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Table 1. Postmyocardial infarction cardiomyopathy model

HEART FAILURE PREVENTED BY ACS5 INHIBITOR

Sham (n = 4) Vehicle (n = 4) Ara-A (n = 12) Ara-A + U-0126 (n = 6)
Heart rate, beats/min 386 = 14 517 + 12% 520 + 7 511 =13
LV ejection fraction, % 71.6 £ 1.6 422 + 4.6% 56.9 + 1.8* 47.9 = 1.3}
LV end diastolic diameter, mm 39x02 5.6 =0.1% 4.8 = 0.1* 5.7 = 0.2¢
LV end systolic diameter, mm 26 *02 4.7 = 0.2% 3.6 £0.1 4.6+ 0.1
LV wt/tibial length, mg/mm 51x04 6.6 = 0.3% 7.1%x02 7.0x=03
Lung wt/tibial length, mg/mm 72*03 12.8 £0.7% 10.6 = 0.4* 154 = 0.6%

Values are means = SE; 1, no. of animals. Ara-A, adenine 9-B-D-arabinofuranoside; LV, left ventricular. P < 0.05, Ara-A different from vehicle (*), Ara-A + U-0126

different from Ara-A (), and vehicle different from sham ().

accordance with the Guide for the Care and Use of Laboratory Animals
(National Research Council, revised 2011). This study has been approved
by the University of Medicine and Dentistry Institutional Animal Care
and Use Committee.

AC assay. AC activity was measured by a modification of the
method of Salomon et al. (10), as we previously described (12). When
the AC assays were performed using crude membranes from AC6Tg
mice heart, manganese instead of magnesium was used in the assay
buffer to obtain maximum enzymatic catalytic activity because AC6 is
stimulated more by manganese than by magnesium (16).

Adult cardiac myocytes. Adult cardiac myocytes were isolated from
Langendorff-perfused mouse hearts as previously described (14).
Enzyme solution containing 1 mg/ml collagenase (type II; Worthing-
ton), 0.1 mg/ml protease (type XIV; Sigma), and 10 puM blebbistatin
(Toronto Research Chemicals) was perfused in a heart for 15-20 min
followed by washing. The heart was removed from the perfusion
apparatus and swirled in a culture dish. Ca®>* was gradually added to
the dish until the concentration reached 1 mM. The cells were filtered
with a cell strainer and cultured in DMEM/F-12 medium with 5%
horse serum until used for the cAMP accumulation assay.

[PH]adenine labeling and cAMP accumulation assay. cCAMP ac-
cumulation assays in adult mouse cardiac myocytes were per-
formed as done previously (8). Briefly, cells were incubated with
[*H]adenine (3 pCi/ml) for 3 h, and cells were washed and
pretreated with 20 mM HEPES-balanced serum-free minimum
essential medium containing 0.5 mM 3-isobutyl, 1-methylxanthine.
After preincubation with Ara-A for 10 min, reactions were started
by the addition of 50 uwM of the nonspecific AC agonist forskolin
or 5 uM of the Bi/B2-AR agonist ISO. Ten minutes after the
addition of forskolin or ISO, reactions were terminated by the
addition of 12% (wt/vol) trichloroacetic acid containing 0.25 mM
ATP and 0.25 mM cAMP. The [PH]ATP and [*H]cAMP were
separated with single acidic alumina columns. The cAMP produc-
tion was calculated as [*H]cAMP/([*H]cAMP + [*H]ATP) X 10*.

ISO challenge. Mice were anesthetized with 2.5% tribromoethanol
(0.015 ml/g body wt) injected intraperitoneally, and echocardiography
was performed. For acute injection of ISO, a PE-10 catheter was
inserted in the right jugular vein, and an ISO solution was injected at
the rate of 1 pl/s. For ISO challenge experiments, Ara-A, metoprolol,
or their vehicle was administered by miniosmotic pumps from 7 days
before the experiment, in a dose 15 and 5 mgkg™!-day™?, respec-
tively.

Histological analyses. Heart specimens were fixed with formalin,
embedded in paraffin, and sectioned at 6-pwm thickness. Interstitial
fibrosis was evaluated by picric acid Sirius red staining and ImagePro-
Plus software analysis, as previously described (4, 10).

Western blotting. Western blotting in tissue lysate from the viable
region of the left ventricle (LV) was conducted with commercially
available antibodies against the phosphorylated form and total MEK
or ERK (Cell Signaling). Western blotting was performed as previ-
ously described (8).

Data and statistical analysis. All data are reported as means * SE.
Statistical comparisons were calculated using a Student’s r-test and
ANOVA with Newman-Keuls post hoc comparison test. The groups

passed the normality test and had similar variation. In addition, the
Mann-Whitney test confirmed the results from the r-test for the critical
data points, e.g., responses of LV ejection fraction (LVEF). Survival
curves were compared using the log-rank test and Kaplan-Meier
survival analysis. P values of <0.05 were considered significant.

RESULTS

ACS inhibition decreases cAMP production in the heart. The
hearts of AC5Tg mice showed a 10-fold increase in cardiac
membrane AC activity using forskolin, indicating that AC5 rep-
resented most of the AC activity in the AC5Tg heart, in contrast
to the wild-type (WT) or AC6Tg heart, where ACS expression
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Fig. 3. Ara-A protects against postmyocardial infarction (MI) cardiomyopathy.
WT C57BV/6 mice after permanent coronary artery occlusion (CAO). A: follow
up for 21 days. Kaplan-Meier graph of post-MI animals treated with Ara-A,
Ara-A + U-0126, or vehicle. Ara-A enhanced the survival post-MI in WT
C57Bl/6 mice. Log-rank test: *P < 0.05 vs. Ara-A, n = 16 animals/group (B)
in survivors from experiment in A; LVEF was improved by Ara-A (Ara-A,
n = 12; Ara-A + U-0126, n = 5; and vehicle, n = 4). U-0126 blocked the
protective effects of Ara-A in terms of mortality and LVEF (A and B). t-Test:
*P < 0.05 vs. Ara-A; TP < 0.05 vs. vehicle, Ara-A, or Ara-A + U-0126.
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represented a relatively minor fraction of total AC. AC5KO mice
showed, as expected, the null ACS5 expression (9). When cardiac
membrane preparations were used, Ara-A reduced cAMP produc-
tion much more in AC5Tg than in WT, and not in AC5SKO (Fig. 1,
A and B). When cultured adult cardiac myocytes were used,
Ara-A also demonstrated more effective inhibition in AC5Tg than
in WT (Fig. 1, C and D). We found that the inhibitory effect was
similar in WT and AC6Tg, but significantly less than observed in
ACS5Tg. These data suggest that Ara-A inhibits AC5, more than
ACS6, in the heart.

Ara-A attenuates contractile response to 3-AR stimulation in
ACS5Tg, but little in WT. ISO was administered in mice. Ara-A
did not reduce baseline LV function and reduced ISO-in-
creased LVEF only slightly (Fig. 24) in WT mice. In contrast,
metoprolol depressed LV function significantly and essentially
eliminated the inotropic effects of ISO challenge (Fig. 2A). In
ACS5Tg mice, the acute ISO challenge increased LVEF even
more in the vehicle group, but this increased inotropic effect
was not observed in the Ara-A group (Fig. 2B). Thus, the
ability of Ara-A to block the inotropic effects of ISO is obvious
only when ACS is overexpressed. The response to ISO chal-
lenge in the AC6Tg group was similar to vehicle (Fig. 2C),
similarly to the WT group response, further indicating the
selectivity of Ara-A for AC5 (Fig. 2, A-D). Therefore, in
contrast to metoprolol, Ara-A did not act as a B-AR blocker,
i.e., did not depress cardiac function and did not eliminate the
inotropic effects of ISO.

Ara-A attenuates the progression of postmyocardial infarc-
tion HF. Next, we examined the extent to which Ara-A amelio-
rated postmyocardial infarction (MI) cardiomyopathy. The

A Vehicle

H2625

post-MI cardiomyopathy model was induced by permanent liga-
tion of the left anterior descending coronary artery, which results
in an infarct size of 30—-40% of the LV (data not shown). In this
model, the LVEF was reduced significantly (P < 0.05, 42.2%)
compared with sham (71.6%), whereas the LV end-diastolic
diameter was increased (P < 0.05) from 3.9 in the sham to 5.6
mm in the vehicle-treated post-MI cardiomyopathy group. Lung
weight/tibial length, which is an indicator of HF, was increased,
P < 0.05, in the post-MI cardiomyopathy group (12.8) compared
with the sham group (7.2) (Table 1). Ara-A improved LVEF by
38% and reduced LV diastolic end-diastolic diameter by 14%
compared with the vehicle group (Fig. 3B and Table 1). Ara-A
also significantly improved survival rate compared with vehicle
(P < 0.05, log-rank test) (Fig. 3A), and reduced, P < 0.05,
intestinal fibrosis (Fig. 4, A and B). At autopsy, the cause of death
in the mice that died was either due to cardiac rupture or HF.

MEK-ERK pathway mediates the salutary effects of Ara-A.
Administration of Ara-A increased the phosphorylation of
MEK, ERKI1, and ERK2 in WT mouse hearts (Fig. 5A) and in
the post-MI cardiomyopathy model (Fig. 5B). U-0126, a MEK
inhibitor, inhibited basal and Ara-A-induced ERK phosphory-
lation, suggesting that U-0126 indeed inhibits ERK signaling
in the heart in vivo, and Ara-A activates ERK via MEK
phosphorylation. U-0126 inhibited activity of MEK, but not
phosphorylation itself, which is consistent with a previous
report by Favata et al. (4). We found that U-0126 abolished the
salutary effects of Ara-A in terms of survival (Fig. 3A),
preservation of LV function (Fig. 3B), and histological evi-
dence of fibrosis (Fig. 4, A and B).
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Fig. 4. Ara-A protects against cardiac fibrosis post-MI. WT C57Bl/6 mice after permanent CAO. A: representative images of fibrosis adjacent to infarcted
myocardium with picric acid Sirius red (PASR) staining from animals treated with vehicle or Ara-A; n = 16 animals/group. B: fibrosis was increased post-MI
both adjacent and remote from the infarcted area and was partially protected by Ara-A. U-0126 blocked this protection with Ara-A; vehicle group, n = 4; Ara-A
group, n = 10; and Ara-A + U-0126, n = 6 animals. t-Test: *P < 0.05 vs. vehicle; TP < 0.05 vs. Ara-A within the respective zone (either adjacent or remote).
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kinase (MEK)/extracellular signal-regulated ki-
nase (ERK) signaling is activated by Ara-A.
A: Western blot analyses showed that Ara-A
increased phosphorylation of MEK and ERK in
the mice hearts with chronic infusion of Ara-A
for 6 days. Control mice did not undergo any
pump implantation. B: animals treated with ve-
hicle, Ara-A, and Ara-A + U-0126 post-MI -
and sham were evaluated for MEK/ERK acti- PMEK
vation by Western blot. Ara-A increased ERK 4 1
phosphorylation, which was inhibited by
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Ara-A preserves cardiac function with chronic catechol-
amine stress. We next examined whether the AC5 inhibitor,
Ara-A, attenuates cardiac dysfunction induced by excessive
catecholamine stress with chronic ISO infusion. Survival rate
during chronic ISO infusion was higher in the Ara-A group
than in the vehicle group (P < 0.05, log-rank test) (Fig. 6A).
Ara-A showed preserved contractile function as measured by
LVEF (Fig. 6B), suggesting that Ara-A protects against ISO-
induced cardiac dysfunction. These data indicate that Ara-A
retards the progression of ISO-induced cardiomyopathy.

DISCUSSION

There are many discoveries in genetically altered mice that
cannot be applied clinically, since there is no pharmacological
counterpart that can be given to animals or patients with
cardiovascular disease. The major finding of this investigation
is that a drug, which has been commercially available for
decades, but only as an anti-viral agent, has potent and selec-
tive AC5 inhibitory properties and that this drug ameliorates
the progression of cardiomyopathy in animals induced with
either chronic ISO or MI. With both interventions, Ara-A
demonstrated increased survival, preserved contractile dys-
function, and reduced cardiac interstitial fibrosis.

First, it was important to demonstrate that Ara-A impairs
ACS activity selectively, both in vitro and in vivo. AC5Tg
showed enhanced cAMP production compared with WT, and
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1. Vehicle 3. Ara-A+U0126
2. Ara-A 4, U0126

BAra-A  EAra-A+U0126 ®U0126

Ratio of Phosphorylated form/total protein

the effects of Ara-A were greater in AC5Tg than that either in
WT or in AC6Tg, which represents the other major AC
isoform in the heart, indicating a high selectivity for ACS5. This
was supported by the data showing that Ara-A does not inhibit
c¢AMP production in AC5KO and inhibits cAMP almost iden-
tically in AC6Tg and WT. We also examined this inhibitor in
vivo and demonstrated in parallel experiments that Ara-A
reduced ISO-stimulated LVEF more in AC5Tg than WT, and
reduced the ISO response minimally in AC6Tg, similar to that
in WT. If Ara-A was a nonselective AC inhibitor, then it
should have shown enhanced AC inhibition with overex-
pressed AC6 as it did with overexpressed ACS. However,
although we demonstrated relatively specific selectivity for
ACS, and the MEK/ERK pathway, this does not mean that the
inhibitor may also have other actions as well.

One could argue that Ara-A exerts its beneficial effect in
ameliorating the extent of HF, simply acting as another 3-AR
blocker, rather than specifically on ACS, since ACS5 is involved
in B-AR signal transduction. We do not subscribe to this view
for several reasons. First, Ara-A reduced cAMP production
relatively modestly in response to ISO in WT mice in vitro and
in vivo, particularly compared with the effects of metoprolol,
which essentially abolished the inotropic response to ISO.
Ara-A inhibited the inotropic response to ISO significantly
only in the presence of elevated ACS, as in the AC5Tg, which
was still less of a negative inotropic effect than metoprolol.
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Fig. 6. ACS5 inhibition attenuates chronic ISO-induced heart failure (HF). WT
C57BV/6 mice for 7 days of ISO infusion. A: Ara-A increased the survival rate
during the period of chronic ISO infusion; n = 32 for ISO and n = 18 for the
ISO + Ara-A group. B: Ara-A prevented LVEF dysfunction induced by chronic
ISO; ISO, n = 28; ISO + Ara-A, n = 16 and vehicle, n = 4. t-Test: *P < 0.05
vs. vehicle or vs. Ara-A + ISO.

Furthermore, the AC5 KO mouse does not show a decreased
heart rate and only minimally reduced LV function (7), which
is not consistent with the actions of a -blocker. In support of
this, heart rate was not lower in animals with chronic MI
treated with Ara-A (Table 1).

Ara-A was previously found to inhibit AC5 activity by the
computer-based drug screening system, and its inhibition was
confirmed in in vitro AC assays (8). The major finding of the
current investigation was to demonstrate that pretreatment with
this drug ameliorated the development of HF through the
MEK-ERK pathway. Thus, an anti-herpes viral drug could be
used in the treatment of HF through mechanisms that have
never been considered previously, i.e., inhibition of ACS.
Because the animals that died after the intervention most likely
suffered more severe LV dysfunction, and more animals died
without treatment, then it could be argued that the salutary
effects of Ara-A with both chronic ISO and post-MI may be
underestimated since the mortality was also reduced.

It is important to point out that the cellular mechanism
mediating the beneficial effects of Ara-A does not involve
simple B-AR blockade, but rather involves MEK-ERK signal-
ing. The link between reduced AC5 as in the AC5KO mouse
and the increase in Raf-1-MEK-ERK signaling was elucidated
in a prior study from our laboratory demonstrating that, in the
AC5KO mouse, this pathway was involved in enhanced lon-
gevity in this mouse model (15). The current investigation

H2627

demonstrates that the MEK-ERK pathway is also involved in
the protection afforded in the heart by Ara-A during the
development of HF and cardiac remodeling induced by MI, as
evidenced by the increase in MEK-ERK signaling with Ara-A
and the blockade of the salutary effects of the ACS5 inhibition
with the MEK inhibitor U-0126.

It is well recognized that acutely administered ISO improves
LV function, whereas chronic ISO induces LV dysfunction and
eventually HF along with increased mortality (1, 14). Ara-A
also preserved cardiac function and reduced mortality with
chronic ISO in the current study. Thus, it is tempting to
speculate that pharmacological inhibition of AC5 could en-
hance survival in HF patients and preserve their cardiac func-
tion.

An underlying assumption of the current study is that the
induction of HF, either by chronic ISO or chronic MI, induces
upregulation of ACS in the heart. Indeed this was found in a prior
study in the chronic ISO model (9). This was more difficult to
demonstrate in the chronic MI model in the mouse, since there is
so little salvaged myocardium adjacent to the infarct. Accord-
ingly, we examined a rat model of chronic MI and analyzed AC5
protein content, using a specific AC5 antibody (5), in myocardial
samples, both adjacent and remote to the infarct. The upregulation
of ACS in the remote zone was only modest, but was more
striking in the adjacent tissue (Fig. 7).

In summary, ACS5 inhibition with Ara-A could be a new
approach to the treatment of HF. In addition to its favorable
action on halting the progression to HF due to cardiomyopathy
following either permanent CAO or chronic ISO, it exerts little
cardiac depression, potentially making the drug more tolerable
for patients with compromised cardiac function. Importantly,
since the drug studied is already FDA approved, the time from
bench to bedside may be accelerated.
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Fig. 7. ACS protein levels are increased adjacent to infarct. Western blotting
demonstrated that ACS5 protein levels, assessed with a specific ACS antibody
(5), were significantly upregulated adjacent to the infarct in the chronic CAO
model and less so in the remote zone. In this experiment, we used a rat model
because there was not enough tissue adjacent to the infarct in the mouse
chronic MI model. *P < 0.05 from sham; TP < 0.05 from remote.
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Inhibition of Phosphodiesterase Type 3 Dilates the Rat
Ductus Arteriosus Without Inducing Intimal Thickening

Yasuhiro Ichikawa, MD; Utako Yokoyama, MD, PhD; Mari Iwamoto, MD, PhD;
Jin Oshikawa, MD, PhD; Satoshi Okumura, MD, PhD; Motohiko Sato, MD, PhD;
Shumpei Yokota, MD, PhD; Munetaka Masuda, MD, PhD;

Toshihide Asou, MD, PhD; Yoshihiro Ishikawa, MD, PhD

Background: Prostaglandin E1 (PGE:1), via cAMP, dilates the ductus arteriosus (DA). For patients with DA-depen-
dent congenital heant disease (CHD), PGE: is the sole DA dilator that is used until surgery, but PGE: has a short
duration of action, and frequently induces apnea. Most importantly, PGE1 increases hyaluronan (HA) production,
leading to intimal thickening (IT) and eventually DA stenosis after long-term use. The purpose of this study was
therefore to investigate potential DA dilators, such as phosphodiesterase 3 (PDE3) inhibitors, as altematives to
PGE:.

Methods and Results: Expression of PDE3a and PDE3b mRNAs in rat DA tissue was higher than in the pulmonary
artery. l.p. milrinone (10 or 1 mg/kg) or olprinone (5 or 0.5mg/kg) induced maximal dilatation of the DA lasting for up
to 2h in rat neonates. In contrast, vasodilation induced by PGE1 (10ug/kg) was diminished within 2h. No respira-
tory distress was observed with milrinone or olprincne. Most important, milrinone did not induce HA production, cell
migration, or proliferation when applied to cultured rat DA smooth muscle cells. Further, high expression of both
PDE3a and PDE3b was demonstrated in the human DA tissue of CHD patients.

Conclusions: Because PDE3 inhibitors induced longer-lasting vasodilation without causing apnea or HA-mediated
IT, they may be good altematives to PGE: for patients with DA-dependent CHD. (Circ J 2012; 76: 2456—-2464)

ORIGINAL ARTICLE
Pediatric Cardiology and Adult Congenital Heart Disease
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he ductus arteriosus (DA), the fetal arterial connection
between the pulmonary artery (PA) and the descend-
ing aorta, is essential to maintain fetal life in utero.

The DA closes after birth by 2 different mechanisms: vaso- -

constriction and intimal thickening (IT).'~! During the first few
hours after birth, acute vasoconstriction occurs as a result of
smooth muscle contraction in the DA. This is triggered by
increased oxygen tension, due to the initiation of spontaneous
breathing, and decreased circulating prostaglandin Ez (PGEz),
due to disconnection from the placenta.? This functional vaso-
constriction, however, must be preceded by IT of the DA,
because vascular remodeling, including IT, is critical for ana-
tomical closure of the DA.

The IT of the DA is a result of many cellular processes, such
as an increase in smooth muscle cell (SMC) migration and
proliferation, the production of hyaluronan (HA) under the

endothelial layer, and decreased elastin fiber assembly.'*+ We
have previously demonstrated that PGEs promoted HA pro-
duction via cAMP/protein kinase A and subsequent SMC mi-
gration, resulting in IT of the DA during the late gestational
period.!*5 In patients with DA-dependent congenital heart
disease (CHD), such as pulmonary atresia with intact ventricu-
lar septum or arch anomalies (coarctation of aorta or interrup-
tion of aortic arch), however, patent DA after birth is essential
for survival,

PGE: is widely used to keep the DA open because it in-
creases intracellular cAMP and thus dilates the DA. But PGE:
induces HA-mediated IT and thus DA stenosis after prolonged
use.® The fact that it induces only a very short duration of va-
sodilation, together with its severe adverse effects, such as
apnea, respiratory distress, and hypotension, present addition-
al problems, making it difficult for some patients with CHD to
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continue the use of PGE: until surgery. As such, possible al-
ternatives to PGE:1 need to be investigated.

Phosphodiesterases (PDEs), which catalyze the hydrolysis
of cAMP/cGMP, constitute a superfamily of at least 11 gene
families (PDE1-PDE11).” The 2 PDE3 subfamilies, PDE3A
and PDE3B, are encoded by closely related genes,? and both
hydrolyze cAMP. PDES3 inhibitors have been approved by the
US Food and Drug Administration (FDA) for use as vasodila-
tors as well as in heart failure. Two of these are milrinone and
olprinone, which are widely used to treat heart failure®!2 and
persistent pulmonary hypertension in neonates.!3! Previous
studies have shown that the PDE3 inhibitors milrinone, amri-
none, and cilostazol counteract indomethacin-induced DA con-
traction.!>'¢ Thus, PDE3 inhibitors alone may be sufficient to
dilate the DA. Nevertheless, it remains undetermined whether
they induce IT, which is a major problem with PGE;, via HA
production, cell migration, or cell proliferation. In the current
study, we investigated the role of PDE3 inhibitors in DA vas-
cular remodeling and vasodilation with a view to their poten-
tial use as alternatives to the current PGE therapy.

Methods

Animals and Materials

Timed pregnant Wistar rats were purchased from Japan SLC
(Hamamatsu, Japan). All animal studies were approved by the
institutional animal care and use committees of Yokohama City
University. Milrinone, platelet derived growth factor-BB (PDGF-
BB), 3-[4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bro-
mide (MTT), trichloroacetic acid, and 10% buffered formalin
were obtained from Wako (Osaka, Japan). Olprinone, cilostazol,
rolipram, PGE:, PGEz, elastase type II, trypsin inhibitor, bovine
serum albumin V, poly-L-lysine, penicillin-streptomycin solu-
tion, acetic anhydride, triethylamine, Dulbecco’s modified Eagle’s
medium (DMEM), and Hank’s balanced salt solution (HBSS)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Collagenase II was purchased from Worthington Biochemical
(Lakewood, NJ, USA). Collagenase/dispase was purchased from
Roche Diagnostics (Tokyo, Japan). Fetal bovine serum (FBS)
was purchased from Equitech-Bio (Kerrville, TX, USA).

Primary Culture of Rat SMCs

Vascular SMCs in primary culture were obtained from the
DA (DASMCs), the aorta (ASMCs), and the PAs (PASMCs)
of Wistar rats on the 21# day of gestation. Isolation of
DASMCs and ASMCs has been described previously.!” To
obtain PASMCs, the branch extralobular PAs were dissected,
cleaned from adherent tissue, and cut into small pieces. The
tissues were transferred to a 1.5-ml centrifuge tube that con-
tained 800 pl of collagenase-dispase enzyme mixture (1.5 mg/ml
collagenase-dispase, 0.5 mg/ml of elastase type II-A, 1 mg/ml
of trypsin inhibitor type I-S, and 2 mg/ml! of bovine serum al-
bumin fraction V in HBSS). Digestion was carried out at 37°C
for 15min. Cell suspensions were then centrifuged, and the
medium was changed to a collagenase Il enzyme mixture
(1 mg/ml collagenase 1I, 0.3 mg/ml trypsin inhibitor type I-S,
and 2mg/ml bovine serum albumin fraction V in HBSS). After
12 min of incubation at 37°C, cell suspensions were transferred
to growth medium in 35-mm poly-L-lysine-coated dishes in a
moist tissue culture incubator at 37°C in 5% C02-95% ambi-
ent mixed air. The growth medium contained DMEM with
10% FBS, 100 U/ml penicillin, and 100mg/ml streptomycin.
We confirmed that >99% of cells were positive for a-smooth
muscle actin and exhibited typical hill-and-valley morpholo-
gy. Expression of PDE3, prostaglandin E receptor EP4 (EP4),

2457
Tahls. Patlent Characteristics
o opoation Diagnosis
1 0 days Asplenia, PA, TAPVD, CA, SV
2 1 day Asplenta, CoA, CA, SV
3 2 days IAA, Aorticopulmonary window
4 2 days CoA, VSD
5 3 days TGA, CoA
6 4 days "~ CoA,VSD
7 13 days CoA, VSD
8 1 month HypolV, CoA, VSD

CA, common atrium; CoA, coarctation of the aorta; hypolV, hypo-
plastic left ventricle; IAA, interruption of aortic arch; PA, pulmonary
atresla; SV, single ventricle; TAPVD, total anomalous pulmonary
venous drainage; TGA, transposition of the great arteries; VSD,
ventricular septal defect.

and prostacyclin (IP) receptor mRNAs in DASMCs, ASMCs,
and PASMC:s is shown in Figure S1.

Human Tissue From CHD Patients

We obtained 8 neonatal DAs and adjacent aortas during car-
diac surgery in children between 0 days and 1 month of age.
All excised tissue was fixed in 4% paraformaldehyde within
3h. The DA tissues were obtained from the Yokohama City
University Hospital and Kanagawa Children’s Medical Cen-
ter. The study was approved by the human subject committees
at both Yokohama City University and Kanagawa Children’s
Medical Center. Detailed patient information is summarized
in Table.

RNA Isolation and Quantitative Reverse Transcription-
Polymerase Chaln Reaction (RT-PCR)

Pooled vascular tissues were obtained from Wistar rats on the
21# day of gestation. After excision, tissues were frozen in
liquid nitrogen and stored at —80°C. The total RNA was iso-
lated from the tissues using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruc-
tions and from the cultures using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The primers were designed based on the
rat nucleotide sequences of PDE3a (NM_017337) (5’-CGC
CTG AGA AGA AGT TTG C-3’ and 5’-AGA CAG CAT
AGG ACG AAG TGA AG-3’), PDE3b (NM_017229.1) (5'-
TCC AAA GCA GAG GTC ATC ATC-3’ and 5’-GTA TCA
AGA AAT CCT ACG GGT GA-3"), EP4 (NR_032076.3)
(5’-CTC GTG GTG CGA GTG TTC AT-3’ and 5’-AAG
CAA TTC TGA TGG CCT GC-3’), and IP (NM_00177644.1)
(5’-GGG CAC GAG AGG ATG AAG-3’ and 5'-GGG CAC
ACA GAC AAC ACA AC-3’). RT-PCR was performed using
a PrimeScript RT reagent Kit (TaKaRa Bio, Tokyo, Japan)
and real-time PCR was performed using SYBR Green (Ap-
plied Biosystems, Foster City, CA, USA). The abundance of
each gene was determined relative to that in 18S ribosomal
RNA. .

Rapid Whole-Body Freezing Msthod

To study the in situ morphology and inner diameter of the
neonatal DA, a rapid whole-body freezing method was used
as previously described.? Fetuses on the 21# day of gestation
were delivered by cesarean section, and immediately after birth
i.p. injections of milrinone (10mg/kg, 1 mg/kg, 0.1 mg/kg), ol-
prinone (5 mg/kg, 0.5 mg/kg, 0.05 mg/kg), or PGE: (10 ug/kg)
were given. The rat pups were frozen in liquid nitrogen at 0,
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Figure 1. Quantitative reverse transcription-polymerase chain reaction {RT-PCR) of PDE3a, PDE3b, and EP4 in rat ductus arte-
riosus (DA), aorla, and pulmonary artery (PA) tissue on the 21% day of gestation. n=4-5. *P<0.05; **P<0.01; ***P<0.001. PDE,
phosphodiesterase; NS, not significant.
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Figure 2. Effects of milrinone and clprinone on vasodilation of the ductus arteriosus (DA) as observed using the rapid whole-body
freezing method. (A) Prostaglandin E1 (PGE+; 10ug/kg)-induced dilation of rat DA (n=4-8). {B) Vasodilatory effect of milrinone on
rat DA. Ral neonales were injected i.p. with milinone (n=4-6). (C) Representative images of rat DAs treated with 10mg/kg of
milrinone or saling {contrel) for 2h using the whole-body freezing method (arrow). (D) Vasodilatory effect of milrinone on rat DA,
Rat neonates were injected L.p. with olprinone {n=4-8). (E) Representative images of rat DAs treated with Smg/kg of olprinone or
control for 2h using the whole-body freezing method (arrow). (F) Milrinone or olprinone dilated DA in a dose-dependent manner.
Vasodilatory effects of phosphodiesterase 3 (PDE3) inhibitors were examined 2h after injection (n=4-6). ***P<0.001 and NS vs.
control. NS, not significant. R

Cirgulation Journal  Vol.76, October 2012



PDE3 Inhibitors Dilate the DA Without Remodeling

2459

A

Respiratory rate (breaths/min)

1.5
hours after birth

Injection

Respiratory rate (breaths/min}

20+

<

i1
24 [ 8

T
0 1 2 3 4 § 6

- Control

-+ PGE4

-@- Milrinone 10mgrkg
-0~ Milrinone 1mgfkg
-©- Olprinone 5mgfkg
-0~ Olprinone 0.5mg/kg

-8 Control
4+ PCE,
-@- Milrinone 10mgrkg

-e- Olprinone 5mg/kg Figure 3. Effects of phosphodiester-

ase 3 (PDES3} inhibitors and prosta-
glandin Es (PGE1) on respiratory dis-
tress. (A) Respiratory rate of rat
neonates given each drug immedi-
ately after birth, the same as in
Figure 2 (n=6-9}. (B) Respiratory rate
of rat neonates given each drug 2h

. after birth (n=4). *P<0.05, **P<0.01
Iniection hours after birth and ***P<0.001 vs. control. No mark,
] ) not significant vs. control.
A Ak sk
——— i 1 ¥ i 3
£
[}
&
% 600- EE Control
= E= Milrinone
= 400+
2
= 200-
Q.
'{—(E
10 min 20 min
dedek *dk
= 500+ Figure 4. Milrinone increased cAMP produc-
= tion, but it did not induce hyaluronan (HA)
5 400+ production. (A) Milrinone (10pmol/L) signifi-
= cantly increased cAMP accumulation in duc-
c 300~ tus arteriosus smooth muscle cells (DASMCs;
2 n=4). (B) HA production in SMCs treated with
g rifrinone (10umol/L), cilostazol (10umol/L),
5 200+ rolipram (10pmol/L), prostaglandin (PG)E:
4 {1umol/L), or PGE2 (1umoliL; n=4-6). Cilo-
:' 100+ stazol, phosphodiesterase 3 (PDE3); Rolipram,
- PDE4 inhibitor. **P<0.01 and ***P<0.001 vs.
0 o e W s - control, No mark, not significant vs. control.

Control Milrinone Cilostazol Rolipram PGEs

ASMCs, aortic smooth muscle cells; PASMCs,

PGE2 pulmonary artery smooth muscle cells.

Choulation Jowmal Vol 76, October 2012



2460

ICHIKAWA Y et al.

Migration {relative to control)
Migration {relative to control)

Mitochondrial activity {%)
Mitochondrial activity (%)

PASMC

E&E control
Milrinone
[ PGE«
PDGF-BB

Migration (relative to control)

£ Control
E= Milrinone
1 PGEs

Mitochondrial activity {%)

FBS {-} FBS (+) FBS ()

FBS (+)

Figure 5. Milrinone did not promote migration and proliferation in smooth muscle cells (SMCs). (A) Migration of SMCs treated with
milrinone (10 umol/L), prostaglandin Er (PGE1; 1umol/L), or platelet derived growth factor-BB (PDGF-BB; 10ng/ml) using the Boy-
den chamber method (n=4-5). (B) Proliferation of SMCs treated with milrinone {10 umol/L) or PGE1 {1 umoliL) in the presence of 0
ar 10% fetal bovine serum (FBS) on MTT assay {n=5-8). *P<0.05, *"P<0.01 and ***P<0.001. NS, not significant. ASMCs, aortic
smooth muscle cells; DASMCs, ductus arteriosus smooth muscle cells; PASMCs, pulmonary artery smooth muscle cells.
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0.5, 1,2, 4, 6, 8, and 12h after injection. The frozen thoraxes
were then cut on a microtome, and the inner diameter of each
DA was measured.

Determination of Respiralory Rate

Fetuses on the 21+ day of gestation were delivered by cesar-
ean section, and at 0 or 2h after birth i.p. injections of milri-
none (10mg/kg, 1 mg/kg), olprinone (5mg/kg, 0.5 mg/kg), or
PGE: (10 ug/kg) were given. We measured the respiratory rate
by counting the movements of the rat thorax.

Quantification of HA

The amount of HA in the cell culture supernatant was mea-
sured according to the latex agglutination method as previ-
ously described.’

SMC Migration Assay

The migration assay was performed using 24-well transwell
culture inserts with polycarbonate membranes (8-pm pores;
Corning, Corning, NY, USA) as previously described.” Cells
were stimulated with milrinone (10 gmol/L), PGE; (1 gmol/L),
PDEF-BB (10ng/ml), HA (200ng/ml)}, or milrinone+HA for
3 days.

Gell Proliferation Assay

SMCs were cultured on 24-well plates at 1x105 cells per well
in DMEM supplemented with 10% FBS. After various treat-
ments over 3 days, 500 ul of 1 mg/ml MTT solution was added
to each well and incubated for 2 h. The supernatants were as-
pirated, and the formazan crystals in each well were solubi-

Dirutation Journal

lized with 0.05 mol/L HCI (500 41). Each solution (10041) was
placed in a 96-well plate. SMC proliferation was measured
based on absorbance at 570 nm using a microplate reader.

Immunohistochemistry

Immunohistochemical analysis was performed as previously
described.™'* Rabbit polyclonal anti-PDE3A antibody (sc-20792)
and goat polyclonal anti-PDE3b antibody (sc-11835) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). A color extraction method using BIOREVO bz-9000
(KEYENCE, Osaka, Japan) was performed to quantify the
expression of PDE3s in the DAs and the aortas of patients 1,
4, 5, and 8 (Table). Eighteen fields in the smooth muscle layer
of the DA and the aorta respectively were examined in 4 cases.
On diaminobenzidine staining, PDE3a-positive or PDE3b-
positive areas were extracted and counted on the screen.

Radicimmunoassay Measurement of Cyclic AMP
Production

Measurement of cAMP accumulation in DASMCs was per-
formed as previously described.>!” Briefly, DASMCs grown
on 24-well plates were serum-starved for 24h and assayed for
cAMP production after a 10- or 20-min period of incubation
with 10umol/L of milrinone. Reactions were terminated by
aspiration of the media and the addition of 300 of ice-cold
trichloroacetic acid (7.5%) to each well. Forty microliters of
each sample were acetylated and incubated with '*l-cAMP
(Perkin Elmer, Waltham, MA, USA) and 504! of rabbit anti-
cAMP antibody (diluted 1:3,000, Millipore, Billerica, MA,
USA) overnight at 4°C. Each mixture was then incubated with
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50ul of goat anti-rabbit antibody with magnetic beads (Qia-
gen) for 1h. Separation of bound antibodies from free antibod-
ies was achieved by filtration, and bound radioactivity was
counted. Production of cAMP was normalized to the amount
of protein per sample.

Statistical Analysis

Data are presented as mean+SEM of independent experiments.
Statistical analysis was performed between 2 groups using
unpaired 2-tailed Student’s t-test or unpaired t-test with
Welch’s correction, and among multiple groups using 1-way
analysis of variance followed by Tukey’s multiple comparison
test. P<(.05 was considered significant.

Resulis

Messenger RNA of PDE3 Isoforms Highly Expressed in Rat
DA

We first examined whether the target molecule of PDE3 in-
hibitors is highly expressed in the DA. We measured the mRNA
expression of PDE3s using quantitative RT-PCR in the rat
DA, aorta, and PA on the 21 day of gestation (Figure 1),
Expression of PDE3a mRNA was higher in the DA than in the
PA. Expression of PDE3b mRNA was higher in the DA than
in the aorta or the PA. We also confirmed that EP4 mRNA
was more highly expressed in the DA than in the aorta or the
PA. Thus, PDE3 isoforms were abundantly expressed in the
DA relative to the PA.

Vasodilatary Effects of PDE3 Inhibitors on Rat DA In Vivo
PDES3 inhibitors are widely used in neonates and children with
low cardiac output following myocarditis and cardiovascular
surgery for CHD.?"2! We examined whether milrinone or ol-
prinone dilated the DA using the rapid whole-body freezing
method in rat neonates. Neonates were injected with 1 of these
drugs immediately after birth to mimic the vasodilatory treat-
ment currently used in DA-dependent CHD.

Lp. injection of PGE1 (10ugfkg, the amount that is given i.
v. daily as a clinical maintenance dose) induced maximum
dilatation of the DA for 30 min, but this effect was completely
lost within 2h after injection (Figure 2A). A single i.p. injec-
tion of 10mg/kg of milrinone maintained maximum dilation
of the DA for up to 12h (Figures 2B,C); 1 mg/kg of milri-
none, the amount that is given i.v. daily as a clinical mainte-
nance dose, maintained maximum dilatation for 2 h, after which
DA closure occurred at 4h after injection. And 0.1 mg/kg of
milrinone did not affect DA tone. Both 5 mg/kg and 0.5 mg/kg
of olprinone, the latter of which is suitable for daily i.v. use as
a clinical maintenance dose, induced maximum dilatation for
1 h after injection (Figures 2D,E). A dose of 0.05 mg/kg olpri-
none did not dilate the DA. Thus, both milrinone and olpri-
none produced dose-dependent vasodilatory effects (Figure 2K),
but those of milrinone lasted longer.

PDE3 Inhihitors Do Not Induce Respiratory Distress

Given that respiratory distress is a major adverse effect of
PGE1,* we examined whether PDE3 inhibitors cause respira-
tory distress. We measured the respiratory rate of rat neonates
given milrinone, olprinone, or PGE1. When rat neonates were
given each drug immediately after birth, PGE: significantly
reduced the respiratory rate at 15 or 30min after injection,
whereas milrinone (1 and 10mg/kg) and olprinone (0.5 and
Smg/kg) did not induce respiratory distress up to 8h after in-
jection compared to the saline control (Figure 3A). To ex-
clude the possibility that neonates given PGE: had a congeni-
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Figure 6. Effect of co-treatrment of hyaluronan (HA) with mil-
rinone on migration and proliferation in ductus arteriosus
smooth muscle cells {DASMCs). (A) Migration of SMCs with
co-treatment of HA (200ng/ml} and milrinone (10umol/L)
using the Boyden chamber method (n=4-5). (B) Proliferation
of SMCs with co-treatment of HA (200ng/mi) and milrinone
{(10umoliL) in the presence of 0 or 10% fetal bovine serum

(FBS) on MTT assay {n=8). **P<0.01. NS, not significant.

tal respiratory problem, we examined the effect of drugs using
adifferént injection timing, We confirmed that all rat neonates
had established normal breathing [ h after birth, and then each
drug was given. PGE: significantly reduced the respiratory
rate up to 1 h after injection. In contrast, milrinone (10 mg/kg)
and olprinone -(Smg/kg) did not affect the respiratory rate
compared to the control (Figure 3B). These data suggest that
PDES3 inhibitors did not cause respiratory distress.

Milrinone Do Not Promote HA Production or SMC Migration
and Proliferation
Although it was previously suggested that PDE3 inhibitors
induced vasodilation of the DA, it remained unknown wheth-
er they also induced IT formation, a key process in the ana-
tomical closure of the DA. It is known that PGEs stimulate
HA production along with increased DASMC migration through
the action of HA as a potent trigger of cell migration. This is
the major mechanism underlying the increase in IT induced by
PGEs 125

We thus examined whether a PDE3 inhibitor, milrinone,
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Figure 7. (A) Representative images of immunoreaction to PDE3a and PDE3b in the human ductus arteriosus (DA) and aortic
smooth muscle layers according to type of congenital heart disease. No immunoreaction was detected when omitting the pri-
mary antibody, as in PDE3a Neg and PDE3b Neg. (B) Quantification of PDE3a and PDE3b in the DA and the aorta using a color
extraction methed (n=4). PDE, phosphodiesterase; NS, not significant.
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regulated HA production or SMC migration. First, we con-
firmed cAMP production in the presence of milrinone, Milri-
none significantly increased cAMP accumulation in DASMCs
at a dosage of 10 umol/L, which also induced marked dilata-
tion of DA explants (Figure 4A).'* But the same dosage of
milrinone (10gmol/L) did not induce HA production in
DASMCs (Figure 4B). We also confirmed that the PDE3 in-
hibitor cilostazol did not induce HA production in DASMCs.
Similarly, PGE: (1 gmoVl/L) induced DASMC migration; but
milrinone did not increase DASMC migration, as determined
using the Boyden chamber method (Figure 5A). The cells used
for these tests were sufficiently stimulated with PGE: to in-
duce HA production and with PDGF-BB to induce migration.
Next, we examined the effects of a PDE3 inhibitor on SMC
proliferation, because SMC proliferation plays a role in IT
formation of the DA Milrinone and PGE: did not increase
DASMC proliferation, as determined on MTT assay, in the
presence of 0 or 10% FBS (Figure 5B). Moreover, we found
that ‘milrinone did not enhance HA-mediated migration in
DASMCs (Figure 6A). Milrinone also did not affect prolif-
eration in HA-treated DASMUCs (Figure 6B). Similarly, in
ASMCs and PASMCs, neither milrinone nor PGE) increased
HA production or celt migration and proliferation (Figures 4B,3).
These findings suggest that PDE3 inhibitors do not promote
HA production or cell migration or proliferation, although

they do produce cAMP and dilate the DA.

PDE3a and PDE3b Highly Expressed in the Smoath Muscle
Layer in Human DA Tissue

The expression pattern of PDE3s in human DA remains un-
known. We examined PDE3a and PDE3b protein expression
in the DA of 8 patients with CHD, such as interruption of the
aortic arch, complex aortic coarctation, hypoplastic left ven-
tricle, and asplenia. The DA of all patients had a sirong im-
munoreaction for both PDE3a and PDE3b (Figure 7A). It has
been demonstrated that PDE3a and PDE3b are abundantly
expressed in the rat and human aorta.* The expression of
PDE3a and PDE3b in the DAs was equivalent to that in the
adjacent aortas (Figure 78). This demonstrates that PDE3s
are abundantly expressed in human patients with CHD of the
type that may require long-term vasodilatotherapy prior to
surgery.

Discussion

The present study has demonstrated that the PDE3 inhibitors
milrinone and olprinone dilate the DA without causing apnea
and have a longer duration of action than PGEr These find-
ings are expected to apply to human patients, given that
PDE3s are abundantly expressed in the DA tissue of infants
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with CHD. Importantly, this study has shown for the first time
that these PDES3 inhibitors do not promote HA production, cell
migration, and cell proliferation in the DASMC, processes
that potently induce IT and thus DA closure.! The PDES3 in-
hibitors are very unlikely to produce these unfavorable effects
when used as DA dilators. Furthermore, these PDE3 inhibitors
are already used in humans for other purposes.®.13.4 Accord-
ingly, they may serve as useful alternatives to PGE, the cur-
rent means of keeping the DA patent.

PGE: increases the production of cCAMP by activating G
protein and adenylyl cyclase.!*?7 In contrast, milrinone in-
creases the concentration of cCAMP by inhibiting its break-
down.” Although both drugs increase cAMP and dilate the
DA, PGE: induces HA production and subsequent migration
in DASMC:s while milrinone does not. We do not know the
molecular mechanism underlying this difference between PGE\
and the PDE inhibitors. It can be tentatively speculated, how-
ever, that they differ in terms of intracellular localization and
thus in terms of coupling with other molecules, as recent stud-
ies have suggested.? Regardless of the mechanisms involved,
it is known that PGE1 and PGE:2 both increase cAMP produc-
tion and induce HA production via increased expression of
HA synthase 2, and we found that a PDE4 inhibitor, rolip-
ram, did not induce HA production (Figure 4B). Alterna-
tively, increases in cGMP, which is also induced by milrinone,
may play a role. These issues need to be further investigated
in future studies.

Previous studies effectively demonstrated the vasodilatory
effects of the PDE3 inhibitors milrinone, amrinone and cilo-
stazol on the rat or sheep DA that underwent contraction by
indomethacin.'>!¢ In contrast, we have evaluated the effects of
PDE3 inhibitors in the absence of indomethacin to examine
the effects of PDE3 inhibitors in more relevant clinical set-
tings. We also found, for the first time, that olprinone, a rela-
tively new PDE3 inhibitor, dilates the DA. The present finding
that these PDE3 inhibitors do not increase HA production is
also novel, because this question had not been investigated
previously.

The present study shows that milrinone does not induce
SMC migration and proliferation in the DA (Figures 5,6). The
present findings are, at least in part, consistent with those ob-
tained using vascular SMCs from non-DA vessels. PDE3 in-
hibitors have elsewhere been shown to reduce proliferation
and migration of vascular SMCs and to decrease the accumu-
lation of synthetic/activated vascular SMCs in the intimal
layers of damaged blood vessels.”*?* Similarly, in peripheral
PAs, PDE3 and PDE4 inhibition do not promote PASMC
migration. Furthermore, PDE3a deficiency caused GO/G1
cell cycle arrest in PDE3a knockout mice.?

PGE: is currently the sole DA dilator, but PGEi-induced
apnea or respiratory distress was noted in 18% of patients with
CHD.32 Respiratory depression was particularly common in
infants weighing <2.0kg at birth who received PGE1 therapy
(42%).22 The present study showed that milrinone and ol-
prinone did not induce respiratory distress in rat neonates
(Figure 3). Furthermore, no occurrence of apnea or respira-
tory distress due to PDE3 inhibitors has been previously re-
ported.>!%!31 Therefore, the PDE3 inhibitors are very unlikely
to produce an unfavorable effect on respiration when used as
DA dilators. It should be noted that PDE3 inhibitors have
adverse effects, such as arrhythmia or hypotension.’* Milri-
none reduces the risk of low cardiac output syndrome for some
pediatric patients after congenital heart surgery, but milrinone
use is an independent risk factor for clinically significant
tachyarrhythmias.3* Although it was not feasible to examine

arrhythmias and change in blood pressure in rat neonates in
this study, careful further study is warranted to examine ad-
verse effects.

It should be emphasized that both the PDE3a protein and
the PDE3b protein were abundantly detected in the smooth
muscle layer and the IT layer in all human DA samples tested,
regardless of diagnosis or patient age at the time of operation
(Figure 7). A previous study demonstrated that PDE3 inhibi-
tors prevented DA closure in premature infants with persistent
pulmonary hypertension.'**%36 Together with these findings,
those of the present study suggest that PDE3 inhibitors can
dilate the DA without inducing IT, and that they may serve as
alternatives to PGE), the current DA vasodilator used for pa-
tients with DA-dependent CHD.
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Abstract. We previously demonstrated that typeS adenylyl cyclase (ACS) functions in auto-
nomic regulation in the heart. Based on that work, we hypothesized that pharmacological modula-
tion of ACS activity could regulate the autonomic control of the heart rate under micro- and hyper-
gravity. To test this hypothesis, we selected the approach of activating ACS activity in mice with a
selective ACS5 activator (NKH477) or inhibitor (vidarabine) and examining heart rate variability
during parabolic flight. The standard deviation of normal R-R intervals, a marker of total auto-
nomic variability, was significantly greater under micro- and hypergravity in the vidarabine group,
while there were no significant changes in the NKH477 group, suggesting that autonomic regula-
tion was unstable in the vidarabine group. The ratio of low frequency and high frequency (HF) in
heart rate variability analysis, a marker of sympathetic activity, became significantly decreased
under micro- and hypergravity in the NKH477 group, while there was no such decrease in the vi-
darabine group. Normalized HF, a marker of parasympathetic activity, became significantly greater
under micro- and hypergravity in the NKH477 group. In contrast, there was no such increase in the
vidarabine group. This study is the first to indicate that pharmacological modulation of AC5
activity under micro- and hypergravity could be useful to regulate the autonomic control of the
heart rate.

Keywords: adenylyl cyclase isoform, autonomic nerve activity, parabolic flight,
heart rate variability, microgravity

Introduction

conversion of ATP to cyclic AMP (cAMP), thereby
stimulating protein kinase A (PKA) and ultimately in-

Cardiac function is regulated by the autonomic nervous
system. Sympathetic regulation leads to coupling of the
[S-adrenergic receptor (5-AR) and Gs, the G-protein re-
sponsible for stimulating activity of adenylyl cyclase
(AC), a membrane-bound enzyme that catalyzes the
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creasing cardiac contractility and heart rate (HR) (1 — 5).
Parasympathetic regulation counteracts these effects
through the activation of the muscarinic receptor and Gi,
the G-protein that can inhibit cardiac contractility and
heart rate (6). The autonomic nervous system constitutes
the two arms of regulation in the heart. We developed a
mouse model with disruption of a major AC iscform
(type 5) in the heart and demonstrated that type 5 AC
(AC5) regulates cardiac function through the parasympa-
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thetic arm of the autonomic nervous system, as well as
through the sympathetic arm (7 — 9).

The autonomic nervous system is known to be altered
under microgravity (10) and hypergravity (11, 12). We
have previously examined the role of AC5 in the regula-
tion of the autonomic nervous system in the heart under
micro- and hypergravity induced by parabolic flights
using transgenic mouse models with AC5 overexpressed
in the heart (AC5TG) or with disrupted AC5 (AC5KO)
and analyzed heart rate variability during parabolic flight.
Changes in heart rate variability (HRV) in response to
micro- and hypergravity were augmented in ACSKO, but
attenuated in ACSTG, suggesting that ACS5 plays an
important role in stabilizing heart rate control via auto-
nomic regulation under gravitational stress (13).

We hypothesized that pharmacological regulation of
ACS35 activity could modulate the autonomic control of
the heart rate under gravitational stress during parabolic
flight. To test this hypothesis, we decided to examine the
effect on HRV of activating or inhibiting ACS5 activity in
wild-type mice with a selective ACS5 activator: 6-[3-
(dimethylamino)propionyl]forskolin (NKH477) (14) or
an ACS5 inhibitor: vidarabine (15) during parabolic flight.
We found that HR was stabilized by increasing ACS5 ac-
tivity with NKH477, but destabilized by decreasing AC5
activity with vidarabine under micro- and hypergravity
during parabolic flight, in accordance with our previous
findings using AC5TG and ACSKO.

We also examined the the ratio between low frequency
(LF) and high frequency (HF), a marker of sympathetic
activity, and normalized HF (nHF), a marker of parasym-
pathetic activity during the parabolic flight and found
that ACS5 activity plays an important role to show con-
tinuous responses in these autonomic parameters such as
LF/HF or nHF, under micro- and hypergravity (16).

Many astronauts suffer to varying degrees from symp-
toms suggestive of autonomic dysfunction such as nau-
sea, vomiting, and dizziness during the early days of
space flight (17), as well as showing severe orthostatic
intolerance for several days after spaceflight (18, 19).
The underlying molecular mechanism and appropriate
treatment for the autonomic dysfunction in space and on
earth after space flight remain unknown. However, not
only trained astronauts but also normal subjects will stay
in space in the near future. Thus, it is important to clarify
the mechanism and to establish suitable treatment of
autonomic dysfunction during and after spaceflight. This
study is the first to demonstrate that pharmacological
activation/inhibition of AC5 activity can regulate the
autonomic control of the heart rate under micro- and
hypergravity, indicating the importance of regulating
ACS activity for the treatment of autonomic dysfunction
in space and on earth after spaceflight.

Materials and Methods

Parabolic flight experiment

Parabolic flight experiments were performed in a jet
airplane operated by the Diamond Air Service in Nagoya
using the same protocol previously employed by us (13).
Briefly, in one parabolic flight, which lasted for approxi-
mately 1 h, 8 — 12 parabolas were performed in total with
a 4 — 6-min interval between consecutive parabolas. At
the end of each parabolic flight, mice were euthanized by
cervical dislocation and replaced with the next mice.
Parabolic flight was divided into five phases (Fig. 1).
The first phase (I) was in normogravity (1 G, G: gravity),
the second phase (II) was in hypergravity (1.3 G), the
third phase (I1I) was in microgravity (0.03 G), the fourth
phase (IV) was in hypergravity (1.8 G), and the fifth
phase (V) was in normogravity (1 G). Each parabola
provided 15 — 20 s of microgravity (phase 1II) and hyper-
gravity (phase IV) and we evaluated data from the first
parabola, except in Figs. 3B, 4B, 5B, 6B, in which the G
force in the hypergravity phase (phase IT) before the mi-
crogravity phase was kept below 1.3 G to avoid excessive
gravity stress on mice and the effect of previous parabo-
las. During the experiment, the temperature in the plane
was kept at 22°C + 2°C and air pressure was 0.9 + 0.1
atm.

Animals
Male C57BL/6CrSlc mice aged 4 months were used
for this experiment (Japan SLC, Inc., Hamamatsu). The

Gravity (G)

Phase |

Phase Il Phase Il Phase IV Phase V

Fig. 1. Schematic representation of parabolic flight. Each parabola
provided approximately 20 s of 0.03 G (G; gravity). Parabolic flight
was divided into five phases. The first phase (I) was normogravity (1
G), the second phase (II) was hypergravity (1.3 G), the third phase
(I1T) was microgravity (0.03 G), the fourth phase (IV) was hypergravity
(1.8 G), and the fifth phase (V) was normogravity (1 G). The Y-axis
indicates changes in gravity.
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care and treatment of the animals were carried out ac-
cording to the Japanese Government Animal Protection
and Management Law (no. 105) and the Guidelines for
Animal Experiments of Yokohama City University
School of Medicine.

Experimental design and protocol

ECG recordings were obtained with a telemetric unit
(PhysioTel; Data Sciences International, St. Paul, MN,
USA). Infusion of NKH477 (1 mg-kg™"-day™) (14), vid-
arabine (15 mg-kg™-day™") (15), or phosphate-buffered
saline (PBS) as a control was done via an osmotic mini-
pump (Model 2001; ALZET, Cupertino, CA, USA),
which was implanted 16 h before the parabolic flight.

Time-domain measures

Conscious mice were separately placed in double-
walled plastic cages, which were placed on a receiver in
a special rack within the aircraft, and data from the freely
moving mice were recorded by the data acquisition sys-
tem during flight, as described previously by us (13).
HRV measurements included mean HR, R-R interval
(mean, max, minimum) and the standard deviation of
normal R-R intervals (SDNN). The different G phases
causes important changes in the R-R interval. Therefore,
we also used the coefficient of variation (CV, %) as a
normalized index of SDNN (CV-SDNN). SDNN
(ms)=SD of all normal R-R intervals; CV-SDNN
(%) = SDNN / mean R-R x 100.

Frequency-domain measures
In the frequency domain, the power spectral density

383

was calculated by applying the fast Fourier transforma-
tion (FFT) to overlapping segments of the resampled
data and by averaging the spectral results (16, 20). The
FFT was calculated by using 512 points and half overlap
with a Hann window. Cutoff frequencies divided the
power spectrum into two main parts, LF (0.4 — 1.5 Hz)
and HF (1.5 - 4.0 Hz) powers and were determined by
multiplying the standard frequencies used in human stud-
ies by 10 to account for HR differences between mice
and humans, as recommended by Gehrmann et al. (21).
HF powers were normalized to account for differences in
total power (TP) between animals by multiplying the
power region of interest by 100 and dividing by the dif-
ference between TP and very LF power (0.0 — 0.4 Hz)
(16).

Statistical analyses
All data are reported as the mean = S.E.M. Statistical
comparisons were performed with the Kruskal-Wallis

- nonparametric test followed by the Dunn test (Figs. 2, 3,

7, 8). Differences were considered significant at
P <0.05.

Results

Effect of parabolic flight on HR

Mean HR in the NKH477, vidarabine, and control
groups were evaluated in each phase of parabolic flight
during the first parabola. The HR in phasel in the
NKH477 group was significantly higher than that in the
control group [control group (n=12): 558 £ 81 wvs.
NKH477 group (n= 8): 681+ 38 bpm; P <0.01] (Fig.

NKH477
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Fig. 2. Comparison of HR during parabolic
flights. Comparison of HR among phases I, 11, 111,
IV, and V in the control (n=12) (A), NKH477
(n=28) (B), vidarabine (n = 8) (C) groups during
the first parabola. HR was compared between
phase I and phase I, III, IV, or V in each group
(**P<0.01) and also between the control and
NKH477 groups (‘P < 0.05).
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2B), as previously found in AC5TG (13, 22). HR showed
a significant decrease in later phases (IV—V) in the
control and vidarabine groups, but there was no signifi-
cant change in the NKH477 group, suggesting that HR
was stabilized in the NKH477 group, compared with the
other groups during parabolic flight.

Effect of parabolic flight on R-R interval of HRV

Maximum, mean, and minimum R-R intervals in the
three groups were examined during the first and eighth
parabolas (Fig. 3). Maximum, mean, and minimum R-R
intervals, in general, increased gradually in later phases
(I through IV) during the first parabola (Fig. 3A). When
maximum, mean, and minimum R-R intervals were
compared in each group during the first parabola, the
degree of variability of the R-R interval was smaller in
the NKH477 group (n = 8) and greater in the vidarabine
group (n = 8) than that in the control group (n = 8). In the
eighth parabola (Fig. 3B), the degree of variability re-
mained unchanged in the vidarabine group (n = 8), sug-
gesting that adaptations to micro- and hypergravity were
impaired in the vidarabine group (10, 23).

For further analysis, the R-R intervals under normo-
gravity (phase I), microgravity (phase III), and hyper-
gravity (phase IV) were plotted by time (s) versus R-R

Y Baietal

(ms) interval in each group during the first (Figs. 4A, 5A,
6A) and eighth parabolas (Figs. 4B, 5B, 6B). The R-R
intervals under normogravity (phase I) during the first
parabola were stable in each group (Fig. 4A), but became
more variable during the eighth parabola. However, the

- degree of variability was greater in the vidarabine group

and smaller in the NKH477 group than that in the control
group (Fig. 4B).

Under microgravity (phase III), the degree of vari-
ability was less in the NKH477 group, as compared with
the other groups (Fig. SA). However, the degree of vari-
ability was greater in the vidarabine group (n=8) and
smaller in the NKH477 group (n=9) than that in the
control group (n = 8) during the eighth parabola (Fig.
5B).

Under hypergravity (phase IV), the degree of vari-
ability showed a similar tendency to that under micro-
gravity in the three groups during the first (Fig. 6A) and
the eighth parabolas (Fig. 6B).

Taken together, these results may indicate that phar-
macological activation of ACS stabilizes the R-R inter-
vals not only under microgravity but also under hyper-
gravity during parabolic flight.

A
Control NKHA477 Vidarabine
-~ mean R-R -o- mean R-R -~ mean R-R
0.37 - min R-R 0.3r -# min R-R 0.37 - min R-R
- -+ Max R-R : - Max R-R -~ Max R-R
* 3 5 * *
% 0.2] N * % 0.27 % 7 0.2 *
£ E £
x o z e |y
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Fig. 3. Comparison of R-R interval during various phases of parabolic flights. Comparison of mean (mean), maximum (Max),
and minimum (min) R-R intervals (ms) among phases 1, II, IIL, IV, and V in the control (n = 8), NKH477 (n = 8 — 9), and vidara-
bine (n = 8) during the first parabola (A) and eighth parabola (B). Maximum R-R intervals were compared with the minimum R-R

interval in each group (*P < 0.05).
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Effect of parabolic flight on SDNN of HRV

Because HR under gravitational stress is most likely
regulated by the autonomic nervous system, we thus
compared SDNN (Fig. 7A) and another parameter CV-
SDNN (Fig. 7B) as a measure of total autonomic insta-
bility (24). SDNN and CV-SDNN were both significantly
greater under microgravity (phase III) and hypergravity
(phase II and IV) than those under normogravity (phase I)

in each group. Notably, the absolute value of SDNN
under microgravity (phase III) as well as hypergravity
(phase IV) was strikingly greater in the vidarabine group
(n= 8) and much smaller in the NKH477 group (n=9)
than that in the control group (n=12). CV-SDNN
showed similar behavior, indicating that increased AC5
activity stabilizes the autonomic control of the heart rate
under gravitational stress.
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Effect of parabolic flight on LE/HF of HRV

To further evaluate changes in autonomic nervous
activity, we compared the ratio of LF to HF (LF/HF) in
HRY analysis, an index of the sympathetic nervous tone
in each phase of parabolic flight during the first parabola
(16). When it was compared between normogravity
(phase I) and microgravity (phase I11}, we found that LF/
HF was significantly lower in phasel than that in
phase III in the control and NKH477 groups (Fig. 8A)
[control group (n = 10): phasel vs. phase lII: 1.9+0.4
vs. 0.9+£0.1 ms, P<0.05; NKH477 group (n=7):
phase I vs. phase I1I, 2.1 £ 0.04 vs. 0.7 % 0.05 ms, P <
0.05]. This was in agreement, at least in part, with previ-
ous studies in which decreased sympathetic nerve activity
was demonstrated under microgravity in normal individu-
als (25). However, the vidarabine group did not show
such a decrease [vidarabine group (n=8§): phase I vs.
phase ITI: 1.9 £ 0.3 vs. 1.7 + 0.3 ms, P = NS, not signifi-
cant], suggesting that changes in sympathetic tone be-

phase I).

came small when ACS activity was decreased with
vidarabine.

Under hypergravity (phase IV), the ratio of LF/HF
showed a similar tendency to that under microgravity in
the three groups.

When it was compared between phase I (pre-parabolic
flight) and phase V (post-parabolic flight), there was no
difference in control group (phase I vs. phase V: 1.9 + 0.4
vs. 1.7 + 0.4 ms, P = NS) while it remained decreased in
the NKH477 group (phase I vs. phase V: 2.1 + 0.04 vs.
0.7£0.1 ms, P <0.05) (26). However, the vidarabine
group showed no significant differences (phasel vs.
phase V: 1.9+ 0.3 vs. 1.9+ 0.6 mus, P = NS).

Accordingly, sympathetic tone was transiently de-
creased under micro- and hypergravity in the control
while it decreased in micro- and hypergravity and re-
mained decreased in the NKH477 group even when
gravity was normalized in the post-microgravity level
flight (phase V); in contrast, such decreases were all ab-
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