HT4-receptors in the isolated human atrium. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2009, 379, 349–359.

9. Sanders, L.; Lynham, J.A.; Bond, B.; del Monte, F.; Harding, S.E.; Kaumann, A.J. Sensitization of human atrial 5-HT4 receptors by
chronic beta-blocker treatment. Circulation 1995, 92, 2526–2539. [CrossRef] [PubMed]

10. Neumann, J.; Hofmann, B.; Dhein, S.; Gergs, U. Cardiac roles of serotonin (5-HT) and 5-HT-receptors in health and disease. Int. J.
Mol. Sci. 2023, 24, 4765. [CrossRef] [PubMed]

11. Neumann, J.; Boknik, P.; Matherne, G.P.; Lankford, A.; Schmitz, W. Pertussis toxin sensitive and insensitive effects of adenosine
and carbachol in murine atria overexpressing A1–adenosine receptors. Br. J. Pharmacol. 2003, 138, 209–217. [CrossRef] [PubMed]

12. Böhm, M.; Ungerer, M.; Erdmann, E. Beta adrenoceptors and m-cholinoceptors in myocardium of hearts with coronary artery
disease or idiopathic dilated cardiomyopathy removed at cardiac transplantation. Am. J. Cardiol. 1990, 66, 880–882. [CrossRef]
[PubMed]

13. Gergs, U.; Baumann, M.; Böckler, A.; Buchwalow, I.B.; Ebelt, H.; Fabritz, L.; Hauptmann, S.; Keller, N.; Kirchhof, P.; Klöckner, U.;
et al. Cardiac overexpression of the human 5-HT4 receptor in mice. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H788–H798.
[CrossRef] [PubMed]

14. Lindemann, J.P.; Watanabe, A.M. Muscarinic cholinergic inhibition of beta-adrenergic stimulation of phospholamban phosphory-
lation and Ca2+ transport in guinea pig ventricles. J. Biol. Chem. 1985, 260, 13122–13129. [CrossRef] [PubMed]

15. Ahmad, Z.; Green, F.J.; Subuhi, H.S.; Watanabe, A.M. Autonomic regulation of type 1 protein phosphatase in cardiac muscle.
J. Biol. Chem. 1989, 264, 3859–3863. [CrossRef] [PubMed]

16. Neumann, J.; Herzig, S.; Boknik, P.; Apel, M.; Kaspareit, G.; Schmitz, W.; Scholz, H.; Zimmermann, N. On the cardiac contractile,
biochemical and electrophysiological effects of cantharidin, a phosphatase inhibitor. J. Pharmacol. Exp. Ther. 1995, 274, 530–539.
[CrossRef] [PubMed]

17. Neumann, J.; Scholz, H. Deferoxamine blocks interactions of fluoride and carbachol in isolated mammalian cardiac preparations.
Eur. J. Pharmacol. 1998, 350, 189–194. [CrossRef] [PubMed]

18. Schwarz, R.; Hofmann, B.; Gergs, U.; Neumann, J. Cantharidin increases the force of contraction and protein phosphorylation in
the isolated human atrium. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2023, 396, 2613–2625. [CrossRef] [PubMed]

19. Schwarz, R.; Hofmann, B.; Gergs, U.; Neumann, J. Cantharidin and sodium fluoride attenuate the negative inotropic effects of
carbachol in the isolated human atrium. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2023, ahead of print. [CrossRef] [PubMed]

20. Stengel, P.W.; Gomeza, J.; Wess, J.; Cohen, M.L. M(2) and M(4) receptor knockout mice: Muscarinic receptor function in cardiac
and smooth muscle in vitro. J. Pharmacol. Exp. Ther. 2000, 292, 877–885. [CrossRef] [PubMed]

21. Dhein, S.; van Koppen, C.J.; Brodde, O.E. Muscarinic receptors in the mammalian heart. Pharmacol. Res. 2001, 44, 161–182.
[CrossRef] [PubMed]

22. Du, X.Y.; Schoemaker, R.G.; Bos, E.; Saxena, P.R. Characterization of the positive and negative inotropic effects of acetylcholine in
the human myocardium. Eur. J. Pharmacol. 1995, 284, 119–127. [CrossRef] [PubMed]

23. Gergs, U.; Bernhardt, G.; Buchwalow, I.B.; Edler, H.; Fröba, J.; Keller, M.; Kirchhefer, U.; Köhler, F.; Mißlinger, N.; Wache, H.;
et al. Initial characterization of transgenic mice overexpressing human histamine H2 receptors. J. Pharmacol. Exp. Ther. 2019, 369,
129–141. [CrossRef] [PubMed]

24. Neumann, J.; Gupta, R.C.; Schmitz, W.; Scholz, H.; Nairn, A.C.; Watanabe, A.M. Evidence for isoproterenol-induced phosphoryla-
tion of phosphatase inhibitor-1 in the intact heart. Circ. Res. 1991, 69, 1450–1457. [CrossRef] [PubMed]

25. Chu, L.; Norota, I.; Ishii, K.; Endoh, M. Inhibitory action of the phosphatase inhibitor cantharidin on the endothelin-1-induced
and the carbachol-induced negative inotropic effect in the canine ventricular myocardium. J. Cardiovasc. Pharmacol. 2003, 41,
S89–S92. [PubMed]

26. Sato, Y.; Kiriazis, H.; Yatani, A.; Schmidt, A.G.; Hahn, H.; Ferguson, D.G.; Sako, H.; Mitarai, S.; Honda, R.; Mesnard-Rouiller, L.;
et al. Rescue of contractile parameters and myocyte hypertrophy in calsequestrin overexpressing myocardium by phospholamban
ablation. J. Biol. Chem. 2001, 276, 9392–9399. [CrossRef] [PubMed]

27. Lindemann, J.P.; Jones, L.R.; Hathaway, D.R.; Henry, B.G.; Watanabe, A.M. beta-Adrenergic stimulation of phospholamban
phosphorylation and Ca2+-ATPase activity in guinea pig ventricles. J. Biol. Chem. 1983, 258, 464–471. [CrossRef] [PubMed]

28. Li, L.; Desantiago, J.; Chu, G.; Kranias, E.G.; Bers, D.M. Phosphorylation of phospholamban and troponin I in beta-adrenergic-
induced acceleration of cardiac relaxation. Am. J. Physiol. Heart Circ. Physiol. 2000, 278, H769–H779. [CrossRef] [PubMed]

https://doi.org/10.3390/cimb48070698

https://doi.org/10.1016/B978-0-12-820107-7.00023-9
https://www.ncbi.nlm.nih.gov/pubmed/34225942
https://doi.org/10.1016/j.cellsig.2021.110203
https://www.ncbi.nlm.nih.gov/pubmed/34822978
https://doi.org/10.1007/s00210-026-05123-0
https://www.ncbi.nlm.nih.gov/pubmed/41814036
https://doi.org/10.1161/01.cir.92.9.2526
https://www.ncbi.nlm.nih.gov/pubmed/7586354
https://doi.org/10.3390/ijms24054765
https://www.ncbi.nlm.nih.gov/pubmed/36902195
https://doi.org/10.1038/sj.bjp.0705012
https://www.ncbi.nlm.nih.gov/pubmed/12522092
https://doi.org/10.1016/0002-9149(90)90376-c
https://www.ncbi.nlm.nih.gov/pubmed/2171312
https://doi.org/10.1152/ajpheart.00691.2009
https://www.ncbi.nlm.nih.gov/pubmed/20639221
https://doi.org/10.1016/s0021-9258(17)38847-6
https://www.ncbi.nlm.nih.gov/pubmed/2414274
https://doi.org/10.1016/s0021-9258(19)84930-x
https://www.ncbi.nlm.nih.gov/pubmed/2537294
https://doi.org/10.1016/s0022-3565(25)10676-9
https://www.ncbi.nlm.nih.gov/pubmed/7616441
https://doi.org/10.1016/s0014-2999(98)00235-0
https://www.ncbi.nlm.nih.gov/pubmed/9696407
https://doi.org/10.1007/s00210-023-02483-9
https://www.ncbi.nlm.nih.gov/pubmed/37097333
https://doi.org/10.1007/s00210-023-02747-4
https://www.ncbi.nlm.nih.gov/pubmed/37801145
https://doi.org/10.1016/s0022-3565(24)35366-2
https://www.ncbi.nlm.nih.gov/pubmed/10688600
https://doi.org/10.1006/phrs.2001.0835
https://www.ncbi.nlm.nih.gov/pubmed/11529684
https://doi.org/10.1016/0014-2999(95)00384-w
https://www.ncbi.nlm.nih.gov/pubmed/8549614
https://doi.org/10.1124/jpet.118.255711
https://www.ncbi.nlm.nih.gov/pubmed/30728249
https://doi.org/10.1161/01.res.69.6.1450
https://www.ncbi.nlm.nih.gov/pubmed/1659500
https://www.ncbi.nlm.nih.gov/pubmed/12688404
https://doi.org/10.1074/jbc.M006889200
https://www.ncbi.nlm.nih.gov/pubmed/11115498
https://doi.org/10.1016/s0021-9258(18)33279-4
https://www.ncbi.nlm.nih.gov/pubmed/6217205
https://doi.org/10.1152/ajpheart.2000.278.3.H769
https://www.ncbi.nlm.nih.gov/pubmed/10710345
https://doi.org/10.3390/cimb48070698


Curr. Issues Mol. Biol. 2026, 48, 698 16 of 17

29. Braunwald, E.; Ross, J., Jr.; Sonnenblick, E.H. Mechanisms of contraction of the normal and failing heart. N. Engl. J. Med. 1967,
277, 853–863. [CrossRef] [PubMed]

30. Bers, D.M. Ryanodine and the calcium content of cardiac SR assessed by caffeine and rapid cooling contractures. Am. J. Physiol.
1987, 253, C408–C415. [CrossRef] [PubMed]

31. Neumann, J.; Boknik, P.; DePaoli-Roach, A.A.; Field, L.J.; Rockman, H.A.; Kobayashi, Y.M.; Kelley, J.S.; Jones, L.R. Targeted
overexpression of phospholamban to mouse atrium depresses Ca2+ transport and contractility. J. Mol. Cell. Cardiol. 1998, 30,
1991–2002. [CrossRef] [PubMed]

32. Tong, C.W.; Gaffin, R.D.; Zawieja, D.C.; Muthuchamy, M. Roles of phosphorylation of myosin binding protein-C and troponin I in
mouse cardiac muscle twitch dynamics. J. Physiol. 2004, 558, 927–941. [CrossRef] [PubMed] [PubMed Central]

33. Herzig, S.; Meier, A.; Pfeiffer, M.; Neumann, J. Stimulation of protein phosphatases as a mechanism of the muscarinic receptor-
mediated inhibition of cardiac L-type calcium channels. Pflügers Arch. Eur. J. Physiol. 1995, 429, 531–538. [CrossRef]

34. Petersen, J.; Castro, L.; Bengaard, A.K.P.; Pecha, S.; Ismaili, D.; Schulz, C.; Sahni, J.; Steenpass, A.; Meier, C.; Reichenspurner,
H.; et al. Muscarinic receptor activation reduces force and arrhythmias in human atria independent of IK,ACh. J. Cardiovasc.
Pharmacol. 2022, 79, 678–686. [CrossRef] [PubMed]

35. Blackmore, P.F.; Exton, J.H. Studies on the hepatic calcium-mobilizing activity of aluminum fluoride and glucagon. Modulation
by cAMP and phorbol myristate acetate. J. Biol. Chem. 1986, 261, 11056–11063. [CrossRef] [PubMed]

36. Narayanan, N.; Su, N.; Bedard, P. Inhibitory and stimulatory effects of fluoride on the calcium pump of cardiac sarcoplasmic
reticulum. Biochim. Biophys. Acta 1991, 1070, 83–91. [CrossRef] [PubMed]

37. Murphy, A.J.; Hoover, J.C. Inhibition of the Na, K-ATPase by fluoride. J. Biol. Chem. 1992, 267, 16995–17000. [CrossRef] [PubMed]
38. Cockcroft, S.; Taylor, J.A. Fluoroaluminates mimic guanosine 5′-[gamma-thio]triphosphate in activating the polyphosphoinositide

phosphodiesterase of hepatocyte membranes. Role for the guanine nucleotide regulatory protein Gp in signal transduction.
Biochem. J. 1987, 241, 409–414. [CrossRef] [PubMed] [PubMed Central]

39. Katada, T.; Northup, J.K.; Bokoch, G.M.; Ui, M.; Gilman, A.G. The inhibitory guanine nucleotide-binding regulatory component
of adenylate cyclase. J. Biol. Chem. 1984, 259, 3578–3585. [CrossRef] [PubMed]

40. Knapp, J.; Boknik, P.; Huke, S.; Gombosova, I.; Linck, B.; Lüss, H.; Müller, F.U.; Müller, T.; Nacke, P.; Schmitz, W.; et al. Contractility
and inhibition of protein phosphatases by cantharidin. Gen. Pharmacol. 1998, 31, 729–733. [CrossRef] [PubMed]

41. Wei, S.K.; Ruknudin, A.M.; Shou, M.; McCurley, J.M.; Hanlon, S.U.; Elgin, E.; Schulze, D.H.; Haigney, M.C. Muscarinic modulation
of the sodium-calcium exchanger in heart failure. Circulation 2007, 115, 1225–1233. [CrossRef] [PubMed]

42. Schulze, D.H.; Muqhal, M.; Lederer, W.J.; Ruknudin, A.M. Sodium/calcium exchanger (NCX1) macromolecular complex. J. Biol.
Chem. 2003, 278, 28849–28855. [CrossRef] [PubMed]

43. Heijman, J.; Zhou, X.; Morotti, S.; Molina, C.E.; Abu-Taha, I.H.; Tekook, M.; Jespersen, T.; Zhang, Y.; Dobrev, S.; Milting, H.; et al.
Enhanced Ca2+-Dependent SK-Channel Gating and Membrane Trafficking in Human Atrial Fibrillation. Circ. Res. 2023, 132,
e116–e133. [CrossRef] [PubMed] [PubMed Central]

44. El-Armouche, A.; Boknik, P.; Eschenhagen, T.; Carrier, L.; Knaut, M.; Ravens, U.; Dobrev, D. Molecular determinants of altered
Ca2+ handling in human chronic atrial fibrillation. Circulation 2006, 114, 670–680. [CrossRef] [PubMed]

45. Longman, M.R.; Ranieri, A.; Avkiran, M.; Snabaitis, A.K. Regulation of PP2AC carboxylmethylation and cellular localisation
by inhibitory class G-protein coupled receptors in cardiomyocytes. PLoS ONE 2014, 9, e86234. [CrossRef] [PubMed] [PubMed
Central]

46. Voigt, N.; Friedrich, A.; Bock, M.; Wettwer, E.; Christ, T.; Knaut, M.; Strasser, R.H.; Ravens, U.; Dobrev, D. Differential
phosphorylation-dependent regulation of constitutively active and muscarinic receptor-activated IK,ACh channels in patients
with chronic atrial fibrillation. Cardiovasc. Res. 2007, 74, 426–437. [CrossRef] [PubMed]

47. Hibino, H.; Inanobe, A.; Furutani, K.; Murakami, S.; Findlay, I.; Kurachi, Y. Inwardly rectifying potassium channels: Their
structure, function, and physiological roles. Physiol. Rev. 2010, 90, 291–366. [CrossRef] [PubMed]

48. Marx, S. Ion channel macromolecular complexes in the heart. J. Mol. Cell. Cardiol. 2003, 35, 37–44. [CrossRef] [PubMed]
49. Bristow, M.R.; Ginsburg, R.; Minobe, W.; Cubicciotti, R.S.; Sageman, W.S.; Lurie, K.; Billingham, M.E.; Harrison, D.C.; Stinson, E.B.

Decreased catecholamine sensitivity and beta-adrenergic-receptor density in failing human hearts. N. Engl. J. Med. 1982, 307,
205–211. [CrossRef] [PubMed]

50. Bristow, M.R.; Cubicciotti, R.; Ginsburg, R.; Stinson, E.B.; Johnson, C. Histamine-mediated adenylate cyclase stimulation in
human myocardium. Mol. Pharmacol. 1982, 21, 671–679. [CrossRef] [PubMed]

51. Linck, B.; Boknik, P.; Knapp, P.; Müller, F.U.; Neumann, J.; Schmitz, W.; Vahlensieck, U. Effects of cantharidin on force of
contraction and phosphatase activity in nonfailing and failing human hearts. Br. J. Pharmacol. 1996, 119, 545–550. [CrossRef]
[PubMed]

https://doi.org/10.3390/cimb48070698

https://doi.org/10.1056/NEJM196710192771605
https://www.ncbi.nlm.nih.gov/pubmed/4859949
https://doi.org/10.1152/ajpcell.1987.253.3.C408
https://www.ncbi.nlm.nih.gov/pubmed/3631249
https://doi.org/10.1006/jmcc.1998.0760
https://www.ncbi.nlm.nih.gov/pubmed/9799653
https://doi.org/10.1113/jphysiol.2004.062539
https://www.ncbi.nlm.nih.gov/pubmed/15194741
https://pmc.ncbi.nlm.nih.gov/articles/PMC1665013
https://doi.org/10.1007/bf00704158
https://doi.org/10.1097/FJC.0000000000001237
https://www.ncbi.nlm.nih.gov/pubmed/35170489
https://doi.org/10.1016/s0021-9258(18)67347-8
https://www.ncbi.nlm.nih.gov/pubmed/2426266
https://doi.org/10.1016/0005-2736(91)90149-3
https://www.ncbi.nlm.nih.gov/pubmed/1836355
https://doi.org/10.1016/s0021-9258(18)41883-2
https://www.ncbi.nlm.nih.gov/pubmed/1324918
https://doi.org/10.1042/bj2410409
https://www.ncbi.nlm.nih.gov/pubmed/3036062
https://pmc.ncbi.nlm.nih.gov/articles/PMC1147575
https://doi.org/10.1016/s0021-9258(17)43133-4
https://www.ncbi.nlm.nih.gov/pubmed/6323431
https://doi.org/10.1016/s0306-3623(98)00053-6
https://www.ncbi.nlm.nih.gov/pubmed/9809469
https://doi.org/10.1161/CIRCULATIONAHA.106.650416
https://www.ncbi.nlm.nih.gov/pubmed/17339552
https://doi.org/10.1074/jbc.M300754200
https://www.ncbi.nlm.nih.gov/pubmed/12754202
https://doi.org/10.1161/CIRCRESAHA.122.321858
https://www.ncbi.nlm.nih.gov/pubmed/36927079
https://pmc.ncbi.nlm.nih.gov/articles/PMC10147588
https://doi.org/10.1161/CIRCULATIONAHA.106.636845
https://www.ncbi.nlm.nih.gov/pubmed/16894034
https://doi.org/10.1371/journal.pone.0086234
https://www.ncbi.nlm.nih.gov/pubmed/24475092
https://pmc.ncbi.nlm.nih.gov/articles/PMC3903491
https://pmc.ncbi.nlm.nih.gov/articles/PMC3903491
https://doi.org/10.1016/j.cardiores.2007.02.009
https://www.ncbi.nlm.nih.gov/pubmed/17362895
https://doi.org/10.1152/physrev.00021.2009
https://www.ncbi.nlm.nih.gov/pubmed/20086079
https://doi.org/10.1016/s0022-2828(02)00287-0
https://www.ncbi.nlm.nih.gov/pubmed/12623298
https://doi.org/10.1056/NEJM198207223070401
https://www.ncbi.nlm.nih.gov/pubmed/6283349
https://doi.org/10.1016/s0026-895x(25)14916-x
https://www.ncbi.nlm.nih.gov/pubmed/6125879
https://doi.org/10.1111/j.1476-5381.1996.tb15706.x
https://www.ncbi.nlm.nih.gov/pubmed/8894176
https://doi.org/10.3390/cimb48070698


Curr. Issues Mol. Biol. 2026, 48, 698 17 of 17

52. Shi, H.; Wang, H.; Li, D.; Nattel, S.; Wang, Z. Differential alterations of receptor densities of three muscarinic acetylcholine
receptor subtypes and current densities of the corresponding K+ channels in canine atria with atrial fibrillation induced by
experimental congestive heart failure. Cell. Physiol. Biochem. 2004, 14, 31–40. [CrossRef] [PubMed]

53. Heijman, J.; Kirchner, D.; Kunze, F.; Chrétien, E.M.; Michel-Reher, M.B.; Voigt, N.; Knaut, M.; Michel, M.C.; Ravens, U.; Dobrev, D.
Muscarinic type-1 receptors contribute to IK,ACh in human atrial cardiomyocytes and are upregulated in patients with chronic
atrial fibrillation. Int. J. Cardiol. 2018, 255, 61–68. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cimb48070698

https://doi.org/10.1159/000076924
https://www.ncbi.nlm.nih.gov/pubmed/14976404
https://doi.org/10.1016/j.ijcard.2017.12.050
https://www.ncbi.nlm.nih.gov/pubmed/29290419
https://pmc.ncbi.nlm.nih.gov/articles/PMC5815374
https://doi.org/10.3390/cimb48070698

	Introduction 
	Materials and Methods 
	Generation of Transgenic Mice 
	Contractile Studies in Mice 
	Contractile Studies on Human Preparations 
	Data Analysis 
	Drugs and Materials 

	Results 
	Discussion 
	References

