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Abstract
Myocardial PDE2 activity increases in terminal human heart failure and after isoprenaline infusion in rat heart. PDE2 inhibitors
do not potentiate the murine sinoatrial tachycardia produced by noradrenaline. We investigated whether isoprenaline infusion
induces PDE2 to decrease the chronotropic and inotropic effects of catecholamines in rat heart. Sprague-Dawley rats were
infused with isoprenaline (2.4 mg kg−1 day−1) for 3 days. We used spontaneously beating right atria, paced right ventricular
strips and left ventricular papillary muscles. The effects of the PDE2 inhibitors EHNA (10 μM) and Bay 60-7550 (0.1–1 μM)
were investigated on the cardiostimulation produced by noradrenaline (ICI118551 50 nM present to block β2-adrenoceptors) and
adrenaline (CGP20712A 300 nM present to block β1-adrenoceptors). Hydrolysis of cAMP by PDE2 was measured by
radioenzyme assay. Bay 60-7550 but not EHNA increased sinoatrial beating. A stable tachycardia elicited by noradrenaline
(10 nM) or adrenaline (1 μM) was not increased by the PDE2 inhibitors. Isoprenaline infusion increased the hydrolytic PDE2
activity threefold in left ventricle, reduced the chronotropic and inotropic effects and potency of noradrenaline and abolished the
effects of adrenaline. The potency of the catecholamines was not increased by the PDE2 inhibitors. Neither EHNA nor Bay 60-
7550 potentiated the effects of the catecholamines. Rat PDE2 decreased basal sinoatrial beating but did not reduce the sinoatrial
tachycardia or increases of ventricular force mediated through β1- and β2-adrenoceptors. The β-adrenoceptor desensitization
induced by the isoprenaline infusion was not reversed by the PDE2 inhibitors despite the increased hydrolysis of cAMP by
PDE2.
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Introduction

The second messenger cAMP is fundamentally involved in
cardiac function. The cAMP concentration is particularly high
in sinoatrial node cells where it facilitates basal beating
(Vinogradova et al. 2006). Cyclic AMP also participates in
the increases of sinoatrial beating (Vinogradova et al. 2006,
2008) and ventricular force (Bers 2002) through activation of

β-adrenoceptors. Phosphodiesterases PDE1, PDE2, PDE3,
PDE4 (Bender and Beavo 2006) and PDE8 (Patrucco et al.
2010) hydrolyse cAMP and are expressed in the heart. PDE2
it is allosterically stimulated by cGMP binding to one of its
GAF domains (Martins et al. 1982).

PDE3 and PDE4 do not appear to modify the sinoatrial
tachycardia el ici ted by the agonists through β-
adrenoceptors in mouse, rat and rabbit (Galindo-Tovar
and Kaumann (2008); Kaumann et al. (2009); Christ
et al. (2009); Galindo-Tovar et al. (2016). Inhibition of
PDE3 or PDE4 causes sinoatrial tachycardia in a variety
of species (Kaumann 2011). The isoenzyme PDE2 is
expressed in the murine sinoatrial node and its inhibition
with EHNA causes sinoatrial tachycardia (Hua et al. 2012,
but see Galindo-Tovar et al. 2016). The PDE2 inhibitor
Bay 60-7550 also causes sinoatrial tachycardia (Galindo-
Tovar et al. 2016; Vettel et al. 2017).

* Alberto J. Kaumann
kaumann@um.es

1 Grado en Farmacia, Facultad Ciencias de la Salud, Universidad
Católica San Antonio de Murcia, 30107 Murcia, Spain

2 Departamento de Farmacología, Facultad de Medicina, Universidad
de Murcia, Campus de Espinardo, 30100 Murcia, Spain

Naunyn-Schmiedeberg's Archives of Pharmacology (2018) 391:571–585
https://doi.org/10.1007/s00210-018-1480-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s00210-018-1480-x&domain=pdf
mailto:kaumann@um.es


Several effects of PDE2 have been published for normal
heart that generates contractile force. In rat ventricular
myocytes, the PDE2 inhibitor EHNA increases the response
of L-type Ca2+current (ICa,L) to isoprenaline (Verde et al.
1999). In human atrial myocytes, a high cGMP concentration
(5 μM) decreases ICa,L, an effect prevented by EHNA, consis-
tent with activation of PDE2, hydrolysis of cAMP and reduc-
tion of PKA-dependent ICa,L (Vandecasteele et al. 2001). In
myocytes of new-born mice noradrenaline increases PDE2
activity via β3-adrenoceptor surges of cGMP, thereby con-
ceivably attenuating effects through β1- andβ2-adrenoceptors
(Mongillo et al. 2006). PDE2 appears to hydrolyse basal
cAMP in ventricular myocytes of new-born rats (Di
Benedetto et al. 2008). In sinoatrial myocytes of rabbits
(Vinogradova et al. 2008) and mice (Hua et al. (2012), a small
PDE2 constitutive phosphodiesterase activity restricts the rate
of spontaneous basal beating that is inhibited by EHNA.
Isoprenaline causes shortening of ventricular myocytes from
adult rats that is reduced by cGMP-evoked activation of PDE2
but reversed by Bay 60-7550 (Stangherlin et al. 2011).

Increases of PDE2 activity have been reported in cardiac
pathology. Ventricular PDE2 enzymatic activity in rat left ven-
tricle and ventricular weight are increased after 14 days of
aortic banding (Yanaka et al. 2003). Ventricular PDE2 expres-
sion and hydrolysis of cAMP increased in patients with termi-
nal heart failure associated with hyperfunction of the sympa-
thetic nervous system (Mehel et al. 2013).

In rat cardiomyocytes, Bay 60-7550 did not enhance the
increase of ICa,L current by isoprenaline. However, in rats
infused with isoprenaline for 4 days PDE2-dependent hydro-
lysis of cAMP was increased, and Bay 60-7550 increased
responses to isoprenaline of ICa,L, Ca

2+ transients and sarco-
mere shortening (Mehel et al. 2013). Thus, adrenergic over-
stimulation appeared to induce PDE2 activity that in turn re-
duced these effects.

Two questions prompted our work: 1. Does chronic infu-
sion of isoprenaline induce sinoatrial PDE2 to reduce the si-
noatrial tachycardia evoked by catecholamines? 2. Does
PDE2 reduce the ventricular inotropic effects of catechol-
amines? To answer these questions, we investigated whether
the sinoatrial tachycardia and ventricular inotropic effects of
noradrenaline and adrenaline, mediated through β1- and β2-
adrenoceptors respectively, are increased by EHNA and Bay
60-7550.

Methods

All animal care and procedures complied with the guidelines
of the European Communities Council Directive of 23
March 1998 (1999/575/CE). Authorizations to perform ani-
mal experiments according to this decree were obtained from

the Ministerio de Agricultura y Agua, Comunidad Autónoma
Región de Murcia, Spain (Nr. B30218 and C30215).

Male Sprague-Dawley rats (220–300 g), maintained at
21 °C on a 12-h light/dark cycle, were allowed free access to
standard rodent chow and water. The rats were stunned and
exsanguinated. The hearts were dissected and placed in oxy-
genated, modified Tyrode’s solution at room temperature con-
taining (mM): NaCl 136.9, KCl 5.0, CaCl2 1.8, MgCl2 1.5,
NaHCO3 11.9, NaH2PO4 0.4, EDTA 0.04, ascorbic acid 0.2,
pyruvate 5 and glucose 5.0. The pH of the solution was main-
tained at pH 7.4 by bubbling with a mixture of 5% CO2 and
95% O2. Spontaneously beating right atria, right ventricular
strips (width ~ 1 mm, length 4–7 mm) and a left ventricular
papillary muscle were rapidly dissected, mounted in pairs and
attached to Swema 4-45 strain gauge transducers in an appa-
ratus containing above solution at 37 °C. The ventricular tis-
sues were paced at 1 Hz and stretched to Lmax. Atrial beating
rate and ventricular force were recorded through PowerLab
amplifiers on a Chart for Windows, Version 5.0 recording
programme (ADInstruments, Castle Hill, NSW, Australia).

All tissues were exposed to phenoxybenzamine (5 μM) for
90 min followed by washout, to irreversibly block α-
adrenoceptors and tissue uptake of the catecholamines (Gille
et al. 1985). Experiments with (-)-noradrenaline were carried
out in the presence of ICI118551 (50 nM) to block β2-
adrenoceptors. Salbutamol is an effective partial agonist at
β2-adrenoceptors of human atrial tissues (Hall et al. 1990).
We therefore investigated the effects of a high concentration
(10 μM) of salbutamol on ventricular tissues. Experiments
with (-)-adrenaline and salbutamol were carried out in the
presence of CGP20712A (300 nM) to selectively block β1-
adrenoceptors and conceivably uncover CGP20712A-
resistant effects, mediated through β2-adrenoceptors
(Kaumann 1986; Hall et al. 1990).

To assess the time-course of the chronotropic response,
right atria from untreated rats were exposed to 10 nM nor-
adrenaline or 1 μM adrenaline during 30 min. The PDE2
inhibitors EHNA (10 μM) or Bay 60-7550 (100 nM) were
incubated 30 min before the administration of the agonists
and also for 20 min in the presence of an agonist, pre-
incubated for 10 min. Cumulative concentration-effect curves
for noradrenaline and adrenaline were also determined in the
absence and presence of the PDE2 inhibitors on right atria
from normal rats or rats infused with isoprenaline.
Experiments were terminated by the administration of a con-
centration of (-)-isoprenaline (200 μM) that saturates β-
adrenoceptors.

For inotropic studies, cumulative concentration-effect
curves for the catecholamines were determined on ventricular
tissues as described above for beating atria. Following the
administration of isoprenaline (200 μM), the experiments
were terminated by elevating the CaCl2 concentration to
9 mM (Galindo-Tovar and Kaumann 2008).

572 Naunyn-Schmiedeberg's Arch Pharmacol (2018) 391:571–585



Isoprenaline infusion

Rats were infused for 3 days wi th isoprenal ine
(2.4 mg kg−1 day−1) through osmotic mini-pumps (ALZET
model 2001, USA), implanted subcutaneously under ether
anesthesia. Right and left ventricular tissues were frozen in
liquid nitrogen and stored at − 80 °C until use.

PDE2 assay

Frozen ventricular strips were homogenized in ice cold Tris-
HCl (20 mM, pH = 7.5), Mg acetate 2.0 mM, EGTA 5.0 mM,
dithiotreitol 1.0 mM, 10 μg/ml of soya trypsin inhibitor,
2000 U/ml of aprotinine and pefabloc 0.33 mM. PDE activity
was measured by a two-step radioenzymatic assay (Thompson
and Appelman 1971) as described by Keravis et al. (2005).
Briefly, cAMP hydrolysis was measured 2.5 min (during the
linear range of enzyme reaction) at 30 °C in a 250-μl reaction
medium at a substrate concentration of 1 μM cAMP in the
presence of 150,000 dpm 3H-cAMP as tracer, in the absence
and presence of the PDE2 inhibitor EHNA (10 μM). The
incubation was stopped by the immersion of the tubes into
ice immediately followed by the addition of an excess of
cAMP (5 mM) and cGMP (5 mM) in the presence of EDTA
(50 mM) and the non-selective PDE inhibitor IBMX
(100 mM). The second step of the assay involved the conver-
sion of the 5’AMP formed into adenosine by incubating for
20 min Crotalus atrox toxin at 30 °C. The reaction was
stopped by the addition of an excess of adenosine (0.1 mM)
and guanosine (0.1 mM) in the presence of EDTA (15 mM),
followed by separation by ion exchange chromatography on
columns with QAE-Sephadex A-25. Since adenosine is not
fixed to the column, the radioactivity obtained corresponds to
the final product 3H-adenosine. Total PDE activity was
expressed as nmoles of cAMP hydrolysed per min per mg
protein. Results are mean ± SEM, expressed as the percentage
of the total cAMP-PDE activity remaining following treat-
ment with EHNA.

Statistics

-LogEC50(M) values of the catecholamines were estimated
from fitting a Hill function with variable slopes to
concentration-effect curves of catecholamines from individual
experiments. Data were expressed as mean ± SEM of n =
number of rats. Significance between means of two groups
was assessed with paired or non-paired Student’s t test
(GraphPad 5.02, GraphPad Software Inc., San Diego, CA),
considering P < 0.05 statistically significant. When three
groups were compared, we used one-way ANOVA, preceded
by a test of homogeneity of variance. A P < 0.05 of ANOVA
indicated differences between groups, which were identified

by multiple comparisons of means post hoc test (IBM SPSS
statistics Version 21.0).

Drugs

(-)-Noradrenaline, (-)-adrenaline, (-)-isoprenaline,
phenoxybenzamine, EHNA (erythro-9-(2-hydroxy-3-nonyl)
adenine) and IBMX (3-isobutyl-1-methylxanthine) were pur-
chased from Sigma (Poole, Dorset, UK); CGP20712A (2-hy-
droxy-5-[2-[[2-hydroxy-3-[4-[1-methyl-4-(trifluorometyl)-
1H-imidazol-2-yl]phenoxy]propyl]amino]ethoxy]-
benzamide) was a gift from Novartis (Basel, Switzerland).
ICI118551 (1-[2,3-dihydro-7-methyl-1H-inden-4-yl)oxy-
3-[(1-methylethyl)amino]-2-butanol) was purchased from
Toc r i s (B r i s t o l , UK ) ; B ay 60 - 7550 ( 2 - [ ( 3 , 4 -
dimethoxyphenyl)methyl]-7-[(2R,3R)-2-hydroxy-6-
phenylhexan-3-yl]-5-methyl-1H-imidazo[5,1-f][1,2,4]triazin-
4-one) was a gift of Bayer (Wuppertal, Germany).

Results

EHNA and Bay 60-7550 do not increase
the noradrenaline-induced sinoatrial tachycardia,
mediated through β1-adrenoceptors

The experiments were carried out on spontaneously beating
right atria to investigate whether phosphodiesterase PDE2 re-
duces the sinoatrial tachycardia caused by noradrenaline.
Atrial beating was measured as described in Methods.
Noradrenaline (10 nM) produced stable tachycardia of 45 ±
6 beats min−1, which did not fade (Fig. 1a). EHNA did neither
change basal sinoatrial beating nor increase the responses to
noradrenaline (Fig. 1b). Noradrenaline produced a smaller
tachycardia of 29 ± 6 beats min−1 (P < 0.05, unpaired t test)
in the presence of EHNA (Fig. 1b) than absence of EHNA
(Fig. 1a). In other experiments, EHNAwas administrated on
top of a stable response to noradrenaline (Fig. 1c). A
noradrenaline-induced tachycardia of 30 ± 7 beats min−1 was
not decreased by EHNA (P = 0.24 paired t test).

We recently reported that Bay 60-7550 did not increase the
sinoatrial tachycardia elicited by noradrenaline in murine right
atria (Galindo-Tovar et al. 2016). Here we investigated wheth-
er Bay 60-7550 affected the noradrenaline-induced tachycar-
dia in the rat. Bay 60-7550 (100 nM) caused a small tachycar-
dia of 11 ± 3 beats min−1 (P < 0.05 paired t test) in the absence
(Fig. 1d), but not presence of noradrenaline (Fig. 1e), respec-
tively. Bay 60-7550 (100 nM), administrated before or on top
of the response to noradrenaline did not increase the
catecholamine-induced tachycardia (Fig. 1d, e) .
Noradrenaline in the presence of Bay 60-7550 caused a tachy-
cardia of 38 ± 6 beats min−1, not different from the
noradrenaline-induced tachycardia in the absence of Bay 60-
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Fig. 1 The PDE2 inhibitors EHNA (10 μM) or Bay 60-7550 (BAY,
100 nM), administered 30 min before the addition of noradrenaline
(NA, 10 nM), do not increase the chronotropic response to NA,
mediated through β1-adrenoceptors (ICI118551 50 nM present). Data
from spontaneously beating right atria from which beating rate was
measured. The increases in beating rate to NA in the absence and
presence of EHNA are shown in a and b, respectively. In c, EHNAwas
added 10 min after the NA administration. Panels d and e show the

responses to NA in the presence of BAY, administered 30 min before or
10 min after the response to NA respectively. Left-hand panel and middle
panels show a representative experiment and mean ± SEM data,
respectively. Right-hand columns show further statistical results and
number of rats with P values compared to basals over the middle
columns and P values over the right columns compared to the middle
columns. The experiments were terminated with isoprenaline 200 μM
(ISO)
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7550 (45 ± 6 beats min−1) (P = 0.47 unpaired t test) (Fig. 1d).
Noradrenaline, administered before the addition of Bay 60-
7550 on the response plateau caused a tachycardia of 36 ± 5
beats min−1 which did not differ from the control response of
45 ± 6 beats min−1 (P = 0.3 unpaired t test) (Fig. 1e).

As reported previously in mice (Galindo-Tovar et al. 2016),
increasing tenfold the Bay 60-7750 concentration to 1 μM
also caused moderate sinoatrial tachycardia in the presence
of ICI118551 of 24 ± 6 beats min−1 (P = 0.009 paired t test)
(Fig. 2b) in the rat but did not potentiate the noradrenaline-
induced tachycardia (Fig. 2b). BAYadded 10 min later on top
of the NA response produced an increase of additional 37 ± 5
beats min−1 (Fig. 2c) which was not different from the BAY-
induced tachycardia before administration of NA, P = 0.132,
unpaired t test). The noradrenaline-induced tachycardia at the
plateau of the BAY-evoked tachycardia was not increased
compared to the noradrenaline-induced tachycardia in the ab-
sence of BAY (Fig. 2a, b). The noradrenaline-induced

tachycardia was 45 ± 6 and 45 ± 4 beats min−1 in the absence
or presence of BAY, respectively (Fig. 2a, b).

The results of EHNA and Bay 60-7550 are inconsistent
with a reduction by PDE2 of the noradrenaline-induced tachy-
cardia mediated through β1-adrenoceptors.

EHNA and Bay 60-7550 do not increase the sinoatrial
adrenaline-induced tachycardia

To investigate whether or not PDE2 reduces the tachycardia
mediated by adrenaline through β2-and β1-adrenoceptors, we
also used the PDE2 inhibitors. Adrenaline (1 μM) produced a
stable tachycardia of 29 ± 5 beats min−1 which did not fade
(Fig. 3a). EHNA did not change basal sinoatrial beating or
increase the adrenaline-induced tachycardia (Fig. 3b, c).
Adrenaline produced a tachycardia of 26 ± 3 beats min−1 in
the presence of EHNA not different from the tachycardia by
adrenaline alone (P = 0.65 unpaired t test) (Fig. 3b). In other
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Fig. 2 Bay 60-7550 (BAY, 1 μM) causes tachycardia but does not
increase the chronotropic response to noradrenaline (NA, 10 nM),
mediated through β1-adrenoceptors. Data from spontaneously beating
right atria. The responses to NA in the absence and presence of BAY

are shown in a and b, respectively (the experiments in a are those of
Fig. 1a). In c, BAY was added 10 min after the NA administration. For
further details, see legend to Fig. 1
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experiments, EHNAwas administrated on top of a stable re-
sponse to adrenaline. An adrenaline-induced tachycardia 32 ±
8 beats min−1 was not changed by EHNA (Fig. 3c).

Bay 60-7550 (100 nM) caused a marginal tachycardia of 17 ±
8 beats min−1 (P > 0.05 paired t test) (Fig. 3d). Bay 60-7550
(100 nM), administrated before or on top of the response to
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Fig. 3 The PDE2 inhibitors EHNA (10 μM) or Bay 60-7550 (BAY,
100 nM) do not increase the chronotropic response to adrenaline
(ADR), mediated through β2-adrenoceptors (CGP20712A 300 nM
present). Data from spontaneously beating right atria. The sinoatrial
adrenaline (1 μM)-induced tachycardia in the absence and presence of

EHNA, pre-incubated for 30 min, is shown in a and b, respectively. In c,
EHNAwas added 10 min after the ADR administration. Panels d and e
show the responses to ADR in the presence of BAY, administered 30 min
before or 10 min after the response to ADR respectively. For further
details, see legend to Fig. 1
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adrenaline did not change the adrenaline-induced tachycardia
(Fig. 1d, e). The adrenaline-induced tachycardia in the absence
and presence of Bay 60-7550 was 26 ± 3 and 16 ± 6 beats min−1,
respectively (P = 0.11 unpaired t test) (Fig. 3a, d). In another
experiment adrenaline produced a tachycardia of 41 ± 7
beats min−1 which was not altered by Bay 60-7550 administered
10min later on top the plateau of the adrenaline response (Fig. 3e).

Bay 60-7550 (1 μM) caused a tachycardia of 20 ± 3 beats/
min−1 in the presence of the β1-adrenoceptor-selective antag-
onist CGP20712A (300 nM) (Fig. 4b), not different from the
tachycardia in the presence of ICI118551 (24 ± 6 beats min−1).
Bay 60-7550 did not change the adrenaline-induced tachycar-
dia (Fig. 4b). The adrenaline-induced tachycardia was 29 ± 5
and 24 ± 1 beats min−1 in the absence or presence of Bay 60-
7550, respectively (P = 0.46, unpaired t test). The responses to
ADR in the absence or presence of BAY did not differ (P >
0.05 unpaired t test). ADR caused a tachycardia of 21 ± 2
beats min−1 and BAY, administered on the plateau of the

ADR response, elicited an additional tachycardia of 11 ± 2
beats min−1 (Fig. 4c). The adrenaline-induced tachycardia in
the presence and absence of BAY was not different (P > 0.05
unpaired t test). The BAY-induced tachycardia was not differ-
ent in the absence or presence of adrenaline (P > 0.05 unpaired
t test).

Since part of the response to 1 μM adrenaline is mediated
through β2-adrenoceptors (Kaumann 1986), the results with
EHNA and Bay 60-7550 appear inconsistent with a control by
PDE2.

Isoprenaline infusion increases PDE2 hydrolytic
activity in left ventricle

To investigate whether the enzymatic activity of PDE2
is enhanced by chronic stimulation with a catechol-
amine, we infused rats with isoprenaline. The 3-day
infusion of isoprenaline caused a threefold increase of
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the hydrolytic activity of PDE2 that can be inhibited by
EHNA in left ventricle (Fig. 5). P < 0.0048 (unpaired t
test) compared to rats not infused with isoprenaline. The
PDE2 activity of right ventricle was not increased (P =
0.27).

Sinoatrial β-adrenoceptor desensitization
by infusions of isoprenaline is not reversed by PDE2
inhibitors

The 3-day infusion of isoprenaline did not change the –log EC50

of noradrenaline-induced increases of sinoatrial beating (7.12 ±
0.33 n = 5 compared to 7.16 ± 0.06 n = 6 in untreated rats). The
maximum response (Emax) to noradrenaline was reduced to 296
± 15 beatsmin−1 compared to 415 ± 4 beatsmin−1 in normal rats
(P < 0.05, unpaired t test) (Fig. 6a, c). The Emax to adrenaline
was 285 ± 8 n = 6 beats min−1 after isoprenaline infusion com-
pared to 320 ± 20 n = 6 beats min−1 (P = 0.1046, unpaired t test)
in normal rats (Fig. 6b, d). EHNA and Bay 60-7550 did not
change the chronotropic responses to the catecholamines in nor-
mal rats or rats infused with isoprenaline (Fig. 6a–d).

Left ventricular force responses to noradrenaline,
reduced by isoprenaline-infusions, are not improved
by PDE2 inhibitors

The –logEC50 was reduced to 5.9 ± 0.1 (n = 8) in left ventricular
papillary muscles of rats infused with isoprenaline compared to

Fig. 5 Isoprenaline infusion (ISO) induces the hydrolysis of cAMP by
PDE2 in left ventricle (LV) (P = 0.0048, unpaired t test), presumably
mainly mediated through β1-adrenoceptors, but not right ventricle
(RV). The percentage of PDE2 activity was calculated from the activity
obtained in the absence and presence of EHNA (10 μM). Results are
mean ± SEM of PDE2 activity. Number of rats in columns
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7.2 ± 0.06 (n = 9) (P < 0.05 unpaired t test) in normal rats
(Fig. 7a, c). The force responses to noradrenaline in papillary
muscles were reduced by infusion of isoprenaline through β1-
adrenoceptor desensitization (Fig. 7e, g). The inotropic re-
sponses to Ca2+ (9 mM) were larger than rats infused with
isoprenaline than non-isoprenaline rats (Fig. 7e, f and g, h).
For unknown reasons, the responses to Ca2+ were larger than
the response to isoprenaline in the presence PDE inhibitors.

Neither EHNA nor Bay 60-7550 increased the response to nor-
adrenaline in normal rats or rats infused with isoprenaline (Fig.
7a, c). However, for unknown reasons, Bay 60-7550 caused a
small right-ward shift of the concentration-effect curve of nor-
adrenaline (P < 0.05 ANOVA) (Fig. 7a).

Small inotropic responses to adrenaline in papillary muscles
from normal rats were virtually abolished in rats that underwent
isoprenaline infusions (Fig. 7b, d). As observed with
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Fig. 7 Long-lasting stimulation
of β1- or β2-adrenoceptors of left
ventricular papillary muscle
causes desensitization unaffected
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(1 μM) or Bay 60-7550 (BAY,
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curves for the contractile effects
of noradrenaline (mediated
through β1-adrenoceptors in the
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and c) and adrenaline (mediated
through β2-adrenoceptors in the
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(Mean ± SEM) from untreated
rats and rats infused with
isoprenaline (ISO) are shown on
top and second from top panels,
respectively. Curves in the
absence and presence of EHNA
or BAYare shown in black, red,
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responses in mN to ISO, 200 μM,
open columns) and Ca2+ 9 mM
(black columns) after the highest
concentrations of noradrenaline
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(panels f and h) are shown from
untreated rats (e, f) and rats
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noradrenaline, the inotropic responses to Ca2+ (9 mM) tended
to be larger than the responses to isoprenaline in papillary mus-
cles from both normal rats and rats infused with isoprenaline
(Fig. 7f, h). Neither EHNA nor Bay 60-7550 increased the
response to adrenaline in untreated rats or isoprenaline-
infused rats (Fig. 7b, d).

Taken together, these experiments are inconsistent with an
effect of PDE2 on the positive inotropic effect of catechol-
amines, not even when left ventricular PDE2 activity is en-
hanced after adrenergic overstimulation.

Force responses to salbutamol of left ventricular
papillary muscles are not increased by EHNA
and vanish after isoprenaline infusion

Due to the small effects of low adrenaline concentrations,
we could not estimate the contribution of β2-adrenoceptors
from the responses to adrenaline of Fig. 7b. Instead, we
investigated the effects of the β2-adrenoceptor-selective
partial agonist salbutamol. Salbutamol tended to cause
small increases of force in left ventricular papillary mus-
cles from normal rats in the presence of CGP20712A
(Fig. 8b (P = 0.21 paired t test), Fig. 8d (P = 0.0021, paired
t test)). The response to salbutamol was not observed in

tissues obtained from rats infused with isoprenaline (Fig.
8a, c). EHNA did not increase the salbutamol responses in
papillary muscles from normal rats (Fig. 8b) and rats in-
fused with isoprenaline (Fig. 8a).

Right ventricular force responses to noradrenaline,
reduced by isoprenaline-infusions, are not improved
by PDE2 inhibitors

The inotropic potency of noradrenaline in right ventricular
strips was reduced by the isoprenaline infusion. The –
logEC50 decreased to 6.1 ± 0.2 (n = 5) in rats infused with
isoprenaline compared to 6.7 ± 0.1 (n = 8) (P < 0.05 unpaired
test) in normal rats (Fig. 9a, c). The inotropic responses to
isoprenaline were smaller than the responses to Ca2+ in ven-
tricular strips from both normal rats and rats infused with
isoprenaline (Fig. 9e, g).

Neither EHNA nor Bay 60-7550 increased the responses to
noradrenaline in untreated rats and rats infused with isopren-
aline (Fig. 9a, c).

Marginal inotropic responses to adrenaline in right ventric-
ular strips from normal rats were abolished in rats with iso-
prenaline infusions (Fig. 9b, d). The inotropic responses to
isoprenaline were smaller than the responses to Ca2+ in
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ventricular strips from both normal rats and rats infused with
isoprenaline (Fig. 9f, h). Neither EHNA nor Bay 60-7550
increased the response to adrenaline in untreated rats or rats
infused with isoprenaline (Fig. 9b, d). However, for unknown
reasons Bay 60-7550 produced a small right-ward shift of the
concentration-effect curves for noradrenaline (P < 0.05
ANOVA) (Fig. 9a). As in left ventricle, these experiments
are inconsistent with a control of PDE2 of right ventricular

β-adrenoceptors-mediated force responses, not even after ad-
renergic overstimulation.

Discussion

Our experiments are inconsistent with a decrease by phospho-
diesterase PDE2 of the chronotropic and inotropic effects
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Fig. 9 Long-lasting stimulation
of β1- or β2-adrenoceptors of
right ventricular strips causes
desensitization unaffected by the
PDE2 inhibitors EHNA (1 μM)
or Bay 60-7550 (BAY, 100 nM).
Concentration-effect curves for
the contractile effects of
noradrenaline, mediated through
β1-adrenoceptors (In the presence
of ICI118551, panels a and c) and
adrenaline, mediated in part
through β2-adrenoceptors (In the
presence of CGP20712A, panels
b and d) are shown at left and
right panels, respectively. Data
(Mean ± SEM) from untreated
rats and rats chronically infused
with isoprenaline (ISO) are
shown on top and second from
top panels, respectively. Curves in
the absence and presence of
EHNA or BAYare shown in
black, red, and blue, respectively.
Force responses in mN to ISO
(200 μM, open columns) and
Ca2+ 9 mM (black columns) after
the highest concentrations to
noradrenaline (panels e and g) or
adrenaline (panels f and h) are
shown from untreated rats (e, f)
and rats chronically infused with
ISO (g, h). Actual P values are
shown between some black and
white columns. I/T stands for
PDE2 inhibitor (I) over time
matched control (T)
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mediated through β-adrenoceptors. A 3-day exposure to iso-
prenaline increases the hydrolysis of cAMP by PDE2 in rat
left ventricle. Surprisingly however, the inotropic effects of
noradrenaline and adrenaline were not enhanced by the
PDE2 inhibitors. These findings raise the question about the
relevance of the enhanced ventricular PDE2 activity after ad-
renergic overstimulation.

Is the sinoatrial tachycardia, mediated
through Gs-coupled receptors, modulated
by phosphodiesterases?

Consistent with recent work on mice (Galindo-Tovar et al.
2016), the PDE2 inhibitors did not enhance the
noradrenaline-induced sinoatrial tachycardia in normal rats.
After the chronic infusion of isoprenaline, the maximum effect
of the noradrenaline-induced sinoatrial tachycardia mediated
through β1-adrenoceptors, was markedly reduced (Fig. 6) but
not affected by the PDE2 inhibitors. Therefore, an influence of
PDE2 is doubtful, even after adrenergic hyper-stimulation.
PDE2 is expressed in murine sinoatrial cells (Hua et al.
2012) but unfortunately it is still unknown whether the

enzyme activity is enhanced by adrenergic hyper-stimulation
as found in left ventricle.

Inhibitors of PDE3 and PDE4 do not increase
catecholamine-induced sinoatrial tachycardia catecholamines
in the mouse, rat and rabbit (Kaumann 2011). The lack of a
reduction by PDE2, PDE3 and PDE4 of the tachycardia me-
diated through β-adrenoceptors (which involves the participa-
tion of cAMP, Fig. 10), suggests that these three phosphodi-
esterases do not have access to a relevant physiological cAMP
pool (Fig. 10). The sinoatrial tachycardia in the rat probably
precludes an effect of any cAMP-hydrolysing phosphodies-
terase at least during our 30 min observation period. It prob-
ably would be unlikely that a PDE enzyme or even several
PDE enzymes could maintain fast associations and dissocia-
tions with and from cAMP to allow a perfect equilibrium
chronotropic response for 30 min, as observed on the
cAMP-dependent response i.e. tachycardia for 30 min. It is
plausible that efflux of cAMP of the cell is mediated by cyclic
nucleotide transporters. These are multidrug resistance pro-
teins (MRP) that belong to the ATP-binding cassette (ABC)
transporter superfamily C. MRP4 aka ABCC4, MRP5 aka
ABCC5 and MRP8 aka ABCC11 actively extrude cAMP
and cGMP from the cell (Kruh and Belinsky 2003

Fig. 10 Scheme for two classes of cAMP compartments in a rat sinoatrial
cell containing both β1 and β2-adrenoceptors (Adapted from Kaumann
(2011) and Galindo-Tovar et al. (2016)). Cyclic AMP increases sinoatrial
beating rate by augmenting the hyperpolarization-activated current If both
directly and through PKA-catalyzed phosphorylation (Liao et al. 2010).
PKA also phosphorylates Ik channels, L-type Ca2+ channels (ICa,L),
phospholamban (PLB) and possibly ryanodine channels (RyR2).
Phosphodiesterases PDE3 and PDE4 are phosphorylated by PKA
(Smith et al. 1991; MacKenzie et al. 2002). Ca2+ movements in the
cytoplasm and sarcoplasmic reticulum (SR) are depicted in red and

reviewed in detail elsewhere (Kaumann 2011). Two hypothetical classes
of cAMP compartments exist in the sinoatrial cell. In one compartment,
cAMP is formed by Ca2+-stimulatable adenylyl cyclases AC1 or AC8
and hydrolysed to 5’AMP (yellow arrow) by PDE2, PDE3 and/or PDE4.
The cAMP available from its formation and degradation tonically
maintains basal sinoatrial beating. In other compartments, the cyclic
AMP generated by Ca2+-inhibitable AC5/6 through stimulation of the
Gs protein-coupled β1-adrenoceptor and β2-adrenoceptor appears
unaffected by PDE2, PDE3 and PDE4 and causes the tachycardia elicited
by noradrenaline (NA) and adrenaline (ADR)
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Oncogene 22: 7537–7552). MRP4 mediates cAMP efflux
from cardiomyocytes. In cardiomyocytes from MRP4-
deficient mice, cAMP formation and contractility is increased
and cardiac hypertrophy produced (Sassi et al. 2012). Due to
this evidence, stable tachycardia could conceivably be main-
tained without PDE activity.

Tonic decrease of basal sinoatrial heart rate by PDE2

A high cGMP concentration (5 μM) has been reported to
decrease ICa,L current in human atrial myocytes, an effect
completely reversed by EHNA (Vandecasteele et al. 2001).
Since the hydrolysis of cAMP by PDE2 is markedly enhanced
by cGMP (Bender and Beavo 2006), Vandecasteele et al.
(2001) suggested a tonic modulation of the ICa,L current by
PDE2. The PDE2 inhibitor EHNA produces a moderate
tachycardia in murine sinoatrial myocytes at room tempera-
ture (Hua et al. 2012), but we did not find that EHNA causes
tachycardia at 37 °C in beating atria from mice (Galindo-
Tovar et al. 2016) and rats (this work). However, even at room
temperature (21–22 °C), in rabbit spontaneously beating sino-
atrial node cells Vinogradova et al. (2008) found a very small
increase of spontaneous beating rate with EHNA. The
chronotropic effect of PDE2 inhibition with high concentra-
tions of Bay 60-7550 on basal beating is remarkably similar in
3 species, 24 beats min−1 both in mice (Galindo-Tovar et al.
2016) and rats (this paper) and 22 beats min−1 in beagle dogs
(Vettel et al. 2017). The work of Vinogradova et al. (2008) and
Hua et al. (2012), together with that of (Galindo-Tovar et al.
2016), this paper and (Vettel et al. 2017) showing that the
PDE2 inhibitor Bay 60-7550 caused sinoatrial tachycardia,
are consistent with a partial tonic control by PDE2 of basal
sinoatrial beating (Fig. 10).

PDE2 does not reduce increases of ventricular force
mediated through β1- and β2-adrenoceptors

The inotropic effects of noradrenaline, mediated through β1-
adrenoceptors, were not increased by the PDE2 inhibitors in
left ventricular papillary muscles and right ventricular strips.
The chronic infusion of isoprenaline caused desensitization, as
shown by rightward shifts of the inotropic concentration-
effect curves of noradrenaline. Neither EHNA nor Bay 60-
7550 enhanced the reduced effects of noradrenaline in the left
and right ventricular preparations from isoprenaline-infused
rats, inconsistent with a control by PDE2. The results are in
contrast to the results of Mehel et al. (2013) with rats after a 4-
day infusion of isoprenaline. These authors reported that the
ICa,L current, Ca-transients and sarcomere shortening re-
sponses to isoprenaline were increased by Bay 60-7550 in
ventricular cardiomyocytes from rats chronically infused with
isoprenaline. They attributed their findings to the increase in
PDE2 expression and hydrolytic activity caused by the

adrenergic hyper-function. Furthermore, more recently Vettel
et al. (2017) reported that after chronic isoprenaline infusion in
mice Bay 60-7550 reversed β-adrenoceptor-mediated
inotropy and chronotropy. Although we found the increase
of the hydrolytic activity in left ventricle after the 3-day iso-
prenaline infusion, our results are inconsistent with a reduc-
tion by PDE2 of the inotropic and chonotropic effects of nor-
adrenaline, mediated through β1-adrenoceptors.

We did not detect possible β2-adrenoceptor-mediated ef-
fects of adrenaline in left ventricular papillary muscles and
right ventricular strips in the absence or presence of the
PDE2 inhibitors, not even after the infusion of isoprenaline.
In agreement with findings of Hall et al. (1990) on human
atrium, we found small or marginal responses to salbutamol
on rat papillary muscles that were resistant to blockade by β1-
selectivive CGP20712A and probably mediated through β2-
adrenoceptors. The slow kinetic of the responses to ISO in
Fig. 8a, c are probably due to the dissociation of
CGP20712A from the desensitized β-adrenoceptors. The fast
kinetics of ISO in Fig. 8b, d are due to the contribution of both
β1- and β2-adrenoceptors in the absence of desensitization.

A report of Soler et al. (2015) claimed that salbutamol
increased the force of left ventricular papillary muscles of
the rat in the presence but not absence of EHNA. For un-
known reasons we were, however, unable to reproduce the
results of Soler et al. (2015). Our results showed that
salbutamol (10 μM) caused small force increases in the ab-
sence of EHNA in left ventricular papillary muscles from
normal rats but not from rats infused with isoprenaline (Fig.
6). Furthermore, the effects of salbutamol were not enhanced
by EHNA. The response to salbutamol was abolished in pap-
illary muscles from rats infused with isoprenaline but not re-
stored by EHNA.

Taken together, the above results rule out a reduction by
PDE2 of the ventricular inotropic effects mediated through rat
β1- and β2-adrenoceptors.

Uncertainties about the function of PDE2

Mehel et al. (2013) postulated that the upregulation of PDE2
after clinical (heart failure) and experimental catecholamine
stress reduces β-adrenoceptor responsiveness, arrhythmias
and hypertrophy. They observed that PDE2 overexpression
decreases the isoprenaline-induced stimulation of ICa,L in
cardiomyocytes, an effect reversed by Bay 60-7550.
According to these authors, one would expect that the inhibi-
tion of PDE2 would partially restore the reduced β-
responsiveness after the adrenergic hyper-function which,
however, our experiments did not reveal in the rat model.
Therefore, the function of the upregulated PDE2 appears un-
certain. Furthermore, there is also controversy as to the func-
tion of PDE2 with experimental catecholamine-induced hy-
pertrophy or hypertrophy due to transverse aortic constriction
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(Zoccarato et al. 2015). While Mehel et al. (2013) proposed
that the PDE2 upregulation protects against hypertrophy,
Zoccarato et al. (2015) demonstrated that this leads to hyper-
trophy. Conversely, inhibition of PDE2 mediates anti-
hypertrophic effects (Zoccarato et al. 2015) through the for-
mation of a cAMP pool and activation of PKAII that phos-
phorylates the pro-hypertrophic transcription factor nuclear
factor of activated T cells, blocking its nuclear translocation.
These discrepancies are under intensive debate (Wagner et al.
2016 vs Zoccarato et al. 2016) but remain unresolved.

Conclusions

Catecholamines cause stable sinoatrial tachycardia, unaffected
by PDE2, not even after adrenergic hyper-function caused by
the isoprenaline infusion. Since PDE2, PDE3 and PDE4 do
not reduce the tachycardia evoked by catecholamines, the
tachycardia probably rules out access of any phosphodiester-
ase to the cAMP at the receptor compartment. However,
PDE2 contributes together with PDE3 and PDE4, to reduce
basal sinoatrial beating in another cAMP compartment
(Fig. 10). The ventricular inotropic effects, mediated through
β1- and β2-adrenoceptors, are not reduced by PDE2 not even
after the isoprenaline infusion which increased threefold the
left ventricular hydrolytic activity of PDE2. The relevance of
these results is currently under investigation in human
myocardium.
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