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Plexiform lesions in pulmonary arteries are a characteristic
histological feature for idiopathic pulmonary arterial hyper-
tension (IPAH). The pathogenesis of the plexiform lesion is
not fully understood, although it may be related to endothe-
lial cell dysfunction and local inflammation. CD44 is a cell
adhesion molecule and it is also involved in angiogenesis,
endothelial cell proliferation and migration. The expression
of CD44 was examined in lung plexiform lesions obtained
from patients with IPAH (IPAH group, n =7) and pulmonary
arterial hypertension associated with atrial septal defect
(ASD-PAH group, n=4). Expression of CD44 was detected in
49 out of 52 plexiform lesions (93%) from all patients in the
IPAH group, whereas 31 plexiform lesions obtained from the
ASD-PAH group lacked CD44 positivity by immunohis-
tochemistry. In the IPAH group, CD44 was localized in the
endothelial cells of microvessels within plexiform lesions
and activated T cells in and around the lesions. Further-
more, T cell infiltration and endothelial cell proliferation
activity were prominent in the plexiform lesions of the IPAH
group, compared to those of the ASD-PAH group. These
findings suggest that CD44 and activated T cell infiltration
play an important role in the development of plexiform
lesions particularly in IPAH.
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Idiopathic pulmonary arterial hypertension (IPAH) is a rare
disorder, characterized by sustained elevation of pulmonary
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arterial pressure without a demonstrable cause.! Although
the discovery of the mutations in the gene encoding the bone
morphogenetic ‘protein receptor type Il (BMPR2) in patients
with familial pulmonary arterial hypertension (PAH)22 and
sporadic IPAH* emphasized the importance of BMP/TGF-§
signaling, the pathogenesis of IPAH has not been fully clari-
fied. The underlying mechanism is pulmonary vascular
remodeling involving the pre- and intra-acinar pulmonary
arteries: (i) constrictive lesions such as intimal thickening and
medial hypertrophy and (ii) complex lesions characterized by |
plexiform lesions.® The plexiform lesion has been highlighted
in pulmonary arteriopathy of IPAH, because it is not only a
marker of severity or rapid progression of pulmonary hyper-
tension,® but also has contributed to pathogenesis of the
disease, particularly with regard to endothelial cell abnormali-
ties and inflammation.

Morphologically, the plexiform lesion is a focal proliferation
of endothelial channels lined by myofibroblasts, smooth
muscle cells, and connective tissue matrix in an aneurysmal
dilatation of muscular puimonary artery branches associated
with partial destruction of the vessel wall.5” Previously, evi-
dence of endothelial dysfunction,®® one of the key pathogen-
eses of IPAH, as well as endothelial cell proliferation”®" and
disordered angiogenesis'® have been shown in plexiform
lesions. In addition to endothelial abnormalities, frequent
inflammatory infiltrates such as lymphocytes and macroph-
ages have been identified in plexiform lesions,” suggesting
that inflammatory mechanisms also play an important role in
the pathogenesis of IPAH. This view has been supported by
the frequent presence of autoantibodies such as circulating

" antinuclear antibodies and elevated circulating levels of

proinflammatory cytokines™ and chemokines™ in IPAH
patients. Moreover, increased fractalkine expression in PAH
lungs and its receptor on circulating T cells™ as well as
increased expression of chemokine RANTES (regulated
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upon activation, normal T-cell expressed and secreted) pre-
dominantly in plexiform lesions associated with CD45-
positive cell infiltrates'® emphasize a role of inflammatory cell
recruitment in this disorder.

CD44 is a member of the hyaluronate (HA) receptor family
of cell adhesion molecules involved in leukocyte traffick-
ing.'”'® This molecule can mediate the adhesion of lympho-
cytes to vascular endothelial cells via binding of HA and the
extravasation of activated T cells into sites of inflammation in
mice'® and in human autoimmune disease.?® In addition,
CD44 is involved in endothelial cell proliferation, migration
and angiogenesis®'?? that are the characteristic features of
plexiform lesions in IPAH.

In light of these functions, we hypothesized that CD44
might be involved in the progressive vascular remodeling,
particularly in plexiform lesions of patients with IPAH. The
purpose of the present study was to begin an exploration of
the potential roles of CD44 in the pathogenesis of IPAH by
determining the immunohistochemical expression and local-
ization of CD44 in the plexiform lesions and associated T cell
recruitment.

MATERIALS AND METHODS
Case materials

Formalin-fixed, paraffin-embedded blocks of lung tissue dis-
playing plexogenic pulmonary arteriopathy were retrieved
from the archival collection of the Departiment of Pathology,
National Cerebral and Cardiovascular Center, Suita, Japan,
apart from two cases provided by the Department of Cardio-
vascular Medicine, Okayama University Graduate School of
Medicine, Dentistry, and Pharmaceutical Science, Okayama,
Japan. Seven cases of IPAH (6 women, 1 man, mean age

Table 1 Clinical classification and information of the PAH patients

31 + 5 years old, mean pulmonary arterial pressure (PAP)
64 + 4 mmHg) were entered into the study.

To compare CD44 expression between idiopathic and non-
idiopathic cases, four cases of PAH associated with atrial
septal defect (ASD-PAH) (3 women, 1 man, mean age 28 +
9 years old, mean PAP 63 + 4 mmHg) were also included.
Clinical classification of PAH patients was according to Dana
Point Classification® and the patients’ clinical information is
presented in Table 1. The patients were all nonsmokers, and
were without known risk factors or associated conditions of
PAH?3 such as appetite suppressants, connective tissue dis-
eases, human immunodeficiency virus infection, portal hyper-
tension, congenital heart disease (except ASD-PAH cases),
schistosomiasis, chronic hemolytic anemia or chronic paren-

. chymal lung disease. All cases originated from autopsy mate-

rial, except two lung specimens from Okayama University
(one with IPAH and the other with ASD-PAH) obtained at the
time of lung transplantation. Two blocks for each lobe of
bilateral lungs were prepared randomly in each case. Plexi-
form lesions were identified and counted on hematoxylin and
eosin stained sections. Normal lung tissues from three
autopsy cases (1 woman, 2 men, mean age 52 £ 20 years old)
with no cardiac or puimonary disease were used as controls.

Immunohistochemistry

Each paraffin-embedded block including plexiform lesions
was serially cut into three-micrometer thick sections. The
sections were pre-incubated with blocking reagent to quench
endogenous peroxidase activity, followed by incubation with
the primary antibodies at room temperature, except when
otherwise noted. The antibody for CD44 (1:25, Dako, Glos-
trup, Denmark) was incubated at 4°C overnight. The antibod-
ies for CD31 (1:50, Dako) for endothelial cells, CD68 (1:50,

mPAP Risk factors* v Lung

Patients Sex Age (mmHg) Cl (L/min/m?) for PAH ANA PGl Cause of death specimen
IPAH1 F 18 58 1.7 None Negative - ‘Right heart failure Autopsy
IPAH2 F 32 62 1.6 None Negative + Right heart failure Autopsy
IPAH3 F 43 72 26 . None Negative + Alive (LTx) LTX

IPAH4 F 26 78 1.6 None Negative - Right heart failure Autopsy
IPAH5 M 54 71 1.9 None Negative - Right heart failure Autopsy
IPAH6 F 12 45 3.0 None Negative - Right heart failure Autopsy
IPAH7 F 34 63 0.8 None Negative + Right heart failure Autopsy
ASD-PAH1 F 51 54 NA CHD NA - Sudden arrest Autopsy
ASD-PAH2 M 13 71 NA CHD NA - Right heart failure Autopsy
ASD-PAH3 F 32 61 2.3 CHD NA - Infective endocarditis Autopsy
ASD-PAH4 F 16 65 2.5 CHD Negative + Alive (LTx) LTx

*Known risk factors and associated conditions of PAH such as appetite suppressants, connective tissue diseases, human immunodeficiency virus

infection, portal hypertension, congenital heart diseases, schistosomiasis, and chronic hemolytic anemia.?

ANA, indicates anti-nuclear antibody; ASD-PAH, pulmonary arterial hypertension associated with atrial septal defect; CHD, congenital heart diseases;
Cl, cardiac index; IPAH idiopathic pulmonary arterial hypertension; iv PGlz, intravenous prostacyclin treatment; LTx, lung transplantation; mPAP, mean

pulmonary arterial pressure; NA, not available.

- ©2012 The Authors
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Dako) for macrophages, CD45RO (1:100, Dako) for T lym-
phocytes, a-smooth muscle actin (a-SMA, 1:100, Dako) for
smooth muscle cells, and Ki-67 (1:150, Dako) for evaluation
of proliferation activity were incubated for 60 min. The EnVi-
sion+ System (Dako) was employed for visualization. Immu-
nohistochemistry for CD44 was evaluated as the ratio of the
number of plexiform lesions including CD44-positive cells per
total number of lesions in each case. To identify cell types
corresponding to CD44-positive elements, we proceeded
with a sequence of immunohistochemical reactions using the
combination of CD44 antibody and one of the following anti-
bodies; CD31, CD68, CD45R0O, or a-SMA, in the same
section.

Statistical analysis

Fisher's protected least significant difference (PLSD) test and

- Mann—Whitney U-test were used to compare the IPAH, ASD-
PAH, and control groups. Mean values (+SEM) are presented
in the text.

RESULTS
" Detection of plexiform lesions in lung tissue

The histology of lung tissue from the IPAH and ASD-PAH
patients showed similar pulmonary artery remodeling, con-
sisting of medial hypertrophy, intimal fibrosis, and plexiform
lesions. We found 83 plexiform lesions, which were com-

' posed of 52 lesions from the IPAH group and 31 lesions from
the ASD-PAH group (Table 2). From three to 12 plexiform
lesions in the lung sections were detected per patient. On the
other hand, control lung sections were confirmed to show no
evidence of either pulmonary artery remodeling or interstitial
inflammation.

Table 2 Distribution of CD44-positive plexiform lesions in the lung
specimens of IPAH and ASD-PAH patients

Number of CD44

Number of plexiform

Patients lesions studied (A)  positive lesions (B) B/A (%)
IPAHA 6 5 83.3
IPAH2 6 6 100
IPAH3 6 6 100
IPAH4 7 5 71.4
IPAHS 8 8 100
IPAHG 12 12 100
IPAH7 7 7 100
ASD-PAH1 12 0 0
ASD-PAH2 5 0 0
ASD-PAH3 11 0 0
ASD-PAH4 3 0 0

ASD-PAH, indicates pulmonary arterial hypertension associated with
atrial septal defect; IPAH, idiopathic pulmonary arterial hypertension.

© 2012 The Authors
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Immunohistochemical expression and localization of
CD44 protein in plexiform lesions

Immunohistochemistry was performed with fung tissue from
IPAH and ASD-PAH patients to determine the presence of
CD44 in plexiform lesions. Staining for CD44 was detected
in 49 out of 52 plexiform lesions (93%) from all patients with
IPAH, ranging from 71.4 to 100% of lesions per patient,
whereas plexiform lesions from ASD-PAH group did not
show CD44 positivity (Table 2). In the IPAH group, the
CD44-positive cells were apparently localized along the
surface of thin-walled microvessels within plexiform lesions
and infiltrating mononuclear cells in and around the lesions
{Fig. 1a,b). Alpha-SMA-positive smooth muscle cells did not
show CD44 positivity in the plexiform lesions (Data not

-shown). Some endothelial cells of constrictive lesions giving

rise to plexiform lesions also showed CD44 positivity. Oth-
erwise, CD44 was not expressed in vascular lesions apart
from plexiform lesions, in spite of their constrictive vascular:
lesions (Fig. 1¢,d). Immunohistochemistry was also per-
formed with control lungs to examine whether CD44 was
expressed in normal pulmonary arteries without remodeling.
CD44 immunostaining was not observed in any vascular
cell components of normal pulmonary arteries although a
small number of alveolar macrophages were stained.
Double-labeling immunohistochemistry revealed CD44-
positive cells mainly corresponded to CD31-positive cells
and CD45R0O-positive cells, indicating that they were endot-
helial cells and activated T-cells, respectively (Fig. 2a,b).
Serial sections of the plexiform lesions from IPAH and ASD-
PAH revealed that a vast majority of CD44-positive cells
(Fig. 3a) in IPAH plexiform lesion were CD45RO-positive T
cells (Fig. 3b), not CD68-positive macrophages (Fig. 3c).
Macrophages were also infiltrated in ASD-PAH (Fig. 3f)
plexiform lesions. However, lack of immune-reaction against
CD44 was apparent (Fig. 3d) and few T cells were identified
(Fig. 3e) in the ASD-PAH plexiform lesion.

Inflammatory cell infiltration surrounding plexiform
lesions in IPAH

In order to evaluate CD44 expression in IPAH but not in
ASD-PAH, the numbers of CD45RO-positive T cell and
CD68-positive macrophage inflammation per plexiform lesion
for IPAH and ASD-PAH group and per normal small puimo-
nary artery for contro! group were counted. Consecutive sec-
tions showed that CD45RO-positive cells surrounding
plexiform lesions were significantly increased in IPAH group
compared to those in ASD-PAH (20.6 + 1.8 versus 4.3+ 1.3
per lesion, P < 0.05, Fig. 4). Plexiform lesions in ASD-PAH
group included a small number of CD45RO-positive cells as

Pathology International © 2012 Japanese Society of Pathology and Blackwell Publishing Asia Pty Ltd
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little as control group (4.9 + 2.4 per artery, NS). In contrast,
the number of CD68-positive macrophage was similar
in the IPAH group compared to those in the ASD-PAH
group (10.9 £ 2.0 versus 17.5 * 2.6 per lesion, P = 0.50). A
few CDB68-positive macrophages were observed in small
pulmonary arteries obtained from normal lung tissue (0.8 +
2.0 per artery).

Proliferation activity of endothelial cell in plexiform
lesions

In order to evaluate the proliferative activity for endothelial cell
of plexiform lesions in IPAH group and ASD-PAH group,
immunohistochemistry for Ki-67 was examined. The number
of Ki-67-positive cells in the plexiform lesions of IPAH patients

Figure 1 Hematoxylin and eosin and
immunohistochemistry of CD44.in (a, b) a
plexiform lesion and (c, d) a constrictive
vascular lesion of a patient with idiopathic
pulmonary arterial hypertension were
shown. CD44 was clearly positive on the
surface of thin-walled microvessels within
the plexiform lesion (b; arrows) and
perivascular infiltrating round cells (b;
arrowheads). CD44 was not expressed in
a constrictive lesion apart from plexiform
lesions (d). (a-d; Scale bar 50 um)

Figure 2 Double-labeling  immunohis-
tochemistry demonstrated presence of
both CD44 (brown) and CD31 (red) posi-
tive cells (a; arrows) in a plexiform lesion
obtained from a patient with idiopathic pul-
monary arterial hypertension. Double-
labeling cells of CD44 (brown) and
CD45RO (red) were also evident in the
same lesion (b; arrowheads). (a, b; Scale
bar 50 umy)

was significantly higher, compared to those of the ASD-PAH
group (4.2 £1.0 versus 0.8 + 0.5 per lesion, P < 0.05, Fig. 5).

DISCUSSION

The present study demonstrated for the first time that CD44
protein was frequently expressed in plexiform lesions in the
lungs from patients with IPAH and mainly localized in the
endothelial cells composing microvessels of the lesions and
surrounding T cells. in addition, the plexiform lesions of the
IPAH group were accompanied by significant T cell infiltra-
tion. In contrast, the plexiform lesions in patients with ASD-
PAH did not show detectable CD44 nor significant T cell
infiltrates. These findings suggest that CD44 plays some role
in the development of plexiform lesions, particularly in IPAH,
presumably associated with persistent T cell inflammation.

© 2012 The Authors
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CD68

Figure 3 Immunohistochemistry of CD44, CD45RO and CD68 in the serial sections of plexiform lesion from patients with idiopathic
pulmonary arterial hypertension (IPAH) and pulmonary artery hypertension associated with atrial septal defect (ASD-PAH) were shown. A vast
majority of (a) CD44-positive cells in IPAH plexiform lesion were (b) T cells, not (c) CD68-positive macrophages. Macrophages were also
infiltrated in (f) ASD-PAH plexiform lesions, whereas (d) lack of immune-reaction against CD44 was apparent and few T cells were identified

(e) in the ASD-PAH plexiform lesion. (a-f;

Figure 4 The chart showed the mean number of CD45RO-
positive T cells per plexiform lesion in patients with idiopathic

pulmonary artery hypertension (IPAH),
hypertension associated with atrial septal

and per normal small pulmonary artery in control group.

Scale bar 50 um)

pulmonary artery
defect (ASD-PAH),

The number of CD45R0O-positive

Number of CD45RO-positive T cells was significantly higher in
and around plexiform lesions of patients with IPAH, compared
to that of ASD-PAH and normal small puimonary arteries.

(*P<0.01)

Figure 5 Immunohistochemistry of Ki-67
in plexiform lesions of a patient with idio-
pathic pulmonary arterial hypertension
(IPAH) and pulmonary arterial hyperten-
sion associated with atrial septal defect
(ASD-PAH) was shown. A certain subset
of endothelial cells of IPAH plexifom lesion
was apparently positive for Ki-67 immuno-
histochemistry (a; arrows), whereas most
of the endothelial cells in the ASD-PAH
plexiform lesions lacked immunoreactivity
against Ki-67 (b). (a, b; Scale bar 50 um)

© 2012 The Authors
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CD44 is involved in cell-cell and cell-matrix interaction, and
presumably maintains organ and tissue structures under
normal conditions.” On the -other hand, CD44 is shown to
contribute to many pathological conditions including inflam-
mation and autoimmune diseases, angiogenesis, atheroscle-
rosis,®* and malignancies and tumor metastases, via its
multiple functions.

Our data implies CD44 involvement in the mechanism of

persistent local inflammation observed in plexiform lesions in
IPAH. Inflammatory mechanisms including inflammatory
cell recruitment have become increasingly important in
IPAH."'3- |n the current study, CD44 expression was shown
to localize in endothoelial cells and T cells in IPAH plexiform
lesions. This was accompanied by significant T cell infiltration
that was consistent with previous observation by other
researchers.”'® CD44 is a homing receptor for leukocytes and
required for activated T cell extravasation into an inflammatory
site.’ Increased surface levels of CD44 proteins are charac-
teristic of T cell activation after encounter with its cognate
antigen.? On the other hand, chronic inflammation increases
CD44 expression on T cells® and endothelial cells express
CD44 after exposure to proinflammatory cytokines such as
IL-18 and TNF-a..2* Thus, CD44 may be involved in ongoing
local inflammatory proéesses in IPAH through T cell and
endothelial cell activation and inflammatory cell recruitment.

Our data also suggests that a subset of the endothelial cells
in plexiform lesions in IPAH are activated and involved in
angiogenesis. CD44 is an activation marker of endothe-
lial cells because normal endothelial cells were shown
to express no or low levels of CD44, but expression is
up-regulated in growing cells by activation, for example, with
cytokines,?* and by isolating and culturing of these cells or in
tumor associated endothelial cells responsible for tumor
angiogenesis.?? One possible explanation for this activation is
stimulation by angiogenic factors, because basic fibroblast
growth factor and vascular endothelial growth factor (VEGF)
are shown to upregulate CD44 expression on cultured human
endothelial cells,?? on the other hand, there is evidence of
increased expression of angiogenesis-related molecules
including VEGF and its receptors in endothelial cells within
plexiform lesions in severe PAH.'%'2 However, other mecha-
nisms may exist. In addition, the presence of proliferating
endothelial cells by Ki-67 labeling in plexiform lesions in IPAH
is in keeping with previous observation showing Ki-67-positive
endothelial cells in plexiform lesions accompanied by inflam-
matory cells in pulmonary hypertension associated with scle-
roderma and human immunodeficiency virus infection.?” Our
findings support the view that endothelial cells of IPAH plexi-
form lesion may be prone to proliferation and these results
suggest the activated stage of disease in IPAH patients.

The principle ligand of CD44 is HA.'7 Recently, two groups
independently reported data suggesting an involvement of
HA in the pathogenesis of IPAH. Aytekin etal. showed

patients with IPAH had higher circulating levels of HA® and
Papakonstantinou et al. showed a significant increase in HA
content in IPAH lungs compared with donor.?® Both groups
showed intense HA staining in and around remodeled
vessels and indicated increased HA production in pulmonary
artery smooth muscle cells (PASMC) derived from IPAH
lungs. In addition, PASMCs from IPAH had increased binding
of mononuclear cells compared with controls.?® These data
suggests a role for HA in remodeling and inflammation via

“enhanced HA production in PASMC in IPAH. Because CD44

is the principle receptor for HA and its interaction regulates
important processes such as cell migration, proliferation, leu-
kocyte trafficking and activation, it is plausible that HA effects
on remodeling and inflammation are mediated, at least in
part, by CD44. Interestingly, data by the latter group also
included significantly increased CD44 mRNA expression
measured by quantitative RT-PCR in IPAH lungs compared
with donor lungs,® in keeping with our data of increased
immunohistochemical expression of CD44 in {PAH.

The intriguing finding in this study was that the plexiform
lesions from the patients with ASD-PAH lacked immunohis-
tochemical CD44 éxpression and were less inflamed with
regard to T cells despite the similarity of morphological and
hemodynamic features to IPAH. Although a relatively large
number of plexiform lesions was examined, because of the
limited number of patients with ASD-PAH available, the further
investigation is needed to confirm the lack of CD44 in this
group. However, the finding implies the difference in CD44
expression may result from different underlying pathogen-
eses. In fact, researchers have pointed out some distinctions
between plexiform lesions in IPAH and those in congenital
left-to-right shunts including ASD-PAH.5 Importantly, in IPAH,
the endothelial cell proliferation in plexiform lesions was found
to be mainly monoclonal, whereas in secondary PH associ-
ated with congenital heart disease with left-to-right shunts and
CREST syndrome, it was polyclonal, suggesting underlying
pathogenetic mechanisms are distinct." That is, monoclonal
endothelial cell proliferation in IPAH is autonomous growth,
more closely related to ‘cancer cells, on the other hand,
polyclonal proliferation in secondary PH is as a response to
exogenous stimuli like high shear stress." CD44 may be
associated with abnormalities causing monoclonal expansion
in IPAH, though the mechanism is yet to be determined. It will
be of interest to expand our investigation to plexiform lesions

. in other PAH associated with underlying diseases.

Lastly, whether the IPAH patients in this study carried the
BMPR2 mutation was not determined since the genetic test
was not available. However the presence of inflammation
would not be necessarily inconsistent with the mutation with
regard to the development of the disease, because inflamma-
tory mechanisms are now thought to be an important factor in
subjects with the mutations. Heterozygous BMPR2 mutant
mice develop pulmonary hypertension not spontaneously but

© 2012 The Authors
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under inflammatory stress.® In addition, a complete negative
feedback loop between IL-6 and BMP both in vitro and in vivo
have been shown, suggesting that an important consequence
of BMPR2 mutations may be poor regulation of cytokines and
thus vulnerability to an inflammatory second hit.?’

In conclusion, this study provides novel observation on the
expression of CD44 predominantly in endothelial cells com-
posing plexiform lesions and surrounding T cells in patients
with IPAH, not in ASD-PAH, accompanied by significant T cell
infiltration. These data suggest involvement of CD44 in the
pathogenesis of IPAH, presumably associated with endothe-
lial cell activation and persistent local inflammation.

REFERENCES

1 Rubin LJ. Primary pulmonary hypertension. N Engl J Med 1997;
336: 111-7.

2 Machado RD, Pauciulo MW, Thomson JR et al. BMPR2 haplo-
insufficiency as the inherited molecular mechanism for primary
pulmonary hypertension. Am J Hum Genet 2001; 68: 92—102.

3 Newman JH, Wheeler L, Lane KB et al. Mutation in the gene for
bone morphogenetic protein-receptor Il as a cause of primary
pulmonary hypertension in a large kindred. N Engl J Med 2001,
345: 319-24.

4 Thomson JR, Machado RD, Pauciulo MW etal. Sporadic
primary pulmonary hypertension is associated with germline
mutations of the gene encoding BMPR-i, a receptor member of
the TGF-beta family. J Med Genet 2000; 37: 741-5.

5 Pietra GG, Capron F, Stewart S et al. Pathologic assessment of
vasculopathies in pulmonary hypertension. J Am Coll Cardiol
2004; 43: 255-328S.

6 Pietra GG, Edwards WD, Kay JM etal. Histopathology of
primary pulmonary hypertension. A qualitative and quantitative
study of pulmonary blood vessels from 58 patients in the
National Heart, Lung, and Blood Institute, Primary Pulmonary
Hypertension Registry. Circulation 1989; 80: 1198-206.

7 Tuder RM, Groves B, Badesch DB, Voelkel NF. Exuberant
endothelial cell growth and elements of inflammation are
present in plexiform lesions of pulmonary hypertension. Am J
Pathol 1994; 144: 275-85.

8 Tuder RM, Cool CD, Geraci MW et al. Prostacyclin synthase
expression is decreased in lungs from patients with severe
pulmonary hypertension. Am J Respir Crit Care Med 1999; 159:
1925-32.

9 Giaid A, Yanagisawa M, Langleben D etal Expression of
endothelin-1 in the lungs of patients with pulmonary hyperten-
sion. N Engl J Med 1993; 328: 1732-9.

10 Cool CD, Stewart JS, Werahera P et al. Three-dimensional
reconstruction of pulmonary arteries in plexiform pulmonary
hypertension using cell-specific markers. Evidence for a
dynamic and heterogeneous process of pulmonary endothelial
cell growth. Am J Pathol 1999; 155: 411--9.

11 Lee 8D, Shroyer KR, Markham NE, Cool CD, Voelkel NF, Tuder
,RM. Monoclonal endothelial cell proliferation is present in
primary but not secondary pulmonary hypertension. J Clin
Invest 1998; 101: 927-34.

12 Tuder RM, Chacon M, Alger L etal Expression of
angiogenesis-related molecules in plexiform lesions in severe

© 2012 The Authors

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

CD44 in pulmonary hypertension 225

pulmonary hypertension: Evidence for a process of disordered
angiogenesis. J Pathol 2001; 195: 367-74.

Humbert M, Monti G, Brenot F et al. Increased interleukin-1 and
interleukin-6 serum concentrations in severe primary pulmonary
hypertension. Am J Respir Crit Care Med 1995; 151: 1628—
31.

Itoh T, Nagaya N, Ishibashi-Ueda H et al. Increased plasma
monocyte chemoattractant protein-1 level in idiopathic pulmo-
nary arterial hypertension. Respirology 2006; 11: 158-63.
Balabanian K, Foussat A, Dorfmuller P et al. CX(3)C chemokine
fractalkine in pulmonary arterial hypertension. Am J Respir Crit
Care Med 2002; 165: 1419-25.

Dorfmuller P, Zarka V, Durand-Gasselin | etal. Chemokine
RANTES in severe pulmonary arterial hypertension. Am J
Respir Crit Care Med 2002; 165: 534-9.

Aruffo A; Stamenkovic |, Melnick M, Underhill CB, Seed B.
CD44 is the principal cell surface receptor for hyaluronate. Cell
1990; 61: 1303-13.

Goodison S, Urquidi V, Tarin D. CD44 cell adhesion molecules.
Mol Pathol 1999; 52: 189-96.

DeGrendele HC, Estess P, Siegelman MH. Requirement for
CD44 in activated T cell extravasation into an inflammatory site.
Science 1997; 278: 672-5.

Estess P, DeGrendele HC, Pascual V, Siegeiman MH. Func-
tional activation of lymphocyte CD44 in peripheral blood is a
marker of autoimmune disease activity. J Clin Invest 1998; 102:
1173-82.

Trochon V, Mabilat C, Bertrand P et al. Evidence of involvement
of CD44 in endothelial cell proliferation, migration and angio-
genesis in vitro. Int J Cancer 1996; 66: 664-8.

Griffioen AW, Coenen MJ, Damen CA et al. CD44 is involved in
tumor angiogenesis; an activation antigen on human endothelial
cells. Blood 1997; 90: 1150-59.

Simonneau G, Robbins IM, Beghetti M et al. Updated clinical
classification of pulmonary hypertension. J Am Coll Cardiol
2009; 54: S43-54.

Krettek A, Sukhova GK, Schonbeck U, Libby P. Enhanced
expression of CD44 variants in human atheroma and abdominal
aortic aneurysm: Possible role for a feedback loop in endothelial
cells. Am J Pathol 2004; 165: 1571-81.

DeGrendele HC, Kosfiszer M, Estess P, Siegelman MH. CD44
activation and associated primary adhesion is inducible via T
cell receptor stimulation. J Immunol 1997; 159: 2549-53.
Siegelman MH, DeGrendele HC, Estess P. Activation and inter-
action of CD44 and hyaluronan in immunological systems. J
Leukoc Biol 1999; 66: 315-21.

Cool CD, Kennedy D, Voelkel NF, Tuder RM. Pathogenesis and
evolution of plexiform lesions in pulmonary hypertension asso-
ciated with scleroderma and human immunodeficiency virus
infection. Hum Pathol 1997; 28: 434-42. )

Aytekin M, Comhair SA, de la Motte C etal High levels of
hyaluronan in idiopathic pulmonary arterial hypertension. Am J
Physiol Lung Cell Mol Physiol 2008; 295: L789-99.
Papakonstantinou E, Kouri FM, Karakiulakis G, Klagas |,
Eickelberg O. Increased hyaluronic acid content in idiopathic
pulmonary arterial hypertension. Eur Respir J 2008; 32: 1504—
12.

Song Y, Jones JE, Beppu H, Keaney JF Jr, Loscalzo J, Zhang
YY. Increased susceptibility to pulmonary hypertension in het-
erozygous BMPR2-mutant mice. Circulation 2005; 112: 553-62.
Hagen M, Fagan K, Steudel W et al. Interaction of interleukin-6
and the BMP pathway in pulmonary smooth muscle. Am J
Physiol Lung Cell Mol Physiol 2007; 292: L1473-9.

Pathology International © 2012 Japanese Society of Pathology and Blackwell Publishing Asia Pty Ltd



 Artificial

© 2011, Copyright the Authors

Artificial Organs © 2011, International Center for Artificial Organs and Transplantation and Wiley Periodicals, Inc.

Atrionatriuretic Peptide Improves Left Ventricular Function
After Myocardial Global Ischemia—Reperfusion in
Hypoxic Hearts

Yasuhiro Fujii, *Kozo Ishino, Tomoko Tomii, Hitoshi Kanamitsu, Yasufumi Fujita,
Hideya Mitsui, and Shunji Sano

Department of Cardiovascular Surgery, Okayama University Hospital, Okayama, Japan

Abstract: Atrionatriuretic peptide (ANP) is reported to be
useful for attenuating myocardial ischemia—reperfusion
injury and improving left ventricular function after
reperfusion. However, ANP may be either ineffectual or
harmful in cases where the myocardium has been chroni-
cally hypoxic since birth. This can be a result of the con-
comitant high levels of cyclic guanosine monophosphate
(cGMP) produced within the myocardium. This study
aimed to verify the validity of using ANP to improve left
ventricular function after myocardial ischemia-reperfusion
injury. For this purpose, a cyanotic congenital disease
model that was developed using isolated rat hearts was
used. Hearts were obtained from Sprague-Dawley rats that
were housed from birth until 6 weeks of age either in a
hypoxic environment with 13-14% FO, (hypoxic group) or
in ambient air (normoxic group). These hearts were sub-
jected to 30 min of normothermic global ischemia followed
by 30 min of reperfusion using the Langendorff technique.
Left ventricular functional recovery in hearts administered
ANP (0.1 uM) into the reperfusion solution was compared
with those hearts that were not administered ANP in both

hypoxic (without ANP: n =6, with ANP: n =6, with ANP
and HS-142-1[an antagonist of ANP]: n = 6) and normoxic
hearts (without ANP: n=6, with ANP: n=6). In the
hypoxic hearts, ANP administration improved the percent
recovery of the left ventricular developed pressure
(76.3 £ 9.2% without ANP vs. 86.9 = 6.7% with ANP),
maximum first derivative of the left ventricular pressure
(82.4 £ 1.1% without ANP vs.95.8 + 6.5% with ANP),and
heart rate (85.6 = 4.7% without ANP vs. 96.1 == 52% with
ANP) after reperfusion. The improvement and recovery of
these cardiac functions were closely related to significantly
increased levels of postischemic cGMP release after ANP
administration. The effect of ANP was blocked by
HS-142-1. The improvements observed in the hypoxic
group were similar to those found in the normoxic group.
ANP administration during reperfusion improved left ven-
tricular function after myocardial acute global ischemia—
reperfusion equally in both the chronically hypoxic and
age-matched normoxic groups. Key Words: Atrial natri-
uretic factor—Hypoxia—Myocardium—Reperfusion.

Hospital mortality rates for surgeries involving
the repair of cyanotic congenital heart defects
have decreased dramatically However, acute
cardiac failure during the postoperative period
remains one of the leading causes of death among
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these patients (1). Ischemia-reperfusion injury is
one of the causative factors of postoperative acute
cardiac failure and involves damage to cardiomyo-
cytes, vascular smooth muscle cells, and endothelial
cells (2). Therefore, identifying drugs that attenuate
acute myocardial ischemia reperfusion is important
in improving the clinical outcomes of cardiac
surgery.

Certain drugs are listed as clinical candidates for
the prevention of myocardial ischemia-reperfusion
injury during cardiac surgery. Nitric oxide (NO)
donors have been found to improve left ventricular
function after normothermic global ischemia in
normal rabbit hearts. We previously reported that
0.1 uM atrionatriuretic peptide (ANP) administered
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during reperfusion following 30 min of normother-
mic global ischemia in an isolated normal rat heart
model improves left ventricular function by increas-
ing the rate of release of cyclic guanosine monophos-
phate (cGMP) (3).

However, there is a significant risk in concluding
that the cardioprotective effects of these drugs are
also useful to treat patients with chronic hypoxia
because the myocardial response to these drugs in a
chronically hypoxic heart may be different from

those in a normoxic heart. In support of this, Baker et -

al. (4) reported that a NO donor does not improve
left ventricular function after myocardial ischemia—
reperfusion in rabbit hearts subjected to chronic
hypoxia from birth; this indicates that NO donors do
not exert a protective effect on chronically hypoxic
hearts. Although the cause of the diminished cardio-
protective effect is unknown, it may result from an
overlapping mechanism of both the cardioprotective
effect of a NO donor and chronic hypoxia. Chronic
hypoxia has a cardioprotective effect against subse-
quent global ischemia (5,6); this effect is mediated by
the activation of NO production and subsequent
myocardial cGMP synthesis (4,6,7). Replicating the
same cardioprotective effect may be of no benefit
and may even be harmful. In contrast, the cardiopro-
tective effect of ANP has a different mechanism from
that of NO donors (8). However, it remains unclear
whether ANP can additively improve left ventricular
function after myocardial ischemia—reperfusion
injury. Therefore, this study aimed to elucidate
whether ANP improves left ventricular function after
global myocardial ischemia-reperfusion in congeni-
tal hypoxic hearts.

MATERIALS AND METHODS

Congenital hypoxic rat heart model (hypoxia
from birth)

Male Sprague-Dawley rats were used in this study.
They were treated in compliance with the “Principles
of Laboratory Animal Care,” which was established
by the National Society for Medical Research, and
the “Guide for the Care and Use of Laboratory
Animals,” which was published by the US National
Institutes of Health (NIH publication no. 85-23,
revised 1996). This study was approved by the insti-
tutional ethics review board of Okayama University
Hospital. To determine the effects of ANP on rat
myocardium subjected to chronic hypoxia since birth,
an original congenital cyanotic heart model was
developed in rats. The rats of the hypoxic group were
housed in a normobaric, hypoxic chamber from the
time of birth until 6 weeks of age as described previ-
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ously (9). The oxygen and carbon dioxide concentra-
tions in the chamber were maintained at 13-14% and
<0.4%, respectively, and continuously monitored
using both a gas analyzer (ML206; ADInstruments,
Sydney, Australia) and a commercially available soft-
ware (PowerLab; ADInstruments). The hypoxic
chamber humidity was maintained at <75%, and the
temperature was maintained between 23 and 27°C
with continuous hygrothermometer monitoring
(TRH-7X; Shinyei, Kobe, Japan). To characterize the
relationship between chronic hypoxia and ANP, a
control group consisting of normoxic rats was housed
in ambient air in the same environment for the same
period; the effects of ANP administration were mea-
sured in these two groups. Both groups were kept in
the same room under the same light—-dark cycle. Rat
chow and tap water were provided ad libitum.

Isolated perfused rat heart

The apparatus used for the perfusion of 1solated rat
hearts previously described by Hearse et al. (10) was
modified and used for the experiments. This appara-
tus was designed to work in two interchangeable per-
fusion conditions: the unloaded and loaded modes. In
the unloaded mode, the hearts were perfused through
the aorta at a pressure of 80 cm H,O and continued
to beat independently. In the loaded mode, the hearts
were perfused in the same fashion, but beat with
external force; these hearts were not paced. The coro-
nary effluent was discarded. The perfusate was a
modified Krebs-Henseleit bicarbonate buffer (KHB:
pH7.4) containing 118.0mM NaCl, 25.0mM
NaHCOs;, 2.5 mM CaCl,, 1.2 mM MgSO,, 4.7 mM
KCl, 1.2 mM KH,PO,4, and 11.0 mM glucose. The
buffer was bubbled with 95% oxygen and 5% carbon
dioxide gas at 38.0°C, to maintain the aortic partial
pressure of oxygen >400 mm Hg: the buffer was fil-
tered through a cellulose acetate membrane (pore
size: 0.45 um) to remove particulate contaminants
9).

The rats were anesthetized with an intraperitoneal
injection of 50 mg/kg pentobarbital, and 100 IU/100 g
body weight (BW) heparin was injected into the
exposed right femoral vein. A blood sample was col-
lected from the exposed left femoral vein to deter-
mine the hematocrit value (Htc) by using a blood
gas analyzer (ABL 555: Radiometer, Copenhagen,
Denmark). The heart was promptly harvested and
then immersed in cold (4°C) heparinized KHB. The
aorta was connected to the perfusion apparatus
within 1 min of excision, and Langendorff perfusion
was established. The pulmonary artery was incised to
facilitate coronary drainage. The heart was then per-
fused in a retrograde manner under the perfusion
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conditions of the unloaded mode at 38.0°C for
15 min. Changes in the heart rate (HR), left ventricu-
lar developed pressure (LVDP), and maximum first
derivative of the left ventricular pressure (dP/dt max)
were monitored in the loaded mode with PowerLab
using an intraventricular balloon inserted through
the mitral annulus and inflated with distilled water.
During the pressure measurement, the left ventri-
cular end-diastolic pressure was maintained at
4 mm Hg with the intraventricular balloon. The coro-
nary flow (CF) was measured by-direct collection of
coronary effluent dripping from the heart for 1 min.

Study protocol

The experimental protocol is illustrated in Fig. 1.
After an initial 15 min of washout (unloaded mode 1:
Ul), the hearts were perfused in the loaded mode for
15 min (loaded mode 1: L1). During this phase, HR,
LVDP, dP/dt max, and CF were measured every
5 min, and the averages were recorded and assigned
as the pre-ischemic indices. After 15 min of the
loaded mode perfusion, the hearts were subjected to
30 min of global normothermic ischemia by clamping
the aortic inflow line. Thirty minutes of global
ischemia was selected because ischemia for periods
exceeding 25 min induces sufficient myocardial
damage (11). The sealed heart chamber temperature
was monitored continuously during ischemia and
maintained between 36.5 and 37.0°C. Hearts were
reperfused for 15min in the unloaded mode
(unloaded mode 2: U2), followed by perfusion in the
loaded mode for the next 15 min (loaded mode 2:
L2). Postischemic cardiac function was evaluated at
the end of this phase. The postischemic HR, LVDP,

dP/dt max, and CF were calculated as percentages of
their respective pre-ischemic values.

Thirty hearts were divided into five groups (n=6
per group). In group H-1, the hearts of hypoxic rats
were perfused without ANP. In group H-2, the hearts
of hypoxic rats were perfused with 0.1 uM ANP
(o-human atrionatriuretic peptide; Sankyo-Daiichi,
Tokyo, Japan) during the U2 phase. In group H-3, the
hearts of hypoxic rats were perfused with 0.1 uM
ANP and 6 mg/LL HS-142-1 (Kyowa Hakko Kogyo,
Tokyo, Japan), a specific antagonist of the guanylyl
cyclase ANP receptor during the U2 phase. In group
N-1, the hearts of normoxic rats were perfused
without ANP. In group N-2, the hearts of normoxic
rats were perfused with 0.1 uM ANP during the U2
phase. In all groups, the release of cGMP into the CF
was measured at the end of the L1, U2, and L2
phases. ’

The hearts were removed from the apparatus at
the end of each experiment. The right ventricle (RV)
and left ventricle (LV) were weighed separately. The
interventricular septum was included in the LV. The
ratio of wet RV/wet LV (RV/LV), wet RV/BW, and
wet LV/BW were calculated. The hearts were heated
to 70°C for 14 days and reweighed to determine the
dry weight of the ventricular myocardium. The con-
centration of cGMP was determined by radioimmu-
noassay as described previously (12) and is expressed
in picomoles per gram dry weight per min.

Exclusion criteria

Hearts presenting with HRs less than 250 beats/
min after the first hemodynamic evaluation were
excluded from the study because they were deemed -

* Artif Organs, Vol. 36, No. 4, 20]2
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TABLE 1. Characteristics of rats (final conditions and pre-ischemic values)

Hypoxic groups Normoxic groups

Variable H-1 (n=6) H-2 (n=6) H-3 (n=6) N-1 (n=6) N-2 (n=6)
BW (g) 154 + 8% 167 + 16+ . 207 =20 207 + 12
Hitc (%) 48 + 3% 50 = 7 393 39 %3
RV/LV 0.57 £ 0.11* 0.46 = 0.04%* 0.23 £ 0.01 0.24 £0.02
RV/BW (g/kg) 127 * 0.33* 1.11 * 0.28%* 0.51 = 0.05 0.50 = 0.05
LV/BW (g/kg) 222 + 023 238+ 0.38 3.06 = 0.11%%% 222 031 2,08 * 0.14
LVDP (mm Hg) 126 =7 121+ 8 117+ 5 122 £ 7 1159
dP/dt max (mm Hg/s) 3604 = 187 3694 * 570 3520 * 286 4038 * 341 3611 + 223
HR (beat/min) 316 £ 13 291 = 14 299 =24 312 £ 30 312£22
CF (mL/min) 11.1+33 9.6x17 124+ 1.6 7612 93+23
c¢GMP (pmol/dry weight/min) 34.5 £ 13.0 38.7 +14.5 37.1 £12.6 153 +7.8 21.1 £204

Values are represented as mean * standard deviation.

* P <0.05, group H-1 vs. group N-1 and group H-1 vs. group N-2.

*# P <0.05, group H-2 vs. group N-1 and group H-2 vs. group N-2.

#*k P <0.05, group H-3 vs. group N-1 and group H-3 vs. group N-2.

BW, final body weight; CF, coronary flow; cGMP, cyclic guanosine monophosphate; dP/dt max, maximum first derxvatlve of left ventricular
pressure; HR, heart rate; Htc, hematocrit value; LV, left ventricular wet weight; LVDP, left ventricular developed pressure; RV, right

ventricular wet weight.

to have sustained severe myocardial damage during
the preparation.

Statistical analysis

All data are expressed as mean * standard devia-
tion. Statistical analysis was performed using commer-
cially available software (SPSS Ver.19 for Windows;
SPSS Japan, Tokyo, Japan). One-way analysis of vari-
ance (ANOVA) followed by Fisher’s protected least
significant difference test was used to compare data
among the five groups.To determine the effect of ANP
- among the three hypoxic groups, one-way ANOVA
followed by Scheffe’s test was used. The interaction
between ANP and chronic hypoxia with respect to
myocardial ischemia—reperfusion injury was evalu-
ated with a two-way ANOVA followed by Scheffe’s
test using the results of groups H-1, H-2,N-1,and N-2.
A paired t-test was used to compare cGMP produc-
tion in the CF of each group. A P value of <0.05 was
regarded as statistically significant.

RESULTS

Pre-ischemic data

Table 1 shows the characteristics of the rats used i
this study. The final BWs of the rats of the hypoxic
groups were significantly lower than those of the nor-
moxic groups. The pre-experimental Htc was signifi-
cantly higher in the hypoxic groups than in the
normoxic groups. The ratio of wet RV/wet LV was
significantly higher in the hypoxic groups than in the
normoxic groups. The wet RV/BW ratio was signifi-
cantly higher in the hypoxic groups than in the nor-
moxic groups. These results indicate that in the

Artif Organs, Vol. 36, No. 4, 2012

hypoxic groups, RV hypertrophy tends to be signifi-
cantly more prevalent than LV hypertrophy. There
were no statistically significant differences in HR,
dP/dt max, and LVDP among the hypoxic groups. CF
tended to increase in the hypoxic groups compared to
the normoxic groups. The rate of cGMP drainage in
CF tended to be greater in the hypoxic groups than in
the normoxic groups. The average pre-ischemic
cGMP drainage in CF was significantly larger in the
hypoxic groups than in the normozxic groups (P <
0.01,36.7 = 12.7 vs.20.3 = 14.1 pmol/dry weight/min,
respectively).

Postischemic cardiac functional recovery and
changes in cGMP release rate

The postischemic recovery of LVDP, dP/dt max,
HR, and CF are expressed as percentages of the pre-
ischemic value and are listed in Table 2. The extent of
the postischemic recovery of LVDP, dP/dt max, and
HR was significantly better in group H-2 than in
groups H-1 and H-3. There was no significant differ-
ence in the extent of cardiac function recovery
between group H-1 and H-3. In the normoxic groups,
the extent of postischemic recovery of LVDP, dP/dt
max, and HR was greater in group N-2 than in group
N-1. In the groups reperfused without ANP (group
H-1 and N-1), the extent of postischemic recovery of
LVDP, dP/dt max, and CF was significantly better in
group H-1 than in group N-1.

Changes in the release of cGMP are shown in
Fig. 2. The rate of cGMP release tended to be higher
in the hypoxic rats than in the normoxic ones. In both
the hypoxic and normoxic groups, the cGMP release
occurring at the end of the U2 phase increased sig-
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TABLE 2. Postischemic recovery of left ventricular developed pressure, first derivative of left ventricular pressure, heart
rate, and coronary flow

Hypoxic groups Normoxic groups
Variables H-1(n=6) H-2 (n=6) H-3 (n=6) N-1 (n=6) N-2 (n=6)
LVDP (%) 763 = 9.2 86.9 = 6.7* 76.8 = 4.2%% 66.0 =119 771 & 7.3
dP/dt max (%) 824 = 1.17 95.8 = 6.5% 82.8 = 13.4* 64.0 £ 125 83.1 & 8.3%*
HR (%) 85.6 =47 96.1 = 5.2* 92.7 £ 11.1%* 86.3 =84 96.5 =+ 5.0%%*
CF (%) 96.6 = 25.7° 924 =209 81.5 38 795+ 83" 89.1 =303

Values are represented as mean * standard deviation.
* P <0.05, group H-1 vs. group H-2.

** P <0.05, group H-2 vs. group H-3.

**% P <0.05, group N-1 vs. group N-2.

T P <0.05, group H-1 vs. group N-1.

CF, coronary flow; cGMP, cyclic gnanosine monophosphate; dP/dt max, maximum first derivative of left ventricular pressure; HR, heart

rate; LVDP, left ventricular developed pressure.

nificantly with ANP administration in groups H-2 and
N-2. The release of cGMP in both groups decreased
to pre-ischemic levels after the end of the L2 phase.
There was no difference in the rate of cGMP release
between groups H-1 and H-3 at any time point.
Postischemic cardiac functional recovery was
closely correlated with a significantly increased rate
of cGMP release as a result of ANP administration;
this cardioprotective effect was blocked by a specific
antagonist of the guanylyl cyclase ANP receptor.

Interaction between the cardioprotective effects of
ANP and chronic hypoxia

The interactions between the effects of ANP and
chronic hypoxia on cardiac function recovery are
shown in Fig. 3. ANP administration improved the
recovery of the LVDP (10.6% improvement in
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10 s
- :
o8 A :
£ !
= o :
b
= 6 -
‘i:'
&0 7
£ 4 -
o
-
o -
=
8 2 A

hypoxic hearts vs. 11.1% in normoxic hearts), dP/dt
max (13.4% vs. 19.1%), and HR (10.5% vs. 10.2%)
after reperfusion of both hypoxic and normoxic
hearts to the same degree. No interaction was iden-
tified between ANP and chronic hypoxia with respect
to the recovery of LVDP (P =0.9270), dP/dt max
(P=10.4045), HR (P =0.9583), and CF (P =0.5030)
using the two-way ANOVA followed by Scheffe’s
test.

DISCUSSION

Effect of ANP on congenitally hypoxic heart

The present study provides the first direct evidence
that ANP improves left ventricular function after
myocardial acute global ischemia-reperfusion
equally, in both chronically hypoxic and normal

1 Group HA
Group H-2
. B GroupH-3
' [T Group N-1
: Group N-2

FIG. 2. Changes in cyclic guanosine
monophosphate (cGMP) leakage. The
rate of cGMP release tended to be
higher in the hypoxic rats than in the
normoxic rats. In groups H-2 and N-2
(both hypoxic and normoxic rats), cGMP
was released at the end of the U2 phase
and increased significantly with ANP
~ administration. The reiease of cGMP in
both groups decreased to the pre-
ischemic levels after the end of the L2
phase. Bars represent standard deviation.

Pre-tschemia Post-iwheme

Post-ischemit
atter .2 after W2
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hearts. The increase in the release rate of cGMP fol-
lowing the initial 15 min of reperfusion and the lack
of a cardioprotective effect in the presence of an
ANP receptor blocker indicate that the protective
effects of ANP against ischemia-reperfusion injury
are partly mediated by the direct effect of cGMP on
cardiomyocytes. ANP is known to activate a particu-
late guanylyl cyclase associated with the ANP recep-
tor and increase the rate of intracellular cGMP
synthesis (3). However, the relationship between the
c¢GMP concentration in the reperfused myocardium
and the extent of the protective effects against rep-
erfusion injury is not known. It is suggested that over-
stimulation of cGMP synthesis could be detrimental
to the reperfused myocardium and may result in
increased apoptotic cell death (13). Padilla et al. (14)
clearly demonstrated the negative effects of excessive
c¢GMP in isolated rat hearts that received large doses
of urodilatin (a member of the natriuretic peptide
family) after 40 min of ischemia. Therefore, it is
important to determine the doses of agents necessary
to obtain the targeted increase in cGMP in the rep-
erfused myocardium. In this study, 0.1 pM ANP was
used because the previous study demonstrated that
0.1 uM ANP induces an increase in cGMP release
without a significantly negative hemodynamic effect
in normoxic rat hearts (3). The results of this study
indicate that 0.1 uM ANP is an acceptable level even
in chronically hypoxic hearts.
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Interaction between ANP and chronic hypexia

This study shows that ANP equally improves left
ventricular function following an acute myocardial
ischemia~reperfusion injury in chronically hypoxic
and normal rat hearts. Our results are very different
from those of Baker et al. who attempted to demon-
strate that a NO donor exerts a cardioprotective
effect against ischemia~reperfusion injury in chroni-
cally hypoxic hearts by using an isolated rabbit heart
model. In that study, no improvement in left ventricu-
lar function after myocardial acute global ischemia—
reperfusion was observed in rabbit hearts reperfused
with the NO donor; this finding is in contrast with
those in the rabbit hearts reperfused without NO
donor (4).

The results of this study lead us to question why the
cardioprotective effect of ANP was not diminished in
hearts that were subjected to chronic hypoxia. Two
potential reasons can be considered. First, the mecha-
nisms activating cGMP synthesis may be different for
ANP and chronic hypoxia. Hypoxia preconditioning
is predominantly dependent upon increased NO syn-
thesis; furthermore, increased NO levels directly acti-
vate soluble guanylyl cyclase. This mechanism for
activating cGMP synthesis is the same as that used by
the NO donor. On the other hand, ANP binds to the
ANP receptor and indirectly activates the particulate
guanylyl cyclase associated with the ANP receptor
(8). Although both types of guanylyl cyclase activate



ANP IMPROVES LV FUNCTION AFTER ISCHEMIA-REPERFUSION INJURY 385

cGMP synthesis, the intramyocardial cGMP is known
to be highly compartmentalized. Because these com-
partmentalized cGMPs often have different effects,
chronic hypoxia (which involves soluble guanylyl
cyclase-dependent cGMP synthesis) and ANP

administration (which involves particulate guanylyl

cyclase-dependent cGMP synthesis) may have differ-
ent effects on the myocardium (8,15,16). Su et al
report that particulate guanylyl cyclase-dependent
c¢GMP predominantly contributes to a decrease in
intracellular Ca* levels, while soluble guanylyl
cyclase-dependent cGMP predominantly contributes
to a reduction in the sensitivity of myofilaments to
Ca” (8).

ANP also appears to have an additional cardio-

protective effect against myocardial ischemia—
reperfusion injury. Another study provides evidence
for the existence of an independently functioning and
local renin—angiotensin system in the heart (17).In an
isolated perfused rat heart, angiotensin II was found
to exacerbate ischemia-induced ventricular fibrilla-
tion and to impair cardiodynamics; these effects were
blocked by ANP (18). Morales et al. (19) report that
directly blocking the local renin-angiotensin system
with angiotensin II receptor antagonists relieves
myocardial stunning after global ischemia. Therefore,
the functional antagonism of angiotensin II may
underlie the protective effect of ANP against
ischemia—reperfusion injury. This cardioprotective
effect of ANP, which is not related to cGMP, may
therefore contribute to the further cardioprotective
effects observed in the hypoxic hearts investigated in
this study. Further study is needed to elucidate the
full consequences of the interaction.

Study limitations

There are several limitations to the model system
employed in this study. First, an isolated perfused
preparation was used. Although the preparations
were denervated, direct cardiac responses can be
studied independent of the systemic effects of ANP.
Second, a crystalloid solution was used in the per-
fusion circuit, which might have produced results
different from those in a blood perfusion (20). The
fact that various blood components play different
roles during ischemia and reperfusion could have
affected the results. Therefore, we used a simple
crystalloid solution to simplify the study’s model.
Third, the animals were subjected to the protocol on
the 1st day after birth. In contrast, children with
cyanotic congenital heart disease are generally cyan-
otic since birth, having never been exposed to nor-
moxia. Fourth, neonate animals were intermittently
reoxygenated when they were exposed to air for

feeding and maintenance. The effect of such brief
normoxia has not yet been clarified. Finally, it
should be noted that this study does not confirm
that ANP is safe for use in clinical situations involv-
ing acute ischemia-reperfusion of chronic hypoxic
hearts. The experimental conditions of this study
have many differences from clinical situations.
Further study is required to evaluate the validity of
the findings for applications in patients with con-
genital hypoxia.

CONCLUSION

Atrionatriuretic peptide administration during the
reperfusion of congenital hypoxic rat hearts follow-
ing global ischemia improved the recovery of left
ventricular function to the same degree as age-
matched normal rat hearts. Although ANP and
chronic hypoxia increased the rate of myocardial
cGMP synthesis, there appears to be no interaction
between ANP and chronic hypoxia with respect to
their beneficial effects on left ventricular function
following ‘ischemia-reperfusion. These results indi-
cate that ANP may have a cardioprotective pathway
independent of its promotion of cGMP synthesis.
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Transcatheter Closure of a Large Atrial Septal Defect
under Microprobe Transesophageal
Echocardiographic Guidance
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We present a case of an atrial septal defect (ASD) in a 59-year-old man with an indication for ASD closure
who also had a history of chronic obstructive pulmonary disease. Because of his decreased respiratory
function with multiple bullae in his lungs, the procedure was performed without general anesthesia
under the guidance of fluoroscopy and two-dimensional (2D) transesophageal echocardiography (TEE)
using a transesophageal echocardiographic microprobe (micro-TEE) (S8-3t; Philips Medical Systems,
Andover, MA, USA). The micro-TEE probe was inserted into the esophagus smoothly and easily in
the supine position without sedation. It revealed a deficient superior-anterior rim and adequate rims
elsewhere, and the maximal diameter of ASD was measured to be 25 mm. Balloon sizing resulted in
a stretched defect diameter of 29 mm using the stop-flow technique. A 30-mm AMPLATZER Septal
Occluder (AGA Medical, Plymouth, MN, USA) was deployed. The micro-TEE demonstrated that both
disks were on the appropriate sides of the interatrial septum and the device was not interfering with
surround cardiac structures. Residual shunt flow was not detected with color Doppler. The device
was released successfully without any complications. Recently introduced multiplane micro-TEE can
provide adequate information about a large ASD with a less invasive procedure in adult patients. Micro-
TEE has a potential to become a novel imaging option for interventions of the interatrial septum.
(Echocardiography 2012;29:E94-E96)

Key words: transesophageal echocardiography, atrial septal defect, transcatheter closure device

A 59-year-old man with a history of chronic
obstructive pulmonary disease who presented
with progressive exertional dyspnea was found to
have a secundum-type atrial septal defect (ASD)
and a dilated right ventricle on transthoracic
echocardiography (TTE). He was referred to our
hospital for evaluation and transcatheter ASD clo-
sure.

Right heart catheterization demonstrated a
pulmonary-to-systemic flow ratio of 1.8:1. His
respiratory function was decreased due to mul-
tiple bullae in his lungs. And an intracardiac
echocardiography was unavailable in our hos-
pital. Therefore, transcatheter ASD closure was
performed without general anesthesia under the
guidance of fluoroscopy and two-dimensional
(2D) transesophageal echocardiography (TEE) us-
ing a transesophageal echocardiographic micro-
probe (micro-TEE) (S8-3t; Philips Medical Sys-
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tems, Andover, MA, USA) (Fig. 1). No seda-
tives were used, and local pharyngeal anesthe-
sia was induced with oral liquid containing ligno-
caine. The micro-TEE probe was inserted into the

Figure 1. Miniaturized micro-TEE probe.



Transcatheter ASD Closure Under Micro-TEE Guidance

Figure 2. Transcatheter atrial septal defect closure under micro-TEE and fluoroscopic guidance. A. Micro-TEE demonstrates a
large atrial septal defect (ASD) and a deficient superior-anterior rim. B. With color Doppler image, left-to-right shunt flow is
recognized. €. Balloon sizing using the stop-flow technique D. Fluoroscopic view and E. micro-TEE view deploying a 30-mm

AMPLATZER Septal Occluder F. Device is deployed successfully.

esophagus smoothly and easily in the supine po-
sition. It revealed a deficient superior-anterior rim
and adequate rims elsewhere (Fig. 2A and B,
movie clip S1), and the maximal diameter of ASD
was measured to be 25 mm. Balloon sizing with
a 34-mm AGA balloon (AGA Medical, Plymouth,
MN, USA) resulted in a stretched defect diameter
of 29 mm using the stop-flow technique (Fig. 2C).
A 12-French AGA sheath was used to deliver the
device. A 30-mm AMPLATZER Septal Occluder
(AGA Medical, Plymouth, MN, USa) was deployed
(Fig. 2D and E, movie clip S2). The .micro-TEE
clearly demonstrated that both disks were on
the appropriate sides of the interatrial septum
and the device was not interfering with surround
cardiac structures. Residual shunt flow was not
detected with color Doppler. The device was

released successfully without any complications
(Fig. 2F).

The extremely miniaturized multiplane micro-
TEE has 18.5 mm of tip length, 7.5 mm of tip
width, and 5.5 mm of tip height. The shaft size is
5.2. mm which is about a half size of the standard
TEE probe for adults. The transducer consisted of
32 elements and has frequency from 3.2 MHz to
7.4 MHz. 2D, as well as M-mode, color Doppler,
pulse-wave wave Doppler, and continuous-wave
Doppler are available. ‘

Echocardiography plays a pivotal role in guid-
ing interventions of structural heart diseases.
There are several imaging tools of echocardio-
graphic guidance for structural heart interven-
tions including 2D TTE, 2D TEE,! intracardiac
echocardiography,®3 and recently introduced
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real-time three-dimensional (3D) TEE.*> From the
standpoint of echocardiographic options for tran-
scatheter closure of an interatrial septum in the
catheterization laboratory, the small size of the
micro-TEE probe may be better tolerated with-
out general anesthesia for a prolonged proce-
dure such as ASD closure, as compared to a stan-
dard TEE probe. In addition, micro-TEE has some
advantages compared to intracardiac echocar-
diography in terms of capability of multiplane,
reusability, avoiding vascular complications and
cost effectiveness. However, image quality of the
current micro-TEE probe is inferior to that of a
conventional adult TEE probe, and inability of 3D
imaging by a micro-TEE probe can also be a limi-
tation.

Micro-TEE could provide adequate informa-
tion with a less invasive procedure even in patients
with a large ASD. Micro-TEE has the potential to
become a novel imaging option for interventions
of the interatrial septum.
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Supporting Information

Additional Supporting Information may be found
in the online version of this article:

Movie clip $1: Short-axis view with micro-
TEE shows a large atrial septal defect (ASD) and a
deficient superior-anterior rim. '

Movie clip $2: The micro-TEE shows that

* both disks are on the appropriate sides of the

interatrial septum.

Please note: Wiley-Blackwell are not responsi-
ble for the content or functionality of any support-
ing materials supplied by the authots. Any queries
(other than missing material) should be directed
to the corresponding author for the article.
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Long-Term Effects of Transcatheter Closure of Atrial Septal Defect on
Cardiac Remodeling and Exercise Capacity in Patients Older than 40 Years
with a Reduction in Cardiopulmonary Function
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Background: Although it has been demonstrated that cardiac remodeling and exercise capacity improve after
transcatheter closure of atrial septal defect (ASD), little is known about long-term benefits in middle-aged and
elderly patients with a reduction in cardiopulmonary function.

Objectives: To evaluate long-term extent and time course of improvements in cardiac remodeling and exercise
capacity in those patients.

Methods: Twenty ASD patients > 40 years of age with a reduction in cardiopulmonary function (predicted peak
oxygen uptake [VO;] < 65%) were enrolled. Transthoracic. echocardiography and cardiopulmonary exercise
testing were performed at baseline and at 1 month, 3 months, 6 months, and > 12 months after the procedure.
Results: At 1 month after the procedure, significant decreases in right ventricular (RV) end-diastolic diameter
(38.2 & 4.4 to 31.9 = 4.4 mm; P < 0.001) and RV/left ventricular end-diastolic diameter ratio (0.95 & 0.17 to
0.71 £ 0.13; P < 0.001) occurred, and they were maintained during the follow-up period. Normal RV size was
achieved in 11 of 18 patients with RV enlargement. Predicted peak VO, did not change at 1 month and 3 months,
but it improved significantly after 6 months (53.6 £ 6.5 to 62.1 = 12.6%; P < 0.01). Sixteen of the 20 patients
showed improved predicted peak VO,.

Conclusions: Cardiac remodeling and exercise capacity could be improved over the long-term period after
transcatheter closure of ASD in middle-aged and elderly patients with a reduction in cardiopulmonary function.
There were differences in the time course of improvement between cardiac remodeling and exercise capacity in

those patients. (J Interven Cardiol 2013;26:195-199)

Introductioh

Atrial septal defect (ASD) of secundum type is
one of the most common forms of congenital heart
disease in adults. Many patients with ASD are usu-
ally asymptomatic in early life, but clinical symp-
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toms such as fatigue and dyspnea develop frequently
in the course of time."> The development of clinical
symptoms, echocardiographic signs of shunt volume
or shunt-related pulmonary hypertension are widely
accepted indications for closure of ASD. It is well
known that surgical closure of ASD leads to long-
term functional benefits in middle-aged and elderly
symptomatic patients.3® In recent years, transcatheter
closure of ASD has been established as a secure and

-effective treatment, and it has become an important al-

ternative to surgical repair for ASD.”3 A few studies
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have shown short-term benefits of transcatheter closure
of ASD on cardiac remodeling and exercise capacity
in middle-aged and elderly patients.>'® However, lit-
tle is known about long-term results. Furthermore, the
extent and time course of functional improvements af-
ter the procedure in middle-aged and elderly patients
with a marked reduction in cardiopulmonary function
remains unclear. Therefore, the aim of this study was to
investigate the long-term extent and time course of im-
provements in cardiac remodeling and exercise capac-
ity after transcatheter closure of ASD in those patients.

Methods

Study Population. From June 2006 to April 2009,
20 consecutive ASD patients > 40 years of age with a
moderate or severe reduction in cardiopulmonary func-
tion who underwent transcatheter closure of secundum
ASD were enrolled. We defined moderate reduction
in cardiopulmonary function as 50% < predicted peak
oxygen uptake (VO,) < 65%, and we defined severe re-
duction as predicted peak VO, < 50%. The indications
for ASD closure in all patients were significant left-to-
right shunt detected by echocardiography, presence of
right ventricular (RV) volume overload, shunt-related
symptoms, or pulmonary hypertension. Exclusion cri-
teria included pulmonary vascular resistance > 8 wood
units on 100% O, and transesophageal maximal ASD
diameter > 40 mm. The Okayama University Ethics
Committee approved this study, which was performed
in accordance with the Helsinki declaration, and all
patients provided written informed consent before par-
ticipation in this study.

Transcatheter Closure of ASD. Transesophageal
echocardiography was performed in all patients before
the procedure, and left atrial thrombi were not detected
in any of the patients. Coronary angiography was per-
formed in all patients, and there was no significant
coronary stenosis. Transcatheter closure of ASD us-
ing an AMPLATZER septal occluder device (AGA
Medical Corporation; Plymouth, MN, USA) was per-
formed under general anesthesia with the assistance
of transesophageal echocardiography. Hemodynamic
evaluation was performed just before ASD closure.
With oxygen uptake measured at rest, the pulmonary
to systemic flow ratio was calculated by oxymetry us-
ing the Fick principle. If the pulmonary wedge pressure
increased > 5 mmHg from baseline, the procedure was
abandoned.
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Echocardiography. Transthoracic echocardiog-
raphy was performed at baseline and at 1 month,
3 months, 6 months, and >12 months after the pro-
cedure using a 3.5 MHz transducer (Aplio, Toshiba,

- Otawara, Japan). Left ventricular (LV) end-diastolic

diameter, LV end-systolic diameter, and RV end-
diastolic diameter were measured by M-mode paraster-
nal echocardiography, and RV/LV end-diastolic diam-
eter ratio was calculated. LV ejection fraction was de-
rived using Teichholz’s formula. These measurements
were done at least three times and averaged to obtain
mean values by 2 independent experienced investiga-
tors who were blinded to the data of treatment.

Cardiopulmonary Exercise Testing. Cardiopul-
monary exercise testing was performed at baseline and
at 1 month, 3 months, 6 months, and >12 months
after the procedure. All patients underwent symptom-
limited exercise tests on an upright bicycle ergometer
using a ramp protocol (15 W/min) with simultaneous
respirator gas analysis. Patients were encouraged to ex-
ercise to exhaustion or to a respiratory exchange ratio >
1.09. Blood pressure and heart rate were measured
every minute. A 12-lead electrocardiogram was con-
tinuously monitored during exercise testing. Breathed
gas was continuously collected to analyze VOo,
carbon dioxide production, and minute ventilation with
a gas analyzer. Peak VO, was defined as the highest
VO, value achieved at peak exercise after reaching
the respiratory compensation point, and predicted peak
VO, was expressed according to age, sex, weight, and
height. VO, to work rate ratio (AVO,/AWR) was de-
termined. A spirometric measurement was performed
to assess vital capacity and forced expiratory volume in
1 second. These analyses were done by 2 independent
experienced investigators who were blinded to the data
of treatment.

Statistical Analysis. Variables are expressed as
means =+ standard deviation or percentage. Statistical
analysis was performed by Wilcoxon’s matched-pairs
test. A P value < 0.05 was considered to be statistically
significant.

Results

Study Population. Patient clinical characteris-
tics are summarized in Table 1. Mean age at trans-
catheter closure of ASD was 54.5 £ 10.9 years (range,
40-78 years). Fourteen patients (70%) were fe-

“male. ASD diameter measured by transesophageal

echocardiography was 17.8 = 4.3 mm. Pulmonary to
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