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Abstract

Introduction: The phosphodiesterase-lll inhibitor milrinone improves ventricular contractility, relaxes pulmonary arteries
and reduces right ventricular afterload. Thus, it is used to treat heart failure and pulmonary hypertension (PH). However, its
action on pulmonary veins (PVs) is not defined, although particularly PH due to left heart disease primarily affects the
pulmonary venous bed. We examined milrinone-induced relaxation in PVs from guinea pigs (GPs) and humans.

Material and Methods: Precision-cut lung slices (PCLS) were prepared from GPs or from patients undergoing lobectomy.
Milrinone-induced relaxation was studied by videomicroscopy in naive PVs and in PVs pre-constricted with the ETs-receptor
agonist BP0104. Baseline luminal area was defined as 100%. Intracellular cAMP was measured by ELISA and milrinone-
induced changes of segmental vascular resistances were studied in the GP isolated perfused lung (IPL).

Results: In the IPL (GP), milrinone (10 uM) lowered the postcapillary resistance of pre-constricted vessels. In PCLS (GP),
milrinone relaxed naive and pre-constricted PVs (120%) and this relaxation was attenuated by inhibition of protein kinase G
(KT 5823), adenyl cyclase (SQ 22536) and protein kinase A (KT 5720), but not by inhibition of NO-synthesis (L-NAME). In
addition, milrinone-induced relaxation was dependent on the activation of Katp-, BKc,>™- and K,-channels. Human PVs also
relaxed to milrinone (121%), however only if pre-constricted.

Discussion: Milrinone relaxes PVs from GPs and humans. In GPs, milrinone-induced relaxation is based on Katp-, BKc,2 - and
K,-channel-activation and on cAMP/PKA/PKG. The relaxant properties of milrinone on PVs lead to reduced postcapillary
resistance and hydrostatic pressures. Hence they alleviate pulmonary edema and suggest beneficial effects of milrinone in
PH due to left heart disease.
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Introduction pulmonary vascular resistance (PVR) [1]. Hence, successful

‘ therapy of PVH should preferably relax the pulmonary venous
During and immediately after cardiac surgery, heart failure

frequently occurs and therapy aims at improved ventricular
contractility, maintained coronary perfusion and balanced myo-

bed. However, as yet specific options to treat PVH are not
available and the current recommendations are limited to the
symptomatic therapy of left heart disease [4].

cardial oxygen consumption to facilitate separation from cardio- The phosphodiesterase-III (PDE-IT) inhibitor milrinone is
pulmonary bypass. If heart failure is complicated by pulmonary

hypertension (PH), immediate relaxation of the pulmonary
vascular system is essential to avoid additional injury of the right
ventricle. PH due to left heart disease is the most common cause of

PH [1]. It affects primarily the pulmonary venous bed [2] and is carefully studied in porcine and ovine pulmonary arteries (PAs)

therefore also called pulmonary venous hypertension (PVH) or [8,9], in PAs from guinea pigs (GPs) [10] and in hypertensive PAs
postcapillary PH [3]. This aspect plays a pivotal role in the therapy (8,11].

of PVH, as vasodilators that act predominantly in the pulmonary
arterial bed may increase the pulmonary perfusion and thereby
enhance hydrostatic pressure, pulmonary edema and total

recommended for the therapy of right heart failure and PH [5],
as it acts positive inotropic and decreases right ventricular
afterload [6], even if inhaled [7]. Since milrinone is introduced
in the therapy of heart failure, its relaxant effects have been

In contrast, very little is known about the effects of milrinone in
pulmonary veins (PVs). In a canine pulmonary occlusion model,
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milrinone was shown to reduce the pulmonary arterial and venous
resistance during hypoxic pulmonary vasoconstriction [12]; but
the direct vascular effects on PVs and the underlying mechanisms
were not studied. Yet, as pointed out above, relaxation of PVs
plays a key role in the treatment of PVH and left heart disease, as
it counteracts left ventricular volume overload and wall stress. In
addition, the pulmonary venous system contributes up to 40% to
PVR [13], and in some species such as cats may even exceed 40%
[14]. Thus, there is every reason to believe that the pulmonary
venous bed is as important as the pulmonary arterial bed for PVR,
PH and heart failure.

To access the question, whether and how milrinone relaxes PVs,
we studied the vascular effects of milrinone in a recently
established model that allows studying PVs and PAs independent
from each other, i.e. precision-cut lung slices (PCLS) [17].
This method does even permit to study human tissue [15,16] and
here we show for the first time that milrinone relaxes human PVs
and PAs. However, because access to human tissue is limited, we
did the majority of experiments in lung tissue from GPs, because
this species resembles human lung tissue better than that of mice
or rats [15,16].In GPs, milrinone relaxed PVs comparable to
human lungs and this relaxation was dependent on cAMP/PKA/
PKG and on the activation of Kpp-, BKC,A%- and K -channels.
In addition, to determine the effects of milrinone on segmental
vascular resistances, we studied milrinone-induced relaxation in
the isolated perfused lung (GP) and report that milrinone lowers
the postcapillary resistance. In conclusion, our data suggest
favourably effects of milrinone in PH due to left heart disease.

Materials and Methods

GPs’ and Human Lung Tissue

Female Dunkin Hartley GPs (400250 g; 6-8 weeks old) were
obtained from Charles River (Sulzfeld, Germany). All animal care
and experimental procedures were performed according to the
rules of the Directive 2010/63/EU of the European Parliament.
They were approved by the Landesamt fiir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen (approval-ID: 8.87—
51.05.20.10.245). Human PCLS were prepared from patients
undergoing lobectomy due to lung cancer. After pathological
mspection, cancer free tissue from a peripheral part of the lung
was used. None of the patients showed any sign of PH
(echocardiographic evaluation, histology) or took the sulfonyl urea
glibenclamide as an antidiabetic drug. The study was approved by
the ethics committee (EK 61/09) of the Medical Faculty Aachen,
Rhenish-Westphalian Technical University (RWTH) Aachen. All
patients gave written informed consent.

Precision-cut Lung Slices (PCLS)

GPs received intraperitoneal anaesthesia with 95 mg kg™
pentobarbital (Narcoren; Garbsen, Germany), which was verified
by missing reflexes. Thereafter, PCLS (GP: n=20; human lungs:
n=06) were prepared as described before [15,17]. Whole lungs
from GP (Fig. 1A/B) or human lung lobes (Fig. 1 E/F) were filled
via the trachea respectively a main bronchus with 1.5% low-
melting agarose and cooled on ice. Tissue cores were prepared
(Fig. 1 C) and cut into 300 um thick slices with a tissue slicer
(Alabama Research & Development, Munford, AL, USA). PCLS
were incubated at 37°C.

cAMP Enzyme Immunoassay

To analyse cAMP, PAs/PVs were isolated out of tissue cores of
agarose filled human lungs (n=48) guided by the anatomical
landmarks (see below). PAs/PVs were incubated in medium and
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after 30 minutes frozen by liquid Ny. Cyclic AMP was quantified
with ELISA-kits following the manufacturer’s protocol. For
stabilization, all samples or standards were acetylated. To measure
cAMP, all samples were diluted 1:2 with 0.1 M HCL. The ELISA
was evaluated at 405 nM (GENIOS, Tecan, Switzerland).

Identification of the Vessels, Histology

Pulmonary vessels from GPs or humans were identified by their
anatomical landmarks. PAs accompany the airways (Fig. 1D/G/])
and PVs lie aside. After the experiments, the identification of the
vessels was additionally confirmed by histology. PCLS from GPs
were stained with hematoxylin-eosin, where PAs show a wrinkled
inner lining and a thick media (Fig. 1H) [17]; human pulmonary
vessels were stained with elastica van Gieson, where PAs show an
internal and external elastic lamina (Fig. 1K), in contrast to PVs
which show only an external elastic lamina (Fig. 1L).

Measurements and Imaging

PCLS were exposed 5 minutes to each concentration of
milrinone (Fig. 2A). To induce pre-constriction, PCLS were pre-
treated for 1h with the endothelins-(ET4)-receptor agonist
BP0104 (Fig. 2B). To block a signaling pathway, PCLS were
pre-treated for 1 h with the specific inhibitor. If both were
required, PCLS were exposed simultaneously to both. Before the
measurements, the watial vessel area (IVA) was defined as 100% and
any relaxant or contractile effect (BPO104 or inhibitors) was
indicated as “Change [% of IVA]”. Hence, a vessel arca <100%
indicates a contractile effect and a vessel area >100% indicates a
relaxant effect. To compare relaxation of pre-treated vessels, the
vessel area was defined after pre-treatment again as 100%.
Concentration-response curves of the vasodilators were expressed
as “Change [% of IVA]”. PCLS were exposed to the drugs one
and two days after preparation. Control experiments were
performed on consecutive sections. Pulmonary vessels were
imaged and digitised (Iig. 1D/G, Leica Viscam 1280 or Leica
DFC 280). The images were analysed with Optimas 6.5 (Media
Cybernetics, Bothell, WA).

Isolated Perfused Lung (IPL) of GP

Cavine lungs (n = 20) were prepared as described [18]. Briefly,
intraperitoneal anaesthesia was performed (pentobarbital: 95 mg
kg™') and verified by missing reflexes. The GP was bled, the
trachea cannulated and the lung ventilated with positive pressure
(70 breaths/min). The left ventricle’s apex was cut and cannulas
were placed in the pulmonary artery (perfusion inflow) and in the
left atrium (perfusion outflow). The lung was perfused at constant
flow (12,5 ml/min) with Krebs-Henseleit buffer, containing 2%
bovine serum albumin, 0.1% glucose, 0.3% HEPES and 50nM
salbutamol to prevent bronchoconstriction [19]. The temperature
of the perfusate was maintained at 37°C: with a water bath and the
pH was maintained between 7.35 and 7.45 by CO,. Heart and
lungs were removed and transferred into a negative-pressure
chamber. Every 5 minutes a deep breath was applied to prevent
atelectasis. Tidal volume, compliance, resistance, pulmonal
arterial pressure (Ppy), left atrial pressure (Pr,4) and the flow were
continuously monitored. As soon as respiratory and haemody-
namic values were stable over 20 minutes, BP0104 (20 nM) was
added to the recirculating perfusion buffer (total volume 200 ml)
to enhance PVR [20]. Ten minutes after the application of
BP0104, milrinone (10 pM) was added. Thereafter, changes of the
capillary pressure (P,,) were measured every 10 minutes by the
double occlusion method [18]. The precapillary resistance (Rp..)
and postcapillary resistance (R;,.q) were calculated by the following
equations: Ry = (Ppa-Peap)/flow and Rpog = (Peap-Pra)/flow.

cap,
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Figure 1. Preparation of PCLS from GPs and humans and their histology. A) GP: Tracheotomy; B) GP: lung filled with agarose; C) tissue cores;
D) GP: PCLS during videomicroscopy; E) human: lung lobe filled with agarose; F) human: human lung tissue with airway and pulmonary artery; G)
human: PCLS during videomicroscopy; H) GP: pulmonary artery (PA) with thick media and thrinkeld inner lining; I) GP: pulmonary vein (PV) with thin
media; J) human: pulmonary artery (PA) and airway (AW); K) human: pulmonary artery (PA) with internal and external elastic lamina (diameter:
354 um); L) human: pulmonary vein (PV) (diameter: 362 um in width and 782 in height).

doi:10.1371/journal.pone.0087685.g001

Agents and Culture Medium

All agents were bought from Tocris Bioscience (Ellisville,
Missouri, USA), except milrinone and N-nitro-L-arginine methyl
ester (L-NAME) which were obtained from Sigma-Aldrich
(Steinheim, Germany) and BP0104 which was from BIO-
TRENDS (Wangen, Switzerland). All inhibitors are listed in
Table 1.

Statistics

Statistics was conducted using SAS 9.2 (SAS Institute, Cary,
North Carolina, USA) and GraphPad Prism 5.01 (GraphPad, La
Jolla, USA). The data in Fig. 2B, 3A-C, 4A, and 7B were analyzed
by a linear mixed model analysis (SAS 9.2.). EC5q values were
calculated using the standard 4-paramter logistic non-linear
regression model (GraphPad). The AIC-criterion was used to
select the most parsimonious model, i.e. a common bottom, top,
slope and ECs, value in the regression model or the covariance
matrix with the least number of parameters in the mixed model
analysis (VG or AR(1)). Non-parametric analysis was performed by
the Mann-Whitney U test. P-values were adjusted for multiple
comparisons by the false discovery rate (FDR) and presented as
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mean+SEM or - SEM. P<<0.05 was considered as significant and
(n) indicates the numbers of animals.

Results

In GPs, milrinone relaxed naive PVs (119%), but not naive PAs
(Fig. 2C). To examine, if milrinone affects the contraction of naive
PAs, they were pre-treated with milrinone (I uM and 100 uM)
before being stimulated with epinephrine. Milrinone largely
attenuated the epinephrine-induced contraction in naive PAs
(Fig. 2D). In PAs and PVs pre-constricted with the ET s-receptor
agonist BPO104 (100 nM or 1 nM, respectively, Fig. 2B), milri-
none relaxed PVs to 121% and PAs to 113% (Fig. 2E).

Vascular Effects of Milrinone in the Isolated Perfused
Lung (IPL) of the GP

To get insights whether milrinone-induced relaxation affects the
PVR, we used the ex-vivo model of the IPL (GP). In comparison to
control lungs, milrinone (10 uM) did not affect Ppy and R,y
(Fig. 3A/C); but it prevented the slight increase of Ry, in control
lungs (Fig. 3B). To mimic a characteristic of PH, the PVR was
enhanced by the ET-receptor agonist BP0104 (20 nM). This
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Figure 2. Vascular effects of milrinone in PAs and PVs with and without BP0104-induced pre-constriction. A) Kinetics of milrinone-
induced relaxation in naive PVs B) (O) PA: 100 nM BP0104 (n=5); (H) PV: 1 nM BP0104 (n=5). The dashed line indicates the end of the pre-
treatment and the start of the measurement. C) Milrinone in PAs/PVs without pre-constriction: (Q) PA: milrinone (n=12); (O) PV: milrinone (n=28). D)
Milrinone affects the contractile effect of epinephrine in PAs: (@) epinephrine (1 uM) (n=5); (®) milrinone (1 uM), epinephrine (1 uM) (n=3); (O)
milrinone (100 uM), epinephrine (1 uM) (n=5). E) Milrinone in pre-constricted PAs/PVs: (@) PAs: BP0104 (100 nM), milrinone (n=7); (M) PVs: BP0104
(1 nM), milrinone (n=7). B) Statistics was performed by a linear mixed model. E) Asterics indicate different ECs, values. P<<0.05 are considered as

significant: * p<<0.05, ** p<<0.01 and *** p<<0.001.
doi:10.1371/journal.pone.0087685.9002

resulted in a remarkable increase of PVR, as indicated by the
increase of Ppa, Rre and Ry (p<0.0001 for all; Fig. 3A-C).
Thereafter, the perfusion of milrinone (10 uM) significantly
lowered the BP0O104-induced increase of PVR, which is demon-

strated by the decrease of Ppa (Fig. 3A), Rpre (Fig. 3B) and Rpoq¢
(Fig. 3C).
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Role of cAMP/cGMP and NO in Milrinone-induced
Relaxation

In order to investigate the relaxant mechanisms of the PDE-IIT
inhibitor milrinone, PVs were pre-treated with the adenyl cyclase-
inhibitor SQ 22536 (100 uM) or with the protein kinase A (PKA)-
inhibitor KT 5720 (I pM). Neither SQ 22536 nor KT 5720
altered the vascular tone of naive PVs (Fig. 4A). Both however,
reduced the relaxant effects of milrinone: Inhibition of adenyl
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Table 1. Overview of all used inhibitors.

inhibitor target ICso used dosage
glibenclamide Katp-channels 20-200 nM 10 uM
iberiotoxin BKc,>"-channels 10 nM 100 nM
4-aminopyridine K,-channels 03-11mM 5mM

SQ 22536 adenyl cyclase 1.4-200 uM 100 pM

KT 5720 PKA 60 nM 1 uM

L-NAME NOS 25 uM 100 uM

KT 5823 PKG 0.23 M 2 uM

In general, we expect complete inhibition of the target at concentrations about
10 times above the ICs, value [38,56].
doi:10.1371/journal.pone.0087685.t001

cyclase attenuated the maximal relaxant effect of milrinone
(Fig. 4B), whereas PKA-inhibition (Fig. 4C) caused a right-shift
to higher ECs( values (21 pM versus 2.4 uM). However, neither
SQ 22536 nor KT 5720 prevented the milrinone-induced
relaxation completely.

We next studied the role of the NO/PKG-pathway in
milrinone-induced relaxation. Inhibition of NO-synthesis by L-
NAME (100 uM) increased the vascular tone of PVs (Fig. 4A), but
it did not influence the relaxant effect of milrinone in naive or pre-

Milrinone Relaxes Pulmonary Veins

constricted PVs (Fig. 5A/B). In contrast, inhibition of protein
kinase G (PKG) by KT 5823 (2 uM) significantly reduced the
milrinone-induced relaxation in naive and in pre-constricted PVs
(Fig. 5C/D), indicating that the production of PKG is involved in
milrinone-induced relaxation of PVs from GPs.

Role of K*-channels in Milrinone-induced Vasorelaxation

To study the role of K'-channels in the milrinone-induced
relaxation, PVs from GPs were pre-treated with the Ky p-channel
inhibitor glibenclamide (10 uM), with the BK,**-channel inhib-
itor iberiotoxin (100 nM) or with the K, -channel inhibitor 4-
aminopyridine (4-AP; 5 mM). Glibenclamide and iberiotoxin
alone did not alter the pulmonary venous tone, whereas 4-AP
enhanced it (Fig. 6A-C). Inhibition of Karp- and BK, -
channels strongly reduced the relaxant effects milrinone (Fig. 6A/
B). Inhibition of K, -channels did not attenuate the maximal
relaxant effect in PVs, but provoked a right-shift to higher ECs5
values (23 uM vs. 1.5 uM, Fig. 6C). In conclusion, the activation
of all three K*-channels (Kp= BKC(12+>K\,) contributes to the
relaxant effects of milrinone in GPs.

The Relaxant Potency of Milrinone in Human Pulmonary
Vessels

Milrinone did not relax naive human PAs and PVs (Fig. 7A). In
order to pre-constrict human PAs and PVs equally, pulmonary
vessels were pre-treated with various concentrations of the ET »-
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Figure 3. Vascular effects of milrinone in the GP isolated perfused lung. A) Effect of milrinone (mil) on the pulmonary arterial pressure (Ppp)
after and without pre-constriction with 20 nM BP0104: (O) control (n=6); (Q) 10 uM mil (n=3); (@) 20 nM BP0104 (n=6); (@) 20 nM BP0104, 10 uM
mil (n=5) B) Effect of milrinone on the precapillary resistance (Ryre) after and without pre-constriction with 20 nM BP0104: (O) control (n=6); (O)
10 uM mil (n=3); (@) 20 nM BP0104 (n =6); (®) 20 nM BP0104, 10 uM mil (n=5) C) Effect of milrinone on the postcapillary resistance (Rpost) after and
without pre-constriction with 20 nM BP0104: (O) control (n=6); (Q) 10 uM mil (n=3); (@) 20 nM BP0104 (n=6); (®) 20 nM BP0104, 10 uM mil (n=5).
(A-C) Statistics was performed by a linear mixed model. P<<0.05 are considered as significant: * p<<0.05, ** p<<0.01 and *** p<<0.001.

doi:10.1371/journal.pone.0087685.g003
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receptor agonist BP0104:100 nM BP0104 constricted human PAs
up to 44% of IVA and 50 nM BP0104 constricted human PVs up
to 38% of IVA (Fig. 7B). In pre-constricted human pulmonary
vessels, milrinone relaxed both PAs and PVs up to 133% and
121%, respectively (Fig. 7C). Pre-constricted human PAs relaxed
significantly stronger to milrinone than those from GPs, in contrast
pre-constricted PVs from both species relaxed equally. To analyse
this different relaxant behaviour, we focused on cAMP-levels. We
know that basal cAMP-levels from GPs are equal in PAs and PVs
[21]. We now studied basal cAMP-levels in human PAs and PVs
and found that they differ significantly (Fig. 7D).

Discussion

Milrinone is widespread used in heart failure and PH. However
so far, it is unknown if milrinone relaxes the pulmonary venous
bed, the part of the pulmonary circulation which is mainly affected
by PH due to left heart disease, the most common cause of PH [1].
Now we report that milrinone relaxes PVs (GPs/humans) and
reduces the postcapillary resistance. We further show that
milrinone-induced relaxation of PVs depends on cAMP/PKA/
PKG, but is independent of NO. In addition, milrinone exerts
relaxant effects via Kapp-, BK(;HQJr-and K, -channel-activation.

PLOS ONE | www.plosone.org 6

Notably, milrinone relaxes human PAs/PVs. This suggests that
the present findings are relevant for the therapy of human
cardiopulmonary diseases.

Pre-constriction of GPs’ and Humans' Pulmonary Vessels

We used GPs’ lungs of a non-disease model and human PAs/
PVs from patients without PH. To mimic a characteristic of PH,
pulmonary vessels (GP/humans) were pre-constricted with the
ET s-receptor agonist BP0104, as endothelin plays a major role in
PH and ET-receptors are up-regulated [22]. In GPs, PAs and
PVs were pre-constricted with 100 nM and 1 nM BP0104,
respectively and both contracted equally up to 62% of IVA.
Human PAs were pre-constricted with 100 nM BP0104 up to 44%
of IVA, whereas human PVs were pre-constricted with 50 nM
BP0104 up to 38% of IVA. Unlike PCLS, in the IPL the
pulmonary arterial and venous bed cannot be separately treated
with BP0104 and airways also constrict to BP0104. To prevent
bronchoconstriction, a maximal concentration of 20 nM BP0104
was applied which constricted the pulmonary arterial and venous
bed, as indicated by the increase of Ppa, Rpyre and Ry, (Fig. 3A—
(). Our results are in line with findings in porcine vessels [23] and
once again exemplify the differences between the pulmonary
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arterial and venous bed, that are known with regard to adrenergic
agents [17] endothelial NO-synthesis [24] or histamine and 5-HT
[25].

Milrinone Relaxes Pulmonary Veins in GPs" and Humans'
Lung Tissue

Our data reveal that milrinone relaxes the pulmonary arterial
and venous vascular bed: 1) In PCLS, milrinone relaxed naive
PVs, as well as pre-constricted PAs/PVs from central parts of the
GP lung. 2) The value of this relaxation for PVR was confirmed in
the IPL which allows determining the segmental vascular
resistances of the lung by the double occlusion method; e.g.
milrinone lowered the BPO104-induced increase of Ppa, R, and
Rpos- Reduction of Ry is of major clinical importance for PH
due to left heart disease, as small PVs contributing to PVR also
relax to milrinone. 3) Finally, the clinical relevance of milrinone-
induced relaxation was confirmed in pre-constricted PAs/PVs
from the peripheral human lung. - By the majority, milrinone-
induced relaxation depends on pre-constriction; e.g. human PAs/
PVs and GPs’ PAs. In contrast, GPs’ PVs relaxed unless being pre-
constricted. On the other side, milrinone also affected the tone of
naive PAs, as it prevented the contractile effect of epinephrine. In
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a previous work [21] we showed that basal cAMP-levels are equal
in naive PAs/PVs from GPs and hence not responsible for the
different relaxant response of PAs/PVs from GPs. Another idea
suggests that GPs” PVs dispose of a certain resting tone. This is
supported by the fact that similar constriction of GPs’ PAs and PVs
by BP0104 or U46619 (data not shown) requires lower concen-
trations in PVs than in PAs. We addressed this issue in the past
[21] and illustrated that Ca**-sensitization contributes to maintain
this resting tone. However, this resting tone appears to be not
applicable for the entire pulmonary venous bed of the GP. This is
concluded from our experiments with the IPL, where milrinone
only reduced Ry, after the increase of the PVR by BP0104.
Finally, this means that smaller PVs do not dispose of a resting
tone, but require pre-constriction to relax to milrinone. Probably,
these differences might be explained by the distinct behaviour of
the differential segments of the pulmonary venous bed, as it was
shown for the endothelial NO-release of the feline pulmonary
arterial bed [26]. Further differences exist also between pulmonary
vessels from GPs and humans; e.g. pre-constricted human PAs/
PVs relaxed comparably to milrinone, but human PAs relaxed
stronger than those from GPs. Aside higher basal cAMP-levels in
human PAs versus PVs, the different degrees of pre-constriction of
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PAs/PVs from both species might also contribute to this
observation. In comparison: human PAs were stronger pre-
constricted than those from GPs. However, PVs from humans and
GPs did not differ in their relaxant response to milrinone, although
pre-constriction was different in both species. Next to possible
interspecies differences, one should consider that GPs” pulmonary
vessels were obtained from the central part of the lung, whereas
human pulmonary vessels were derived from the periphery.
Hence, different vessels sizes were studied. This issue might also
explain the distinct behaviour of GPs’ and humans’ PAs to
milrinone, as was shown for various contractile and relaxant
stimuli in pulmonary vessels of sheep [27].

Mechanisms of Milrinone-induced Pulmonary Venous
Relaxation

Milrinone relaxed pulmonary vessels from humans and GPs.
Due to the limited access to human tissue and because lung tissue
from GPs has been shown to mimic human tissue well [15,16], we
investigated the relaxant mechanisms of milrinone in GPs” PVs.
Milrinone relaxed naive PVs by the activation of cAMP and PKA.
This is in line with its action as a PDE-III-inhibitor and with the
ubiquitous expression of PDE-III in the heart and lung [28]. These
findings are also consistent with results from pulmonary or
mesenteric arteries [8,29]. Somewhat surprisingly, in PVs with and
without pre-constriction, PKG-production also contributed to the
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relaxant effect of milrinone, although inhibition of NO-synthesis
was without impact. Similar findings were reported by van der
Zypp [30] and Kauffman [31] who found that PKG and cGMP
contributed to milrinone-induced relaxation in rat aortas, even if
the endothelium was denuded. Therefore we propose that the
milrinone-induced PKG-generation might be based on a cross-talk
between cAMP/PKA- and cGMP/PKG-signaling, which occurs
on different levels [32-35]. This is corroborated by the observation
that K'T' 5720 was less effective than SQ 22536 in reducing the
relaxant effect of milrinone and suggests the production of other
relaxant mediators downstream of cAMP such as PKG. In a
previous work [21] we demonstrated that the Ca**-sensitizer
levosimendan, which exhibits also PDE-III-inhibiting properties,
enhances intracellular cGMP and relaxes PKG-dependent pul-
monary vessels, although inhibition of NO-synthesis by L-NAME
or inhibition of guanylyl cyclase by ODQ did not influence
levosimendan-induced relaxation. In addition, at high concentra-
tions, milrinone inhibits also PDE-V, and further, PDE-III does
hydrolyse not only cAMP but also cGMP. Both mechanisms might
contribute to the role of PKG in milrinone-induced relaxation
[36].

The second messengers cAMP and ¢cGMP together with their
downstream kinases PKA and PKG are involved in various
intracellular processes leading to the relaxation of vascular smooth
muscle cells; e.g. cAAMP/PKA promote relaxation by activation of
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myosin light chain phosphatase (MLCP) [37] and by inhibition of
myosin light chain kinase (MLCK) [34], whereas PKG activates
MLCP [34]. Further, cAMP/PKA and ¢cGMP/PKG stimulate
potassium channels [38] leading to cell membrane hyperpolarisa-
tion and to reduced cytosolic Ca*™-influx via voltage-operated
Ca®"-channels (VOCC) [39]. As a consequence, low cytosolic
Ca** levels promote vasorelaxation by prevention of MLCK-
activation [38]. It is therefore important that the pulmonary
venous relaxant effects of milrinone appear to be mediated by the
activation of potassium channels, namely Ksp-, BKC.(,Q*'— and K-
channels. The three primary K'-channels appear to be of differing
significance, because blocking of Karp- and BK .2 -channels
strongly attenuated milrinone-induced relaxation, whereas block-
ing of K -channels provoked a right-shift of the concentration-
response curve to higher EC5, values. Of note, in particular K-
channels are known to play a dominant role in the regulation of
the pulmonary venous tone [21,40]. Investigations in hypertensive
pulmonary arteries confirmed the impact of BK(;Z,QJr-Channels for
milrinone-induced relaxation [41], whereas in another study with
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non-pulmonary vessels, K*-channels did not contribute to the
relaxant effect of milrinone [29]. Finally, our results do not only
indicate the relevance of K'-channels for milrinone-induced
pulmonary venous relaxation, but as well demonstrate important
differences between pulmonary and systemic vessels.
Milrinone-induced relaxation was already shown for systemic
veins [42]. However, results from the systemic circulation can’t be
transferred to the pulmonary circulation in general, as both
vascular beds express a remarkable distinct behaviour concerning
the regulation of vascular permeability [43], the response to
hypoxia [44], to cardiovascular agents [45,46], to arachidonic acid
[47], as well as differences in the NO-pathway [48,49]. Therefore,
questions concerning the pulmonary circulation can only be solved
by examining pulmonary vessels themselves. Kato et al. [12]
studied the relaxant effects of milrinone in the pulmonary vascular
bed of the dog using a pulmonary arterial occlusion model. As the
access to the pulmonary venous system is quite difficult,
pulmonary venous pressures were calculated indirectly from the
pulmonary capillary wedge pressure (PCWP). However, the
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PCWP reflects the left atrial pressure [50] or the pressure in large
PVs [51], but not in small PVs, which are aside small pulmonary
arteries mainly responsible for an increase in pulmonary vascular
resistance [13,52]. Isolated vessel preparations, isolated perfused
lung models or the investigation of PVs in precision-cut lung slices
represent a more appropriate approach to study the response of
small PVs.

In this study, milrinone effectively relaxed human small PVs at
concentrations of 1 uM which are consistent with plasma levels of
0.97-1.6 uM in men [53,54]. Human and GPs’ pulmonary vessels
were derived from healthy lungs, not from those with PH. To
mimic the pathology of PH, pulmonary vessels of both species
were pre-constricted with the ETs-receptor agonist BP0104. In
some experiments NO-synthesis was also inhibited (L-NAME), to
model another feature of PH [55]. In the IPL, we showed that
milrinone effectively lowers the postcapillary resistance. From our
studies we conclude that pulmonary venous relaxation likely
contributes to the successful use of milrinone in PH associated to

References

1. Adir Y, Offer A (2012) Pulmonary hypertension associated with left heart
disease. Eur Respir Monogr 57: 119-137.

2. McLaughlin VV, Archer SL, Badesch DB, Barst R], Farber HW, et al. (2009)
ACCF/AHA 2009 expert consensus document on pulmonary hypertension a
report of the American College of Cardiology Foundation Task Force on Expert
Consensus Documents and the American Heart Association developed in
collaboration with the American College of Chest Physicians; American
Thoracic Society, Inc.; and the Pulmonary Hypertension Association. J Am
Coll Cardiol 53: 1573-1619. S0735-1097(09)00142-9 [pii];10.1016/
j-jacc.2009.01.004 [doi].

3. Dadfarmay S, Berkowitz R, Kim B, Manchikalapudi RB (2010) Differentiating
pulmonary arterial and pulmonary venous hypertension and the implications for
therapy. Congest Heart Fail 16: 287-291. 10.1111/j.1751-7133.2010.00192.x
[doi].

4. Guazzi M, Galie N (2012) Pulmonary hypertension in left heart disease. Eur
Respir Rev 21: 338-346. 21/126/338 [pii];10.1183/09059180.00004612 [doi].

5. Price LC, Wort SJ, Finney SJ, Marino PS, Brett SJ (2010) Pulmonary vascular
and right ventricular dysfunction in adult critical care: current and emerging
options for management: a systematic literature review. Crit Care 14: R169.
cc9264 [pii];10.1186/cc9264 [doi].

6. Nolan J, Sanderson A, Taddei F, Smith S, Muir AL (1992) Acute effects of
intravenous phosphodiesterase inhibition in chronic heart failure: simultancous
pre- and afterload reduction with a single agent. Int J Cardiol 35: 343-349.

7. Hentschel T, Yin N, Riad A, Habbazettl H, Weimann J, et al. (2007) Inhalation
of the phosphodiesterase-3 inhibitor milrinone attenuates pulmonary hyperten-
sion in a rat model of congestive heart failure. Anesthesiology 106: 124-131.
00000542-200701000-00021 [pii].

8. Lakshminrusimha S, Porta NF, Farrow KN, Chen B, Gugino SF, et al. (2009)
Milrinone enhances relaxation to prostacyclin and iloprost in pulmonary arteries
isolated from lambs with persistent pulmonary hypertension of the newborn.
Pediatr Crit Care Med 10: 106-112.

9. Piamsomboon C, Tanaka KA, Szlam F, Makita T, Huraux C, et al. (2007)
Comparison of relaxation responses to multiple vasodilators in TxA(2)-analog
and endothelin-1-precontracted pulmonary arteries. Acta Anaesthesiol Scand
51: 714-721.

10. Rossing TH, Drazen JM (1986) Effects of milrinone on contractile responses of
guinea pig trachea, lung parenchyma and pulmonary artery. J Pharmacol Exp
Ther 238: 874-879.

11. Wagner RS, Smith CJ, Taylor AM, Rhoades RA (1997) Phosphodiesterase
inhibition improves agonist-induced relaxation of hypertensive pulmonary
arteries. J Pharmacol Exp Ther 282: 1650-1657.

12. Kato R, Sato J, Nishino T (1998) Milrinone decreases both pulmonary arterial
and venous resistances in the hypoxic dog. Br J Anaesth 81: 920-924.

13. Gao Y, Raj JU (2005) Role of veins in regulation of pulmonary circulation.
Am ] Physiol Lung Cell Mol Physiol 288: L213-1.226. 288/2/1213
[pii];10.1152/ajplung.00103.2004 [doi].

14. Zhuang IY, Fung YC, Yen RT (1983) Analysis of blood flow in cat’s lung with
detailed anatomical and elasticity data. J Appl Physiol 55: 1341-1348.

15. Ressmeyer A, Larsson A, Vollmer E, Dahlen S, Uhlig S, et al. (2006)
Characterisation of guinea pig precision-cut lung slices: comparison with human
tissues. Eur Respir J 28: 603-611.

16. Schleputz M, Rieg AD, Sechase S, Spillner J, Perez-Bouza A, et al. (2012)
Neurally Mediated Airway Constriction in Human and Other Species: A
Comparative Study Using Precision-Cut Lung Slices (PCLS). PLoS One 7:
¢47344. 10.1371/journal.pone.0047344 [doi];PONE-D-12-11366 [pii].

PLOS ONE | www.plosone.org

Milrinone Relaxes Pulmonary Veins

left heart disease by reducing the pulmonary venous tone, left-
ventricular wall stress and pulmonary edema. In addition,
milrinone might be a therapeutical option in pulmonary venous
occlusive disease, a subgroup of PH, which primarily affects the
pulmonary venous system.

Acknowledgments

The authors gratefully acknowledge Hanna Czajkowska for excellent
technical assistance and the facility for immunohistochemistry of the IZKF
Aachen for performance of histology.

Author Contributions

Conceived and designed the experiments: ADR SS EV CM. Performed the
experiments: ADR SS EV. Analyzed the data: ADR SS EV CM SU.
Contributed reagents/materials/analysis tools: JWS TS GS. Wrote the
paper: ADR SS APB TB CM GS SU RR EV TS JWS. TB and APB

performed the pathologial examination of the human tissue.

17. Rieg AD, Rossaint R, Uhlig S, Martin C (2011) Cardiovascular agents affect the
tone of pulmonary arteries and veins in precision-cut lung slices. PLoS One 6:
€29698. 10.1371/journal.pone.0029698 [doi];PONE-D-11-15270 [pii].

18. Uhlig S, Wollin L (1994) An improved setup for the isolated perfused rat lung.
J Pharmacol Toxicol Methods 31: 85-94.

19. Atzori L, Bannenberg G, Corriga AM, Moldeus P, Ryrfeldt A (1992) Sulfur
dioxide-induced bronchoconstriction in the isolated perfused and ventilated
guinea-pig lung. Respiration 59: 16-21.

20. Horgan MJ, Pinheiro JM, Malik AB (1991) Mechanism of endothelin-1-induced
pulmonary vasoconstriction. Circ Res 69: 157-164.

21. Rieg AD, Rossaint R, Verjans E, Maihofer NA, Uhlig S, et al. (2013)
Levosimendan relaxes pulmonary arteries and veins in precision-cut lung slices -
The role of Kyrp-channels, cAMP and cGMP. PLoS ONE 8(6): ¢66195 doi:10
1371/journal pone 0066195.

22. Schneider MP, Boesen EL, Pollock DM (2007) Contrasting actions of endothelin
ET(A) and ET(B) receptors in cardiovascular disease. Annu Rev Pharmacol
Toxicol 47: 731-759.

23. Rossi P, Persson B, Boels PJ, Arner A, Weitzberg E, et al. (2008) Endotoxemic
pulmonary hypertension is largely mediated by endothelin-induced venous
constriction. Intensive Care Med 34: 873-880. 10.1007/500134-007-0980-9
[doi].

24. Feletou M, Girard V, Canet E (1995) Different involvement of nitric oxide in
endothelium-dependent relaxation of porcine pulmonary artery and vein:
influence of hypoxia. J Cardiovasc Pharmacol 25: 665-673.

25. Shi W, Wang C, Dandurand R, Eidelman D, Michel R (1998) Differential
responses of pulmonary arteries and veins to histamine and 5-HT in lung
explants of guinea-pigs. Br J Pharmacol 123: 1525-1532.

26. Shirai M, Tkeda S, Min KY, Shimouchi A, Kawaguchi AT, et al. (1999)
Segmental differences in vasodilatation due to basal NO release in in vivo cat
pulmonary vessels. Respir Physiol 116: 159-169.

27. Kemp BK, Smolich JJ, Cocks TM (1997) Evidence for specific regional patterns
of responses to different vasoconstrictors and vasodilators in sheep isolated
pulmonary arteries and veins. Br J Pharmacol 121: 441-450. 10.1038/
57.bjp.0701058 [doi].

28. Boswell-Smith V, Spina D, Page CP (2006) Phosphodiesterase inhibitors.
Br J Pharmacol 147 Suppl 1: $252-5257. 0706495 [pii];10.1038/5j.bjp.0706495
[doi].

29. Taylor MS, Benoit JN (1999) Effect of milrinone on small mesenteric artery
vasoconstriction: role of K(+) channels. Am J Physiol 277: G69-G78.

30. van der Zypp A, Rechtman M, Majewski H (2000) The role of cyclic nucleotides
and calcium in the relaxation produced by amrinone in rat aorta. Gen
Pharmacol 34: 245-253. S0306362300000719 [pii].

31. Kauffman RF, Schenck KW, Utterback BG, Crowe VG, Cohen ML (1987) In
vitro vascular relaxation by new inotropic agents: relationship to phosphodies-
terase inhibition and cyclic nucleotides. J Pharmacol Exp Ther 242: 864-872.

32. Jiang H, Colbran JL, Francis SH, Corbin JD (1992) Direct evidence for cross-
activation of cGMP-dependent protein kinase by cAMP in pig coronary arteries.
J Biol Chem 267: 1015-1019.

33. Kostic TS, Tomic M, Andric SA, Stojilkovic SS (2002) Calcium-independent
and cAMP-dependent modulation of soluble guanylyl cyclase activity by G
protein-coupled receptors in pituitary cells. J Biol Chem 277: 16412-16418.

34. Morgado M, Cairrao E, Santos-Silva AJ, Verde 1 (2012) Cyclic nucleotide-
dependent relaxation pathways in vascular smooth muscle. Cell Mol Life Sci 69:
247-266.

35. Pelligrino DA, Wang Q) (1998) Cyclic nucleotide crosstalk and the regulation of
cerebral vasodilation. Prog Neurobiol 56: 1-18.

January 2014 | Volume 9 | Issue 1 | e87685



36.

37.

38.

39.

40.

41.

44.

46.

Bender AT, Beavo JA (2006) Cyclic nucleotide phosphodiesterases: molecular
regulation to clinical use. Pharmacol Rev 58: 488-520. 58/3/488 [pii];10.1124/
pr.58.3.5 [doi].

Lubomirov LT, Schubert R, Gagov HS, Duridanova DB, Pfitzer G (2006)
Urocortin decreases phosphorylation of MYPT1 and increases the myosin
phosphatase activity via elevation of the intracellular level of cAMP. Biofizika 51:
773-780.

Ko EA, Han J, Jung ID, Park WS (2008) Physiological roles of K+ channels in
vascular smooth muscle cells. J] Smooth Muscle Res 44: 65-81.

Nelson MT, Quayle JM (1995) Physiological roles and properties of potassium
channels in arterial smooth muscle. Am J Physiol 268: C799-C822.
Michelakis ED, Weir EK, Wu X, Nsair A, Waite R, et al. (2001) Potassium
channels regulate tone in rat pulmonary veins. Am J Physiol Lung Cell Mol
Physiol 280: L1138-1L.1147.

Zhu S, White RE, Barman SA (2008) Role of phosphodiesterases in modulation
of BKCa channels in hypertensive pulmonary arterial smooth muscle. Ther Adv

Respir Dis 2: 119-127. 2/3/119 [pii];10.1177/1753465808091327 [doi].

. Muir AL, Nolan J (1991) Modulation of venous tone in heart failure. Am Heart J

121: 1948-1950.

. Kuebler WM, Yang Y, Samapati R, Uhlig S (2010) Vascular barrier regulation

by PAF, ceramide, caveolae, and NO - an intricate signaling network with
discrepant effects in the pulmonary and systemic vasculature. Cell Physiol
Biochem 26: 29-40.

Evans A, Hardie D, Peers C, Mahmoud A (2011) Hypoxic pulmonary
vasoconstriction: mechanisms of oxygen-sensing. Curr Opin Anaesthesiol 24:

13-20.

. Lee TS, Hou X (1995) Comparative vasoactive effects of amrinone on systemic

and pulmonary arteries in rabbits. Chest 108: 1364-1367.

Shaul PW, Muntz KH, Buja LM (1990) Comparison of beta adrenergic receptor
binding characteristics and coupling to adenylate cyclase in rat pulmonary artery
versus aorta. ] Pharmacol Exp Ther 252: 86-92.

PLOS ONE | www.plosone.org

11

47.

48.

49.

50.

51.

52.

53.

Milrinone Relaxes Pulmonary Veins

el-Kashef HA, Catravas JD (1990) Effects of arachidonic acid in the rabbit
pulmonary and systemic vascular beds in vivo. Pharmacology 40: 60-68.
Mclntyre Jr RC, Sheridan B, Agrafojo J, Fullerton DA (1997) Endotoxin
differentially impairs cyclic guanosine monophosphate-mediated relaxation in
the pulmonary and systemic circulations. Crit Care Med 25: 318-323.

Pulido EJ, Shames BD, Fullerton DA, Sheridan BC, Selzman CH, et al. (2000)
Differential inducible nitric oxide synthase expression in systemic and
pulmonary vessels after endotoxin. Am J Physiol Regul Integr Comp Physiol
278: R1232-R1239.

Chaliki HP, Hurrell DG, Nishimura RA, Reinke RA, Appleton CP (2002)
Pulmonary venous pressure: relationship to pulmonary artery, pulmonary
wedge, and left atrial pressure in normal, lightly sedated dogs. Catheter
Cardiovasc Interv 56: 432-438. 10.1002/ccd.10203 [doi].

Montani D, Price L, Dorfmuller P, Achouh L, Jais X, et al. (2009) Pulmonary
veno-occlusive disease. Eur Respir J 33: 189-200.

Raj JU, Ramanathan R, Chen P, Anderson J (1989) Effect of hematocrit on
microvascular pressures in 3- to 5-wk-old rabbit lungs. Am J Physiol 256: H766—
H771.

Baruch L, Patacsil P, Hameed A, Pina I, Loh E (2001) Pharmacodynamic effects
of milrinone with and without a bolus loading infusion. Am Heart J 141: 266
273. S0002-8703(01)07029-6 [pii];10.1067/mh;j.2001.111404 [doi].

. Ramamoorthy C, Anderson GD, Williams GD, Lynn AM (1998) Pharmaco-

kinetics and side effects of milrinone in infants and children after open heart
surgery. Anesth Analg 86: 283-289.

. Christman BW, McPherson CD, Newman JH, King GA, Bernard GR, et al.

(1992) An imbalance between the excretion of thromboxane and prostacyclin
metabolites in pulmonary hypertension. N Engl J] Med 327: 70-75.

. Hourani SM, Boon K, Fooks HM, Prentice DJ (2001) Role of cyclic nucleotides

in vasodilations of the rat thoracic aorta induced by adenosine analogues.

Br J Pharmacol 133: 833-840.

January 2014 | Volume 9 | Issue 1 | e87685



