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increased risk for CHD development than female hyperc-
holesterolemic patients. However, our result clearly revealed
that for the patients with both hypercholesterolemia and type
2 diabetes, the gender difference in the risk for coronary
events becomes smaller (3.33, p<0.001-1.94, p=0.057).
The patients” baseline characteristics, such as hypertension
(p=0.017 with type 2 diabetes and p<0.001 without type
2 diabetes), electrocardiogram abnormality (p=0.024 and
0.009, respectively), family history of CHD (p=0.170 and
p<0.001, respectively) and smoking habit (p=0.200 and
0.006, respectively) increase the risk for coronary events as
expected.

On the other hand, our analysis showed that alcohol con-
sumption had tendency to reduce the risk of coronary events
for hypercholesterolemic patients with or without type 2 dia-
betes, although it was not statistically significant (p=0.072
and 0.105, respectively). However, it should be noted that
the subjects who consumed alcohol in the current study
were light-moderate drinkers, (approximate average was 38 g
ethanol/day), thus this infiuence of alcohol consumption on
the coronary events might be limited to that level and may
differ from heavy drinkers without diabetes.

Also, obesity did not appear to be a risk factor of coro-
nary events for both hypercholesterolemic patients with and
without type 2 diabetes in this analysis (p =0.187 and 0.510,
respectively). (The reason of this result is explained in Sec-
tion 3.).

The risk of coronary event for oral hypoglycemic agents
1.78 (95% CI 1.04-3.03, p=0.036), insulin 5.35 (95% CI
2.65-10.81, p <0.001).

In this study, 1136 hypercholesterolemic patients had
slightly high fasting blood glucose level (6.11-6.99 mmol/l}),
and 11 of these subjects developed coronary events in the
study period. We calculated the relative risk of develop-
ing a coronary events for the hypercholesterolemic subjects
with slightly high fasting blood glucose level compared to
those with hypercholesterolemia alone (adjusted with age,
sex, hypertension and smoking). The relative risks was 2.11
(95% C11.14-3.91, p=0.017).

3. Discussions

The J-LIT, a long-term prospective cohort study on the
use of simvastatin, is the first epidemiological study in Japan
to demonstrate the relationship between serum lipid levels
and the incidence of CHD in Japanese patients with hyperc-
holesterolemia [17]. The J-LIT study provides excellent data
to elucidate the coronary event risk associated with having
both hypercholesterolemia and type 2 diabetes.

Since the J-LIT study was conducted in a standard clinical
environment in a target population of hypercholesterolemic
patients throughout the country, the findings could be rea-
sonably extrapolated to the general Japanese population. The
study monitored hypercholesterolemic patients treated with
low-dose simvastatin (5-10 mg/day) over 6 years. Of the

41,801 subijects, 6554 patients (15.7%) had type 2 diabetes
as well. This morbidity was lower than that of the US study
which reported 25% of hypercholesterolemic study patients
had type 2 diabetes [18]. The traditional Japanese diet, con-
stituted mainly of vegetables, carbohydrate and low protein,
may contribute to the lower morbidity of type 2 diabetes,
although the younger generations’ diet has become steadily
westernized.

We have already reported that serum TC and LDL-C lev-
els were positively correlated and serum HDL-C level was
inversely correlated with the risk of CHD in the hypercholes-
terolemic patients without a history of CHD in the J-LIT
study [7]. In the present investigation, the same pattern of
risk for coronary events can be seen in both hypercholes-
terolemnic patients with and without type 2 diabetes. For the
patients with type 2 diabetes, the relative risk was higher
(2.06, 95% CI 1.06-4.02, p=0.033) in 2.82 mmol/l for TG.
We further analyzed the adjusted relative risks for LDL-C or
HDL-C. After that, the risks for TG adjusted with LDL-C did
not change, while the risk for TG disappeared (1.33, 95% CI
0.66-2.68, p=0.432) after the adjustment with HDL-C. We
observed that HDL-C was confounding factor for the risk of
TG for coronary events.

This study demonstrated that hypercholesterolemic
patients with slightly high fasting blood glucose level have
the same level of increased risk for coronary events as
hypercholesterolemic subjects with typical type 2 diabetes.
Although the fasting blood glucose level was not matched
high to the diabetes mellitus, such patients should be man-
aged as strictly as the same as the patients with type
2 diabetes and hypercholesterolemia. Early management
for glucose control, including diet and exercise are neces-
sary when the fasting blood glucose level were between
6.11 and 6.99mmol/l in order to prevent later serious
outcomes.

We also found that alcohol intake at low to moderate
levels may reduce the risk of coronary evenis in patients
with hypercholesterolemia, with and without type 2 dia-
betes. In Japan, for patients with lifestyle-associated dis-
eases, such as hyperlipidemia and type 2 diabetes, alcohol
intake has been thought to accelerate the progression of
CHD. Thus alcohol consumption is sometimes even pro-
hibited by the physicians in these patients. However, based
on this large scale J-LIT study results, further consideration
should be given to the role of alcohol consumption at different
levels.

Obesity has been considered as a risk factor of type 2 dia-
betes and CHD. In this study, obesity was not shown as a
risk factor. The standard diagnosis criteria for the metabolic
syndrome revised lately, adopts the waist circumference for
defining obesity (male: >85 cm, female: >90 cm). It was not
observed that obesity was an independent risk factor in the
present study. It might be caused by that BMI instead of
waist circumference was utilized in this. This report based
on the J-LIT study, for the first time, clearly reveals that
the Japanese hypercholesterolemic patients with type 2 dia-
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betes have higher risk for developing coronary events. Thus,
Japanese patients with both risk factors need more careful
and strict management of LDL-C, HDL-C and TG in addition
to the blood glucose control for the prevention of coronary
events.

4. Limitation

This study is post hoc non-randomized, observational
subanalysis.
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Abstract

In the previous study, we generated mice lacking thromboxane A2 receptor (TP) and apolipoprotein E, apoE~/ ~TP~/~ mice, and report-
ed that the double knockout mice developed markedly smaller atherosclerotic lesions than those in apoE‘/ ~ mice. To investigate the mech-
anism responsible for reduced atherosclerosis in apoE'/ “TP~/~ mice, we examined the role of TP in bone marrow (BM)-derived cells in the
development of the atherosclerotic lesions. When we compared the function of macrophages in apoE”/ ~ and in apoE™/ ~TP~/~ mouse in vi-
tro, there was no difference in the expression levels of cytokines and chemokines after stimulation with lipopolysaccharide. We then trans-
planted the BM from either apoE'/ ~or apoE'/ ~TP~/~ mice to either apoE_/ ~or apoE'/ ~TP~/~ mice after sublethal irradiation. After 12
weeks with high fat diet, we analyzed the atherosclerotic lesion of aortic sinus. When the BM from apoE’/ ~or apoE_/ ~TP~/~ mice was
transplanted to apoE“/ ~ mice, the lesion size was almost the same as that of apoE“/ ~ mice without BM transplantation. In contrast, when
the BM from apoE™/~ or apoE‘/ “TP~/~ mice was transplanted to apoE_/ ~TP~/~ mice, the lesion size was markedly reduced. These results
indicate that the protection of atherogenesis in TP~/ mice is not associated with TP in BM-derived cells.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Thromboxane A2 receptor; Macrophage; Atherosclerosis; Apolipoprotein E-deficient mice

The lipid mediator thromboxane A2 (TXA2) is a biolog-
ically active metabolite of arachidonic acid, which is syn-
thesized from prostaglandin endoperoxide [1] via
thromboxane synthase [2]. In addition to its major role as
a powerful platelet aggregator [3], TXA2 can induce potent
vasoconstriction, stimulate the proliferation of vascular
smooth muscle cells {4], and is a positive inotropic agent
of the heart [5]. Accumulating evidence indicates that
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increased production of TXA?2 is associated with vascular
pathology, particularly with atherosclerosis of coronary
artery disease and accelerated atherosclerosis of saphenous
vein graft [6,7]. The efficacy of low-dose aspirin in the sec-
ondary prevention of cardiovascular events is also attribut-
ed to inhibition of TXA2 production by platelets [8].

The biological action of TXA2 is mediated via its specif-
ic membrane TXA2 receptor (TP). TP has been shown to
play an important role in the development of atherosclero-
sis in the apolipoprotein E-deficient (apoE_/ 7) mouse [9],
in which they demonstrated that blockade of TP inhibits
atherosclerosis by a mechanism independent of platelet-de-
rived TXA2. Moreover, the response to injury-induced
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vascular proliferation is markedly exaggerated in transgen-
ic mice with vascular overexpression of the human TP
gene, and this response is reduced by TP antagonist [10].

Human TP is a G protein-coupled receptor composed of
343 amino acids [1,11]. mRNA for TP is expressed in a
large number of tissues such as lung, kidney, brain, and
thymus, and in various cell types such as smooth muscle
cells, endothelial cells, epithelial cells, and in platelets
[12]. Recent study showed that TP expression is significant-
ly increased in human atherosclerotic coronary arteries
compared with normal vessels [13]. Cell culture studies also
indicate that TP may be related to the development of ath-
erosclerosis by a mechanism by which TXA2 binds to TP
located on the endothelial cell surface and augments the
expression of endothelial adhesion molecules [14-16]
Other studies show that stimulation of TP in human umbil-
ical vein endothelial cells may result in an increase in the
activity of monocytes and T cells through monocyte che-
moattractant protein-1 (MCP-1) [17], and TXA2 affects
the proliferation of vascular smooth muscle cells [18].

The pathophysiological role of monocytes and macro-
phages in atherogenesis is well documented (19]. The accu-
mulation of LDL cholesterol in bone marrow (BM)-
derived macrophages in the artery wall and their consequent
conversion into foam cells is an early step in atherogenesis
[20]. Macrophages contain TX synthase and release large
amounts of TXA?2, when transformed into foam cells with
modified LDL [21]. In our previous study, we found the pro-
tective effect of TP deficiency on the development of athero-
sclerosis by generating apoE_/ ~ TP/~ mice, in which we
showed significant suppression in the lesion areas of proxi-
mal aorta by 70% compared with those of apoE ™/~ mice
[22]. Recently, Egan et al. confirmed the efficacy of the TP
antagonist in retarding murine atherosclerosis. Further,
the immunostaining with anti-laminin and anti-o-actin anti-
bodies of the aortic lesion area showed that the inhibition of
TP resulted in morphological changes in plaque by a
decrease in macrophages and apoptotic cells in the subendo-
thelium areas and an increase in SMCsin fibrotic caps, which
made the plaque into a more stable phenotype [40]. It is sug-
gested that BM-derived precursors can give rise to vascular
cells that contribute to the repair, remodeling, and lesion for-
mation of the arterial wall under certain circumstances [23].

The present study was, therefore, designed to elucidate
the mechanism responsible for the prevention of advanced
atherosclerosis in apoE_/ “TP~/~ mice. Specifically, utiliz-
ing bone marrow (BM) transplantation technique, we tried
to address how important TP in BM-derived monocyte-
macrophages is in this process.

Methods

Animal study. All experimental protocols were performed in accor-
dance with the guidelines of Kyoto University, Japan. ApoE”/ ~ mice
{hybrid: C57BL/6x 1290la) were a generous gift from Dr. Edward M.
Rubin in University of California at Berkeley [24]. These mice were mated
with C57BL/6 mice to produce F, hybrids. The F; apoE+/‘ mice were
then backcrossed to C57BL/6 at least five times. ApoE"/ ~ mice on a

C57BL/6 background were subsequently generated. TP/~ mice with
C57BL/6 background were generated as previously described [25] The
mice were kept in a temperature-controlled facility on a 14-h light/10-h
dark cycle, with free access to food and water. Mice were fed a normal
chow diet containing 8.7% (wt/wt) fat and 0.063% (wt/wt) cholesterol
(Oriental Yeast, Chiba, Japan) for the experiment except BM transplan-
tation (BMT).

Culture of macrophage. Peritoneal macrophages were harvested as
described [26] from wild-type (WT) C57BL/6, TP /", apoE_/ -, and
apoE_/ ~TP~'~ double knockout mice. Cells (3 x 10%/ml) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum, 50 U/ml penicillin, and 50 pg/ml streptomycin in 150 em?
or 6-well tissue culture plates and maintained at 37 °C in 5% CO, and 95%
air. Before pretreatment or stimulation, cells were incubated in serum-free
media for 18 h.

RT-PCR. Total RNA was isolated using TRIzol Reagent (Invitrogen,
Carlsbad, CA). One to 1.5 pg of total RNA was primed with oligo(d)T for
first strand cDNA synthesis in a 20 pl reaction using SuperScript™ I1
Reverse Transcriptase, according to the manufacturer’s instructions
(Invitrogen). The transcript cDNA was amplified with TP-specific set of
primers 5'-AAGCTTGGGTTTCAGGGACCTG-3' (forward) and 5'-
ACTTTGTTGCAGACACCACCTGTC-3' (reverse) [22] by 35 cycles
PCR by denaturation at 94 °C for 1 min, annealing at 65 °C for 1 min, and
extension at 72 °C for 80 s in DNA Engine Peltier Thermal Cycler PTC-
200 (MJ Research, Waltham, MA). Amplified products were visualized in
a 1% agarose gel containing 0.1 pg/ml of ethidium bromide.

44142 MAP kinase assay. Before stimulation, cells were incubated in
serum-free media overnight to minimize basal p44/42 MAP kinase activ-
ity. Cells were then stimulated with I-BOP (Cayman Chemical, Ann
Arbor, MI), a potent TP agonist, for 5 min. p44/42 MAP kinase activation
was measured following the directions provided by p44/42 MAP Kinase
Assay Kit (Cell Signaling Technology, Beverly, MA). Briefly, the cell
lysate was collected by ice-cold cell lysis buffer provided by the kit.
Immunoprecipitation was done by using immobilized phospho-pd4/42
MAP kinase (Thr202/Tyr204) monoclonal antibody. Subsequently, pro-
tein from each sample was loaded onto a sodium dodecyl sulfate 12%
polyacrylamide gel, subjected to electrophoresis, and transferred onto a
PVDF membrane. For immunodetection, the membrane was blocked in a
5% powered-milk solution in TBS-T (20 mM Tris, 500 mM NaCl, and
0.05% Tween 20, pH 7.4) for 30 min, and incubated overnight with rabbit
anti-phospho-ELK-1 antibody (1:1000) at 4 °C. After being washed with
TBS-T for three times, the membrane was incubated with HRP-conju-
gated anti-rabbit secondary antibody (1:2000) for 1 h, and was incubated
with detection reagents.

TXB?2 assay. Enzyme immunoassay for TXB2 was performed by TXB2
immunoassay kit (Cayman Chemical} according to manufacturer’s
instructions. Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Hercules,
CA) was used to measure the protein concentration of the cells.

BMT. Donor apoE"/ T or apoE’/ ~TP~/~ mice, 8-10 weeks old, were
sacrificed, and their BM cells were harvested from the femurs as described
[27-29]). Recipient apoE"/ ~oor apoE'/ ~TP~/~ male mice, 7 weeks old,
were irradiated with 9 Gy of y ray in a single dose using the Gammacell 40
Exactor Irradiator (Nordion International). Four hours later, 3-5 X 108
BM cells in 0.5ml PBS were transplanted by tail-vein injection as
described {28]. After BMT, the mice were placed on a high fat diet con-
taining 20% fat and 0.3% cholesterol (Oriental Yeast, Chiba, Japan) to
accelerate the development of atherosclerosis. BM reconstitution was
quantified by real-time PCR of genomic DNA as described below.

Quantification of TP DNA by real-time PCR. Genome DNA was
prepared from whole blood cells from donor and recipient mice before and
2 weeks after BMT following the directions provided by QlAampDNA
Blood Mini Kit (Qiagen, Valencia, CA). The relative quantities of TP were
measured by a real-time PCR using a conumercially available kit (TagMan
Universal PCR Master Mix, Applied Biosystems, Foster City, CA) with
18S rRNA as an endogenous control. The primer sequences for TP were as
follows: 5'-ATCGTGGCGTCGCAACA-3' (forward) and 5'-ACCATAG
CTACCCCCATGAAGTAG-3' (reverse). The TagMan probe sequence
for TP was 5-FAM-CTGCCTTGTTGGACTGGCGAGCC-TAMAR-3".
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Thermal cycling conditions for TP consisted of an initial 95 °C for 10 min,
followed by 40 cycles of 155 at 95 °C and 1 min at 60 °C. Cycle threshold
(Cr) was determined according to the instructions from Applied Biosys-
tems. The data were analyzed by the comparative Cr method and were
confirmed by the standard curve method, as described [30].

RNase protection assay. Mouse macrophages were harvested and
incubated in serum-free media for 18 h, followed by exposure to vehicle or
lipopolysaccharide (LPS, 1.0 pg/ml) for 2 h. Total RNA was obtained by
TRIzol extraction. mRNA expressions for tumor necrosis factor (TNF),
interleukin (IL)-l1a and -18, macrophage inflammatory protein (MIP)-2,
and monocyte chemoattractant protein (MCP)-1 were determined by
RNase protection assay. Briefly, **P-labeled anti-sense RNA probes were
generated from custom RiboQuant™ Multi-Probe Template sets
(PharMingen, San Diego, CA) and hybridized with target RNA according
to the manufacturer’s recommendations. The RNase-protected probe was
then purified and resolved on denaturing polyacrylamide gels. The gels
were developed subsequently on a film, and expressed mRNA was iden-
tified by bands corresponding to the expected fragment size.

Tissue preparation and quantification of atherosclerotic lesion. After
feeding with high fat diet for 12 weeks, mouse tissue was prepared as
described [31-33). Briefly, each mouse was sacrificed and the freshly
removed heart was snap-frozen in O.C.T Compound (Sakura Finetek
USA Inc., Torrance, CA) and sequentially cut into 6-pm-thick sections
around the aortic sinus, followed by oil red-O-staining (Sigma Chemical,
St. Louis, MO} and nuclear counterstaining (Mayer’s hematoxylin solu-
tion, Wako Pure Chemical Industries, Osaka, Japan). Quantitative anal-
ysis was evaluated by Image-Pro Plus (Media Cybernetics, Silver Spring,
MD) to measure the surface area of the lesion and total surface area of the
tissue. The fraction area of the lesion was calculated as dividing surface of
the lesion by the surface of the vessel [34]. For each animal, 25 sequential
sections were examined and the mean of fraction area of the lesion was
calculated and expressed as percent.

Bleeding time. Bleeding time was assessed according to a previously
reported method [35]. In brief, mice were placed in a holder, and their tails
were transected ! cm proximal from the tip. The remaining tail was
immersed immediately into PBS maintained at 37 °C, and the time until
visible bleeding stops was measured. The hemostasis was conducted by
electric burn in case of losing too much blood when bleeding time
>10 min.

Serum cholesterol measurement. Mice were fasted for 4h in the
morning before blood was drawn at the time points before BMT, and 8
and 12 weeks after BMT. The samples were centrifuged to isolate serum
and total cholesterol level was determined with a commercially available
enzymatic reaction kit (Toyobo, Osaka, Japan) according to the manu-
facturer’s instructions.

Statistical analysis. Data are expressed as means & SD and were ana-
lyzed by ANOVA using StatView software (version 5.0, SAS, Cary, NC).
P <0.05 was considered statistically significant.

Results
TP expression in mice macrophage

We first examined the expression of TP in mouse macro-
phages by RT-PCR (Fig. 1a). TP expression was found in
macrophages both from WT and apoE"/ ~ mice, while no
expression was found in TP~/ mice as expected.

I-BOP stimulated P44/42 M AP kinase phosphorylation

To show that the TP function of macrophages in TP/~
mice is absent, we have determined the p44/42 MAP kinase
activity after stimulation with TP agonist, I-BOP. In vitro
kinase assay was used to determine the activation of p44/

a kb WT  apoE* TP
10—
05 —
b WT TP
4] 5 o § (min}
i Phospho-Efk-1

Fig. 1. TP expression and activation of p44/42 MAP kinase in mouse
macrophages. Total RNA was extracted from peritoneal macrophages of
WT, apoE_/ -, and TP/~ mice, and then RT-PCR was performed for TP
expression (a). After macrophages (3 x 10%/ml) from WT and TP/~ mice
were incubated with serum-free DMEM for 18 h, they were stimulated
with I-BOP (100 nM) for 5 min, and the cell lysate was collected for
immunoblot analysis using anti-p44/42 MAP kinase antibody (b).

42 MAP kinase. Peritoneal macrophages from WT and
TP/~ mice were stimulated with I-BOP (100 nM) for 0
or Smin. In WT cells I-BOP induced the activation of
p44/42 MAP kinase at 5 min, while no p44/42 MAP kinase
activation was found in TP/~ cells (Fig. 1b).

TXB2 synthesis by macrophages

To examine whether TXA2 can be induced by inflam-
matory stimuli in macrophages, we stimulated the cells
from WT, TP ~,apoE™'", and apoE'/ “TP~/~ mice with
LPS and examined the TXB2 synthesis. As shown in
Fig. 2, LPS (10 pg/ml) caused about three times of TXB2
production as compared with the basal level in each cell
type. However, induction of macrophage TXB2 produc-
tion after LPS stimulation did not differ among the four
mouse groups irrespective of the presence of TP allele.

LPS-induced production of proinflammatory cytokines and
chemokines

We next examined the production of proinflammatory
cytokines and chemokines from macrophages by RNase
protection assays with specific probes in vitro. Peritoneal

1600,
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Fig. 2. LPS-stimulated TXB2 production in macrophage. After macro-
phages (3 x 10%/ml) were serum-starved for 18 h, they were stimulated with
LPS (10 pg/ml) for 24 h. Supernatants were collected and measured for
TXB2 production. Cell lysate was collected for the determination of
protein contents. Data are means = SD from four independent
experiments.
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Fig. 3. Chemoattractant and inflammatory cytokine expression in peri-
toneal macrophages. Macrophages harvested from WT, TP, apoE"/ -,
and TP~ _apoE“/ ~ mice were stimulated with or without LPS (1 pg/ml)
for 2h. Total RNA was then extracted from the cells and the RNase
protection assay was performed for TNF-a, IL-1g, IL-18, MCP-1, MIP-2,
L.32, and GAPDH.

macrophages were harvested from WT, TP/ -, apoE”/ -,
and apoE'/ “TP~/~ mice, and were exposed to vehicle or
LPS (1.0 pg/mi} for 2 h. Total RNA was then extracted
to perform RNase protection assay. We found no signifi-
cant difference in the expression levels of inflammatory
cytokines such as TNF-o and IL-la, If or chemokines
such as MIP-2 and MCP-1 either in a resting state or after
stimulation with LPS in all kinds of cells (Fig. 3).

BMT study

To determine the contribution of TP in monocyte/
macrophage and platelets in atherogenesis, we conducted
BMT experiments as follows: BMT from apoE~/~"TP~/~
mice to apoE™/~ mice {group 2, n=>5) or from apoE_/"
to apoE~ “TP~'~ mice (group 4, n=4) as described in
Methods. As each control, the BM cells from apoE ™/~ mice
were transplanted to apoE‘/ ~ mice {group 1, n=135) or
from apoE‘/ TP~ to apoE_/ "TP™" mice (group 3,
n = 4). The transplanted mice were fed with high fat diet.
To examine what percentage of the blood cells 1s derived
from the donor BM, blood cells from the recipient mice
were harvested before and 2 weeks after BMT, and TP
expression in whole blood cells was studied by quantitative
real-time-PCR. When the BM of apoE“/ “TP™/~ was trans-
planted to apoE‘/ ~ mice, the recipients showed as low as
10% {n = 4) of TP expression as compared with that before
BMT. In contrast, when the BM of apoE“/ ~ was transplant-
ed to apoE’/ “TP~/~ mice, more than 90% of the blood cells
were positive for TP, indicating successful reconstitution of
BM in the recipient mice with the donor cells. We also con-
firmed the BM reconstitution by measuring the bleeding
time. As expected, the bleeding time of apoE'/ ~ mice trans-
planted with the BM of apoE“/ ~TP~/~ mice was prolonged
and almost the same as that of apoE"/ ~TP~/~ mice. The
bleeding time of each group (1-4) of mice was 155 £ 16,
566 + 33, 490 + 70, and 123 = 18 s, respectively, indicating

Table 1 .
Total cholesterol levels of 4 groups of mice before and after BMT
Donor Recipient Baseline  After 8 After 12
weeks weeks
apoE /- apoR ~/~ 384£24 999 4131 863 & 147
apoE ~/"TP~/~ apoE ™/~ 359427 84777 774493
apoE /"TP™"~ apoE ~"TP™~ 375+35 1033131 971142
apoE 7/~ apoE TP~ 442£43 802+132 802+ 114

Values are expressed as means = SD (mg/dL).

that TP in platelets is absent in mice transplanted with the
BM of apoE ™/ “TP~/~ mice. After 4 weeks of BMT, the plas-
ma white blood cell (WBC) and platelet counts were similar
before and after sublethal irradiation and BMT (data not
shown).

We measured the serum total cholesterol levels at time
points before BMT, and 8 and 12 weeks after BMT. There
were no significant differences among the four groups (1-4)
in all time points that we observed by ANOVA (Table 1).
The mice were sacrificed and the aortic sinus was analyzed
by oil red-O staining (Fig. 4a). As shown in Fig. 4a, we
found no significant difference in the fraction area of the
atherosclerotic lesion either between group | and 2 or
between group 3 and 4. The fraction area of the lesion in
recipient apoE”/ “TP~/~ mice (groups 3 and 4) was signif-
icantly smaller than that in recipient apoE™ ™ mice (groups
1 and 2) after BMT, irrespective of the donor BM origin
(Fig. 4b). The fraction area of the lesion in recipient
apoE'/ ~ mice was almost the same as that of apoE_/ -
mice, which were not subjected to BMT (data not shown).

Discussion

In this study, we have shown that TP expressed in BM-
derived cells such as monocyte/macrophage and platelets
does not play a major role in the development of athero-
sclerosis in apoE“/ ~ mice. This is an unexpected finding,
because the major cells accumulated in atherosclerotic
lesions are macrophages in apoE“/ ~ mice, and more recent-
ly it is reported that macrophages were decreased in the
atherosclerotic lesions by TP antagonist in apoE"/ ~ mice
[40]. Our study also indicates that TP expressed in platelets
does not play an essential role in atherogenesis in apoE"/ -
mice, either.

BMT studies in gene-targeted mice have been a powerful
tool to examine the contribution of various genes expressed
by macrophages to foam-cell formation and atherogenesis.
Recently, Babaev et al. [41] examined the impact of COX-1
expression by BM-derived cells on early atherosclerotic
lesion formation in apoE”/ ~ and LDLR™/~ mice and
found that both of the recipient mice reconstituted with
COX-1""" BM cells increased atherosclerotic lesions. In
their study, COX-1 deficiency in BM-derived cells does
not suppress early atherosclerosis in apoE‘/ ~ and
LDLR /"~ mice despite elimination of platelet TX produc-
tion. In this study, we first generated TP-deficient condition
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Fig. 4. Atherosclerotic lesion in BMT mice. (a) Oil red-O and hematoxylin staining was performed for aortic roots (objective 4). The representative section
from apoE‘/ ~ mice transplanted with BM cells from apoE_/ “(yor apoE‘/ “TP~/~ mice (2). The representative section from apoE'/ “TP~'~ mice
transplanted with BM cells from apoE"/ ~1p~/~ (3) or apoE“/ ~ mice (4). (b) Quantification of atherosclerotic lesion areas in each group of mice fed with
the high fat diet for 12 weeks after BMT. Sections were stained and the fraction area of the lesion was measured for the atherosclerotic lesions. Data are
represented as means = SD from 25 sections in each group. *p <0.01; R, recipient; D, donor.

in blood cells in apoE_/ ~ mice by BMT to examine the role
of TP in BM-derived cells. Our results indicate that the
phenotype of atherosclerotic lesions is dependent on the
recipient, not on the donor and that the BM-derived cells
in apoE™ ~TP~/~ mice do not play an essential role in
lesion formation. Thus the function of TP in blood cells
is not sufficient to explain this protective effect in TP/~
mice. Because there is no antibody available for mouse
TP for immunostain, in situ hybridization of TP in athero-
sclerosis plaque together with counterstaining by cell-spe-
cific antibodies may be an alternative approach in the
future to identify the major cell source of TP in
atherogenesis.

Inhibitors of TXA2 synthase and TP antagonists
improve pathophysiological events associated with athero-
sclerosis [9,10]. TP is a G protein-coupled receptor, which
is linked to phospholipase C activation leading to an
increase in cytosolic free calcium [36]. Here we first con-
firmed that TP is expressed in mouse macrophages and dis-
covered that TP agonists induced MAP kinase activation in
those cells, but not in TP~/~ macrophages. This raises the
possibility that TP can be involved in biological responses
of macrophage relevant to the pathogenesis of atheroscle-
rosis. Since TXA2 is produced locally by many cells includ-
ing monocytes or macrophages [37-39], we first examined
whether TP-deficiency in macrophage can affect the
TXAZ2 synthesis in vitro. LPS stimulated TXB2 secretion,
a stable metabolite of TXA2, by WT macrophages in a
dose- and time- dependent manner (data not shown).
However, we could not find decreased TXB2 production
in TP-deficient macrophages (Fig. 2), or in urinary 2,3-din-
or TBX2 levels of TP-deficient mice (data not shown).
These data indicate that the anti-atherosclerotic effect
may not be attributed to the low TXA2 synthesis in
apoE"/"TP“/“ mice.

Next, we examined the function of TP-deficient macro-
phage by RNase protection assay for pertinent cytokines
and chemokines, which play critical roles in vascular
inflammation. However, the mRNA levels for TNF-a,
IL-1a and -1B, MIP-2, and MCP-1 were not significantly
different between TP~/ macrophages and TP*™ ones both
in a resting state and in a condition stimulated with LPS.
Thus macrophages function normally, even if they lack
TP expression.

Taken together, TP in monocyte-macrophage lineage
does not play, at least, a central regulatory role in athero-
genesis in apoE_/ ~ mice. Indeed, in the previous study, we
have found that ICAM-1 expression on endothelial cells
(ECs) overlying the plaques of apoE_/ “TP~/~ mice was
significantly lower, suggesting that TP deficiency can affect
the interaction of ECs with platelets or leukocytes [22].
Ashton et al. indicated that TXA2 mimetic is a potent
antagonist for VEGF-induced EC migration and differenti-
ation [42]. It was also reported that the TP antagonist
improved endothelium-dependent vasodilation [43]. There-
fore, TP expressed in cells other than macrophages and
platelets might contribute to this protective effect. Endo-
thelial specific TP-knockout mice would be a promising
approach to address this issue and should be done in the
future.
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Like other members of the epidermal growth factor family,
heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is synthesized as a transmembrane protein that can
be shed enzymatically to release a soluble growth factor. Ectodo-
main shedding is essential to the biological functions of HB-EGF
and is strictly regulated. However, the mechanism that induces
the shedding remains unclear. We have recently identified nar-
dilysin (N-arginine dibasic convertase (NRDc)), a metalloen-
dopeptidase of the M16 family, as a protein that specifically
binds HB-EGF (Nishi, E., Prat, A., Hospital, V., Elenius, K., and
Klagsbrun, M. (2001) EMBO J. 20, 3342-3350). Here, we show
that NRDc enhances ectodomain shedding of HB-EGF. When
expressed in cells, NRDc enhanced the shedding in cooperation
with tumor necrosis factor-a-converting enzyme (TACE;
ADAM17). NRDc formed a complex with TACE, a process pro-
moted by phorbol esters, general activators of ectodomain shed-
ding. NRDc enhanced TACE-induced HB-EGF cleavage in a
peptide cleavage assay, indicating that the interaction with
NRDc potentiates the catalytic activity of TACE. The metalloen-
dopeptidase activity of NRDc was not required for the enhance-
ment of HB-EGF shedding. Notably, a reduction in the expres-
sion of NRDc caused by RNA interference was accompanied bya
decrease in ectodomain shedding of HB-EGF. These results
indicate the essential role of NRDc in HB-EGF ectodomain
shedding and reveal how the shedding is regulated by the mod-
ulation of sheddase activity.

Ectodomain shedding is an irreversible post-translational
modification that releases the extracellular domain of mem-
brane-anchored proteins through proteolysis. A broad spec-
trum of membrane proteins are susceptible to ectodomain
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shedding. Ectodomain shedding of most proteins occurs con-
stitutively in resting cells, but can be rapidly and markedly
induced by cell activation. However, the mechanism that
induces shedding remains unclear (1-4).

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF)? is synthesized as a transmembrane protein (pro-
HB-EGF) that can be shed proteolytically to release a soluble
growth factor (5-8). Metalloproteinases have been implicated
as sheddases of pro-HB-EGF because various metalloprotein-
ase inhibitors inhibit HB-EGF ectodomain shedding efficiently.
MMP3 (matrix metalloproteinase-3), MMP7, ADAMY (a disinte-
grin and metalloproteinase-9), ADAMI10, ADAMI2, and
ADAM17 (tumor necrosis factor-a-converting enzyme (TACE))
have all been suggested as the proteases responsible {(9-14).
Ectodomain shedding of pro-HB-EGF is induced by various
stimuli, including phorbol esters, calcium ionophore, and lyso-
phosphatidic acid (6, 15, 16). With respect to the mechanism of
the induction, however, very little is known.

Ectodomain shedding of HB-EGF is indispensable for G-pro-
tein-coupled receptor-induced epidermal growth factor recep-
tor (EGFR) transactivation, which plays critical roles in biolog-
ical consequences of G-protein-coupled receptor activation
(17). The physiological significance of HB-EGF ectodomain
shedding was further underscored by the findings that knock-in
mice harboring an uncleavable mutant construct of HB-EGF
show phenotypes very similar to those of HB-EGF knock-out
mice (e.g. hypertrophied cardiac valve and dilated heart) and
that knock-in mice with the soluble mutant have even more
severe phenotypes (18-20). Notably, a similarly defective val-
vulogenesis was observed in both EGFR- and TACE-deficient
mice, suggesting that HB-EGF-induced EGFR activation and
TACE-induced HB-EGF shedding are required for valvulogen-
esis (19, 21). In other words, ectodomain shedding of pro-HB-
EGF is required for the activation of EGFR by HB-EGF. The
same conclusion was obtained in a study that showed that most
of the biological effects of EGFR ligands in cell culture are
blocked by metalloprotease inhibitors (22).

2 The abbreviations used are: HB-EGF, heparin-binding epidermal growth fac-
tor-like growth factor; TACE, tumor necrosis factor-a-converting enzyme;
EGFR, epidermal growth factor receptor; NRD¢, N-arginine dibasic conver-
tase (nardilysin); HA, hemagglutinin; AP, alkaline phosphatase; siRNAs,
smallinterfering RNAs; GAPDH, glyceraldehyde-3 phosphate dehydrogen-
ase; MALDI-TOF-MS, matrix-assisted laser desorption ionization time-of-
flight mass spectrometry; PMA, phorbol 12-myristate 13-acetate.
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We have previously shown that nardilysin (N-arginine diba-
sic convertase (NRDc)) binds specifically to HB-EGF among
EGF family members (23). NRDc was originally identified as a
dibasic selective metalloendopeptidase of the M16 family (24,
25). Expression of the enzyme is widespread and especially high
in testis, heart, and skeletal muscle (26). NRDc is expressed
mainlyin the cytoplasm, but interestingly, it is also exported out
of cells and distributed on the cell surface, although it has no
apparent signal peptide sequence (27-29). While examining
the biological significance of the binding of NRDc to pro-HB-
EGF, we found that NRDc enhances ectodomain shedding of
the growth factor. Here, we demonstrate that a metalloen-
dopeptidase, NRDc, potentiates the catalytic activity of TACE
and enhances ectodomain shedding of HB-EGF.

EXPERIMENTAL PROCEDURES

Plasmids—cDNA encoding human NRDc (Met®™—Lys'**°,
completely matching GenBank™ accession number BC008775)
was cloned into pcDNA3.1/V5-His (Invitrogen) to generate
pcDNAB3.1-hNRDc-V5. The ¢cDNA of human NRDc C-termi-
nally tagged with FLAG was cloned into pcDNAS3 and pFast-
Bacl (Invitrogen) to generate pcDNA3-hNRDc-FLAG and
pFastBac1-hNRDc-FLAG, respectively. A cDNA encoding an
enzymatically inactive mutant of human NRDc was obtained by
substituting the Glu?** codon (GAG) with an Ala codon (GCG)
using the PCR technique. The full-length human TACE ¢cDNA
was cloned into pME18S to generate pME18S-hTACE. The
expression plasmid for hemagglutinin (HA)-tagged HB-EGF
was described previously (30). The expression plasmid for alka-
line phosphatase (AP)-tagged HB-EGF (31) was a gift from S.
Higashiyama.

Small Interfering RNAs (siRNAs)—The sequences for siRNA
duplexes were as follows: NRDc-1, 5'-GGGUAGUGAUAAU-
GCCUCAACUGAU-3'; NRDc-2, 5-GACUACUUAGCUGA-
GUUCAAUUCCA-3'; Control-2, 5'-ACGUGACACGUUCG-
GAGAA-3'.NRDc-1 and NRDc-2 are Stealth™ siRNA duplex
oligoribonucleotides synthesized by Invitrogen. Control-2 is a
control (nonsilencing) siRNA purchased from Qiagen Inc.
Control-1 is a Stealth RNAi negative control duplex with
medium GC content purchased from Invitrogen, the sequence
of which is not available to the public.

Antibodies and Reagents— The antibodies were from the fol-
lowing sources: anti-HA tag antibody HA11, Covance; anti-V5
tag antibody, Invitrogen; anti-FLAG tag antibody M2, Sigma;
anti-TACE antibodies (C-15 and H-300), Santa Cruz Biotech-
nology, Inc.; anti-TACE antibody {clone 111633), R&D Sys-
terns; anti-HB-EGF antibody, Calbiochem; and anti-glyceralde-
hyde-3 phosphate dehydrogenase (GAPDH) antibody,
Research Diagnostics, Inc. Anti-TACE antibody 41 (used for
immunoprecipitation) was a gift from M. E. Milla. Mouse anti-
NRDc monoclonal antibody 23 was raised against recombinant
human NRDc in our laboratory. Recombinant NRDc was syn-
thesized using the Bac-to-Bac baculovirus expression system
(Invitrogen). Briefly, pFastBac1-hNRDc-FLAG was introduced
into DH10Bac competent cells to isolate recombinant bacmid
DNA. 5f9 cells were transfected with the bacmid DNA, and the
recombinant baculovirus-containing supernatant was har-
vested. Sf9 cells inoculated with the recombinant virus were
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lysed in lysis buffer containing 50 mm Tris-HCl (pH 7.4), 150
mum NaCl, 2 pg/ml leupeptin, 0.2 mg/ml Pefabloc SCP'*
(Roche Applied Science), and 1% Nonidet P-40, and the total
cell lysate was loaded onto an anti-FLAG antibody M2 affinity
gel column (Sigma) and eluted with FLAG peptide (100 ug/ml).
Recombinant TACE was purchased from R&D Systems.

Cells and Transfections—COS-7 and 293T cells were grown
in Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum. MKN45 cells were grown in RPMI 1640 medium
containing 10% fetal calf serum. Transfections were carried out
using FuGENE 6 (Roche Applied Science) for plasmids and siFEC-
TOR (B-Bridge International Inc.) for siRNA according to the
manufacturers’ instructions. CHO-K1 cells stably expressing HA-
HB-EGF (CHO-K1-HA-HB-EGF cells) and AP-HB-EGF (CHO-
K1-AP-HB-EGF cells) were selected in nutrient mixture F-12 con-
taining 10% fetal calf serum and 500 mg/ml G418, respectively.
Clones of CHO-K1-HA-HB-EGF cells were tested for HA-HB-
EGF expression by Western blotting with anti-HA antibody.
CHO-K1-AP-HB-EGF cells were sorted by the expression of
AP-HB-EGF (using anti-AP antibody) using a FACSAria flow
cytometer (BD Biosciences).

Western Blot Analysis—Cells were lysed in lysis buffer
containing 10 mm Tris-HCl (pH 7 .4), 150 mm NaCl, 1% Non-
idet P-40, and protease inhibitor mixture (Roche Applied
Science). Cell lysates were separated by SDS-PAGE and
transferred to nitrocellulose filters. After blocking with 5%
nonfat milk in 10 mum Tris-HCl (pH 7.4), 150 mm NaCl, and
0.05% Tween 20, filters were incubated with primary anti-
bodies, followed by horseradish peroxidase-conjugated sec-
ondary antibodies. The immobilized peroxidase activity was
detected with the enhanced chemiluminescence system
(ECL, Amersham Biosciences).

Immunoprecipitation—Cell lysates were incubated with the
appropriate antibodies, and immune complexes were collected
with protein G-Sepharose beads.

Pulldown Assay—Recombinant NRDc (FLAG-tagged at the
C terminus; 11 ug/ml), TACE (10 pg/ml), and HB-EGF (2.8
ug/ml) were mixed in 50 mum Tris-HCI (pH 8.9), 1 mm CaCl,,
and 15 mu ZnCl,. The mixture was incubated with anti-FLAG
antibody-conjugated beads for 4 h, followed by extensive
washes, and the precipitates were subjected to SDS-PAGE and
blotted with anti-TACE antibody (clone 111633).

Peptide Cleavage and Molecular Mass Analysis—The fluo-
rescence-quenching peptide substrate corresponding to the
cleavage site of HB-EGF (2-(N-methylamino)benzoyl-LPVEN-
RLYK(2,4-dinitrophenyl)D-Arg-amide) was synthesized by
Peptide Institute, Inc. (Osaka, Japan). Peptide substrate for the
HB-EGE cleavage site (GLSLPVENRLYTYD) used for molecu-
lar mass analysis was synthesized by Hokkaido System Science
Co., Ltd. (Hokkaido, Japan). {n vitro peptide cleavage assays
were performed in 25 mm Tris-HCl (pH 9.0) and 2.5 uM ZnCl,.
Molecular mass analyses of peptides were performed by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) using an Ultraflex TOF/TOF
system (Bruker Daltonics Inc.).

Immmunocytochemistry—Cells were fixed with 50% acetone
and 50% methanol. Nonspecific staining was blocked with
blocking solution (5% donkey and 1% sheep sera in phosphate-
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FIGURE 1. Recombinant NRDc induces ectodomain shedding of HB-EGF.
A, recombinant NRDc was synthesized as described under “Experimental Pro-
cedures.” The total cell lysate of Sf9 cells inoculated with a recombinant bacu-
lovirus (starting material (ST)) was loaded onto an anti-FLAG antibody-conju-
gated gel column and eluted with FLAG peptide. The starting material, the
flow-through (FT), and three fractions of the eluate (7, 2, and 3) were sepa-
rated by SDS-PAGE and subjected to either Coomassie Blue staining (upper
panel) or Western blotting with anti-FLAG antibody (fower panel). B, CHO-K1-
HA-HB-EGF cells were incubated with the indicated concentrations of recom-
binant NRDc or 100 nm PMA for 4 h. The soluble HB-EGF released in the con-
ditioned medium (CM) was partially purified with heparin-Sepharose beads
and separated by SDS-PAGE, followed by Western blotting with anti-HA anti-
body. Molecular masses are indicated to the left. Comparable data were
obtained in three independent experiments, and a representative gel is
shown. C, CHO-K1-AP-HB-EGF celis were incubated with recombinant NRDc
or PMA. The AP activity in the conditioned medium was measured at the
indicated time points. Similar results were obtained in two independent
experiments, and a representative result is shown. AU, arbitrary units.
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FIGURE 2. Expression of NRD¢ induces ectodomain shedding of HB-EGF,
and NRDc enzymatic activity is not required for the induction. A4, an
expression vector encoding AP-HB-EGF was cotransfected into COS-7 cells
with a control vector , an expression vector for wild-type NRDc-V5 (WT), or an
enzymatically inactive mutant of NRDc-V5 (E235A (£ > A)). The culture
medium was changed to Dulbecco’s modified Eagle’s medium with 0.1%
bovine serum albumin 20 h post-transfection. The AP activity in the condi-
tioned medium was measured after an additional 4 h of incubation. Data
represent the means + S.E. for five independent experiments. *, p < 0.04
{Student’s t test). AU, arbitrary units. 8, total cell lysates of transfected cells
were collected, and NRDc expression was analyzed by Western blotting with
anti-V5 antibody.

buffered saline). The cells were incubated overnight at 4 °C with
a proper dilution of primary antibodies in blocking solution,
followed by the respective secondary antibodies for 1 h at room
temperature. The stained cells were observed with a Zeiss LSM
510 META laser scanning confocal microscope or a Zeiss
Axioskop 2 fluorescence microscope. Collected data were
exported as eight-bit TIFF files and processed using Image]
Version 1.30 (available at rsb.info.nih.gov/ij/).

RESULTS

NRDc Induces Ectodomain Shedding of HB-EGF—T o define
the biological significance of the binding of NRDc to pro-HB-
EGF, we examined the effects of NRDc on HB-EGF ectodomain
shedding. To facilitate detection of shed soluble HB-EGF in the
conditioned medium, two N-terminally tagged pro-HB-EGFs,
HA-HB-EGF (30) and AP-HB-EGF (31), were used. Recombi-
nant NRDc tagged with FLAG at the C terminus was produced
in a baculovirus-insect cell system and purified by immunoaf-
finity chromatography with anti-FLAG antibody. Coomassie
Blue staining of eluted fractions showed very high purity of
the recombinant NRDc (Fig. 14), and the enzymatic activity of
NRDc was confirmed by conducting a cleavage assay with a
fluorescence-quenching peptide substrate (2-(N-methylami-
no)benzoyl-GGFLRRVGK(2,4-dinitrophenyl)-amide; fluores-
cence intensity at 340/430 nm of 38,740 arbitrary units at 177
pM recombinant NRDc and of 1581 arbitrary units at the same
concentration of the enzymatically inactive mutant of NRDc).
Treatment of CHO-K1-HA-HB-EGF cells with recombinant
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FIGURE 3. NRDc and TACE cooperate to enhance ectodomain shedding of HB-EGF. A, HA-HB-EGF was
transiently cotransfected into COS-7 cells with combinations of expression vectors for NRDc-V5 and TACE as
indicated. The culture medium of transfected cells was changed to Dulbecco’s modified Eagle’s medium with
0.1% bovine serum albumin 20 h post-transfection. The conditioned medium (CM) and total cell lysates (TCL)
were collected after an additional 4 h ofincubation. Western blot analysis with anti-V5 (NRDc), anti-TACE (C-15),
and anti-HA (HB-EGF) antibodies was conducted for the total cell lysates. Blotting with anti-HA antibody
(HB-EGF) was carried out for the soluble HB-EGF released in the conditioned medium, which was partially
purified with heparin-Sepharose beads. B, shown are the results from the quantification of shed HB-EGF in the
five independent experiments of A. A densitometric analysis was performed using ImageJ Version 1.30. The
ratio was arbitrarily set at 1 in control vector-transfected cells (first lane in A). Data represent the means * SE.
* p < 0.05 (Student’s ¢ test); **, p < 0.005. ¢, HA-HB-EGF was transiently cotransfected into 293T cells with
combinations of expression vectors for wild-type NRDc-V5 (WT), an enzymatically inactive mutant of NRDc-V5
(E235A (F>A)), and TACE as indicated. The conditioned medium and total cell lysates were collected, and
Western blot analysis was performed as described for A. D, shown are the results from the quantification of
shed HB-EGF in the seven independent experiments of C. A densitometric analysis of HB-EGF released from
cells expressing TACE (C, fourth lane), TACE plus NRDc (C, fifth lane), and TACE plus NRDc{E235A) (C, sixth lane)
was done. The ratio was arbitrarily set at 1 in the TACE-transfected cells (C, fourth lane). Data represent the
means + S.E. ¥, p < 0.005 (Student’s f test); N.S, not significant.

EGF shedding (Fig. 24), indicating
that the metalloendopeptidase
activity of NRDc is not required for
the enhancement of HB-EGF shed-
ding. Western blot analysis showed
a comparable expression level of
NRDc and the inactive mutant of
NRDc (Fig. 2B8). These results indi-
cate that NRDc does not directly
cleave HB-EGF, suggesting that it
modulates shedding by regulating
other pathways of the mechanism.
NRDc and TACE Cooperate to
Enhance Ectodomain Shedding of
HB-EGF—Several lines of evidence
indicate that TACE/ADAM17, which
was originally identified as a shed-
dase for tumor necrosis factor-a
(32, 33), plays an essential role in
ectodomain shedding of HB-EGF.
1) Recombinant TACE cleaves the
peptide corresponding to the proc-
essing site of pro-HB-EGF (14); 2)
PMA-induced HB-EGF shedding is
significantly reduced in TACE™/~
cells (84); 3) restoration of TACE
expression in TACE ™/~ cells results
in a significant increase in HB-EGF
shedding (14); and 4) HB-EGF-null
mice, knock-in mice with an
uncleavable mutant of HB-EGF, and
TACE-null mice show a similar
heart valve phenotype (18 -20). To
determine whether NRDc has a
cooperative effect on TACE activity,
cotransfection experiments were
performed in COS5-7 cells, and HB-
EGF ectodomain shedding was eval-
uated by Western blotting for HB-
EGF released into the conditioned
medium. The transfection of only
NRDc had a significant but rela-
tively small effect on HB-EGF shed-
ding (2.3-fold increase) (Fig. 3, 4,
compare the first and second lanes;

NRDc induced ectodomain shedding of HB-EGF in a dose-de-
pendent manner (Fig. 1B). Recombinant NRDc also enhanced
HB-EGF shedding in CHO-K1-AP-HB-EGF cells in a similar
manner (Fig. 1C). Interestingly, NRDc induced HB-EGF shed-
ding more rapidly compared with phorbol 12-myristate 13-ac-
etate (PMA) in the early time course.

Although NRDc is found in conditioned media, it is found
primarily in the cytosol and on the cell surface (27, 29). Thus, we
examined the effect of coexpression of NRDc and AP-HB-EGF
on HB-EGF shedding. Cells expressing NRDc released signifi-
cantly more AP activity in the conditioned medium compared
with cells transfected with an empty vector (Fig. 24). The enzy-
matically inactive mutant of NRDc (E235A) also enhanced HB-

OCTOBER 13, 2006°VOLUME 281- NUMBER 41 306

and B, compare the first and second bars), compatible with the
result in Fig. 24. However, coexpression of NRDc and TACE
dramatically enhanced HB-EGF ectodomain shedding com-
pared with expression of TACE alone (Fig. 3, A, compare the
third and fourth lanes; and B, compare the third and fourth
bars). A quantitative analysis of shed HB-EGF in the five inde-
pendent experiments clearly showed that the effect of the com-
bination was not additive, but was synergistic (2.3-fold increase
by NRDc, 4.5-fold increase by TACE, and 11.3-fold increase by
NRDc and TACE) (Fig. 3B). We performed the same cotrans-
fection experiments in a different cell line (293T cells) and
obtained very similar results (Fig. 3C). The synergistic effect of
the enzymatically inactive mutant of NRDc on TACE-induced
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FIGURE 4. NRDc and TACE form a complex, a process enhanced by PMA. A, 293T cells were transfected with combinations of expression vectors for NRDc-V5,
TACE, and HA-HB-EGF as indicated. The conditioned medium (CM) and total cell lysates (TCL) were collected as described in the legend to Fig. 3A. Immuno-
precipitation (/P) with anti-TACE antibody 41 was done for the total cell lysates, and precipitates were blotted with anti-V5 (NRDc), anti-HA (HB-EGF), and
anti-TACE (C-15) antibodies. The soluble HB-EGF released in the conditioned mediumwas detected as described in the legend to Fig. 1B. Comparable data were
obtained in three independent experiments, and a representative gel is shown. B, 293T cells were transiently transfected with expression vectors for NRDc-V5
and TACE, fixed, and stained with anti-TACE (H-300; green) and anti-V5 (red) antibodies. A mixture of Alexa Fluor 594-conjugated donkey anti-mouse lgG and
Alexa Fluor 488-conjugated donkey anti-rabbit IgG was used as secondary antibodies. Stained cells were visualized by confocal microscopy. Arrowheads
show the co-localization of NRDc and TACE. C, 293T cells transfected with expression vectors for NRDc-V5 and TACE (left panel) or NRDc-FLAG and TACE
(right panel) were incubated in the absence or presence of PMA for 2 h. Total cell lysates were collected, and immunoprecipitation with anti-TACE
antibody 41 (feft panel) or anti-FLAG antibody M2 (right panef) was carried out. The precipitates and total cell lysates were separated by SDS-PAGE and
blotted with anti-NRDc antibody 23 or anti-TACE antibody {C-15). A quantitative analysis of the coprecipitated proteins (upper panels) by densitometry
is shown (fourth left and right panels). The ratio was arbitrarily set at 1 in the cells treated without PMA (first lane) and shown in the bars. Similar results were
obtained in three independent experiments, and a representative result is shown. D, MKN45 cells (a gastric cancer cell line) were incubated in the absence or
presence of PMA for 2 h. The total cell lysates were collected and immunoprecipitated with anti-TACE antibody 41, and Western blotting was conducted as
described for C. Comparable results were obtained in three independent experiments, and a representative result is shown. £, MKN45 celis were incubated in
the absence (left panel) or presence (right panel) of PMA for 2 h, fixed, and stained with anti-NRDc antibody 23. Alexa Fluor 594-conjugated donkey anti-mouse
1gG was used as secondary antibody, and the nucleus was subsequently stained with 4’ 6-diamidino-2-phenylindole. Stained cells were visualized by fluores-
cence microscopy.

31168 JOURNAL OF BIOLOGICAL CHEMISTRY 3588 VOLUME 281-NUMBER 41- OCTOBER 13, 2006

100z ‘€ jdy uo Aussaniun 0joAy| 1e 510 0gl mmam woly papeojumoq



The Journal of Blological Chemistry

A
- * * - -+ 4 <NRDc
:é‘ - 4+ 4+ + 4 <=TACE
= - 4+ - + = 4 <«HBEGF
IP: Blot:
FLAG
(NRDe) TACE
FLAG FLAG
(NRDc) (NRDc)
B
5
©
[0]
Q
fo
[
&
®
[=)
=
L.
© g
67} g
| 0
4 GLSLPVENRLYTYD
2
0 Lo s e - e 5« e b L,
4 GLSLP*VENR*LYTYD TACE
GLSLPVENR VENRLYTYD
\A &
2 2 i =
s 8 g
°© - & ]
0 b s s A e USRS S
GLSLPVENR o VENRLYTYD TACE
4 - \Q r:1
[ o +
' = NRDc
’ B N
L B | B
© a0 soo {000 1100 1200 1300 1400 1500 1600 miz

OCTOBER 13, 2006 VOLUME 281-NUMBER 41 33000
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HB-EGF shedding was also examined in 2937 cells. The inac-
tive NRDc mutant showed a similar enhancing effect on HB-
EGF shedding compared with wild-type NRDc (Fig. 3, Cand D),
indicating that the metalloendopeptidase activity of NRDc is
not required for the shedding-enhancing effect of NRDc. HB-
EGF has multiple forms because of N-terminal heterogeneity
and O-glycosylation as reported previously (35) and shows dif-
ferent patterns in different cell lines (Fig. 3, A and C).

NRDc Forms a Complex with TACE—To investigate how
NRDc potentiates TACE-induced HB-EGF shedding, the for-
mation of a complex between TACE and NRDc was examined
by conducting coprecipitation experiments. Immunoprecipita-
tion of cotransfected cell lysates with anti-TACE antibody con-
firmed the formation of such a complex (Fig. 44, third and
Jourth lanes). When HB-EGF was expressed, anti-TACE anti-
body also coprecipitated HB-EGF (Fig. 44, fourth lane) , indi-
cating that NRD¢, TACE, and HB-EGF form a complex. Immu-
nocytochemical staining of cotranstected cells showed a partial
co-localization of TACE and NRDc on the plasma membrane
(Fig. 4B), supporting the results of coprecipitation.

PMA Treatment Enhances the Formation of a Complex
between NRDc and TA CE—Ectodomain shedding of most pro-
teins occurs constitutively in resting cells, but can be dramati-
cally induced by cell activation (1, 36). However, TACE proc-
essing and expression levels are not increased by cell activation
(32, 37). To examine whether the interaction of NRDc¢ and
TACE is involved in the regulation of induced HB-EGF shed-
ding, the effect of PMA, a general activator of ectodomain shed-
ding, on NRDcTACE complex formation was examined. In
293T cells transfected with NRDc and TACE, immunoprecipi-
tation with anti-TACE antibody demonstrated that PMA stim-
ulation increased the engagement of NRDc with TACE (by 1.6-
fold as determined by densitometry), whereas PMA did not
affect the totalamount of TACE and NRDc (Fig. 4C, left panels).
To confirm the effect of PMA through a reciprocal immuno-
precipitation, cells were transfected with NRDc-FLAG and
TACE, followed by immunoprecipitation with anti-FLAG anti-
body. In this experimental setting, PMA also enhanced the for-
mation of a complex between NRDc and TACE (by 2.2-fold)
(Fig. 4C, right panels). Furthermore, PMA accelerated the proc-
ess of endogenous proteins in MKN45 cells (by 2.8-fold), a gas-
tric cancer cell line (Fig. 4D). NRDc s expressed primarily in the
cytoplasm, but it is also found on the cell surface (27-29).
Immunocytochemistry of transfected cells suggested that

FIGURE 5. TACE is activated by direct binding to NRD«c. A, recombinant NRDc
FLAG-tagged at the C terminus (11 ug/ml), TACE (10 pg/ml), and HB-EGF (2.8
wug/mi) were mixed asindicated. The mixture was incubated with anti-FLAG anti-
body-conjugated beads for 4 h and washed extensively, and the precipitates
were blotted with anti-TACE antibody (clone 111633; upper panel) or anti-FLAG
antibody (Jower panel). Input, total input of TACE. /P, immunoprecipitation. B,
NRDc potentiated the catalytic activity of TACE. A fluorescence-quenching pep-
tide substrate corresponding to the cleavage site of HB-EGF (2-(N-methylamino)-
benzoyl-LPVENRLYK(2 4-dinitrophenyl)p-Arg-amide; 250 mM) was incubated
with recombinant TACE (5 ug/ml) and NRDc (25 or 250 pug/mi) asindicated. After
15 hat 37 °C, the fluorescence intensity at 340/430 nm was measured. Data rep-
resent the means =+ S.D. for three independent experiments. AU, arbitrary units.
C, the HB-EGF cleavage site was determined by MALDI-TOF-MS. A peptide repre-

senting the cleavage site of HB-EGF was incubated with TACE (25 ug/ml) in the
absence or presence of NRDc (100 pg/ml) for 15 h at 37 °C. Samples were ana-
lyzed by MALDI-TOF-MS.
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FIGURE 6.Inhibition of NRDc expression results in decreased shedding of HB-EGF. AP-HB-EGF was cotrans-
fected into COS-7 cells with either 20 nm control siRNA (Control-1 or Control-2) or NRDc siRNA (NRDc-1 or
NRDc-2). The culture medium was changed to fresh medium with 0.1% bovine serum albumin after 48 h, and
total cell lysates and the conditioned medium were collected after an additional 5 h of incubation in the
absence or presence of PMA (100 nm). A, NRD¢, TACE, AP-HB-EGF, and GAPDH expression in cells incubated
without PMA was analyzed by Western blotting with mouse anti-NRDc monoclonal antibody 23 and anti-TACE
(C-15), anti-HB-EGF, and anti-GAPDH antibodies, respectively. B, the inhibitory effects of siRNAs on NRDc
protein expression (normalized to GAPDH expression) were evaluated by densitometry. The level was arbi-
trarily set at 100% in cells transfected with Control-1 siRNA. Data represent the means = SE. (n = 7 for
Control-1,n = 6 for Control-2 and NRDc-1,and n = 5 for NRDc-2). **, p < 0.005 (Student’s t test); ***, p < 0.0005;
N.S, not significant. C and D, the AP activity in the conditioned medium collected from cells treated in the
absence and presence of PMA, respectively, was measured. The level was arbitrarily set at 100% in Control-1
siRNA-transfected cells treated without PMA. Data represent the means = S.E.(C, n = 7 for Control-1,n = 6 for
Control-2 and NRDc-1,and nn = 5 for NRD¢-2; D, n = 5 for Control-1, n = 4 for Control-2 and NRDc-1,and n = 3
for NRDc-2). *, p < 0.05 (Student’s t test); **, p < 0.005; N.S, not significant. Note that the scale of the y axis is
differentin Cand D.

TACE Catalytic Activity Is
Enhanced by Direct Binding to
NRDc—Pulldown assays verified
that NRDc and TACE associate
directly. TACE was pulled down by
anti-FLAG antibody-conjugated
beads when incubated with NRDc-
FLAG (16% of the total input) (Fig.
5A). The coexistence of HB-EGF
(soluble mature form) did not sig-
nificantly affect the interaction of
NRDc with TACE. Next, to deter-
mine whether NRDc is sufficient for
TACE activation, we performed an
in vitro peptide cleavage assay using
the fluorescence-quenching peptide
substrate corresponding to the
cleavage site of HB-EGF. Although
recombinant NRDc did not cleave
the peptide, TACE did, as reported
previously (14). Addition of NRDc
to TACE significantly increased the
amount of cleaved peptidein a dose-
dependent manner (Fig. 5B). To
identify the cleavage site, the
cleaved product was analyzed by
mass spectrometry. Analysis of the
(TACE plus NRDc)-cleaved peptide
showed an identical cleavage pat-
tern as for the TACE-cleaved pep-
tide, although the signal was much
more intense in the TACE plus
NRDc sample (Fig. 5C). These
results confirm that NRDc is a
potent activator of TACE in
HB-EGF peptide cleavage and that
the interaction with NRDc is suffi-
cient for the activation.

Inhibition of NRDc Expression

Results in Decreased Shedding of

HB-EGF~To contirm that NRDc is
essential for ectodomain shedding
of HB-EGF, RNA-mediated inter-
ference was used to inhibit its
expression. The effect of two dis-
tinct siRNA duplexes against NRDc
and two control siRNAs on HB-EGF
shedding was examined in COS-7
cells. Transfection of the siRNAs
against NRDc resulted in a reduction

NRDc and TACE form a complex mainly on the plasma mem-
brane (Fig. 4B). Therefore, we examined the effect of PMA on
the distribution of endogenous NRDc in MKN45 cells. Immu-
nofluorescence staining with anti-NRDc antibody showed that
PMA increased NRDc expression on the plasma membrane
(Fig. 4E). These results indicate that NRDc plays a central role
in the regulation of induced ectodomain shedding through
the translocation and formation of a complex with TACE.

31170 JOURNAL OF BIOLOGICAL CHEMISTRY

of endogenous NRDc protein expression by 80.9 = 3.1% (NRDc-1)
and 80.4 = 8.3% (NRDc-2), respectively, whereas the siRNAs did
not affect the expression levels of TACE, HB-EGF, and GAPDH
(Fig. 6, A and B). Constitutive HB-EGF shedding in siRNA-
treated cells was significantly decreased (27.3 *= 4.0% by
NRDc-1 (p = 0.003) and 22.3 % 13.5% by NRDc-2 (p = 0.02))
compared with that in control siRNA (Control-1)-treated cells
(Fig. 6C). PMA-induced HB-EGF shedding was also reduced to
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a greater extent in those cells (34.0 £ 7.6% by NRDc-1 (p =
0.003) and 27.3 = 11.3% by NRDc-2 (p = 0.006)). These results
further establish that NRDc plays a critical role in both the
constitutive and inducible ectodomain shedding of HB-EGF.

DISCUSSION

Our findings have identified NRDc, a metalloendopeptidase
of the M16 family, as a potent activator of HB-EGF ectodomain
shedding. The effect of NRDc appears not to be direct, but to be
mediated by TACE because 1) an enzymatically inactive
mutant of NRDc also enhanced the shedding, 2) NRDc and
TACE cooperated to enhance the shedding in a cell-based
assay, and 3) NRDc enhanced the catalytic activity of TACE in
an in vitro peptide cleavage assay using a HB-EGF cleavage site
peptide. We also demonstrated that NRDc and TACE form a
complex in cells and direct interaction of the recombinant pro-
teins. These results suggest that NRDc potentiates TACE activ-
ities via direct interaction. We examined TACE first because
several lines of evidence have indicated that it is a specific shed-
dase for HB-EGF (14, 19, 34). Moreover, TACE is involved in
ectodomain shedding of numerous membrane proteins and is
recognized as the prototypical sheddase among ADAM pro-
teins (1, 36). Of course, we cannot exclude the possibility that
NRDc enhances the catalytic activities of other ADAM proteins
or matrix metalloproteinases, which is an important issue to be
resolved.

Phorbol esters (e.g. PMA) have been used as general acti-
vators of ectodomain shedding in many studies (1, 2, 36).
However, the mechanism that underlies the activation of
shedding was unclear. Here, we have demonstrated that
NRDc forms a complex with TACE and that the process is
potentiated by PMA, although PMA does not atfect the total
amounts of these proteins. Pulldown assays and in vitro pep-
tide cleavage assays revealed that NRDc bound to the extra-
cellular domain and potentiated the activity of TACE. These
results indicate that the PMA-induced formation of a com-
plex with NRDc at least partially explains how PMA activates
TACE in HB-EGF shedding. However, the precise mecha-
nism by which the formation of the complex is enhanced has
not been clarified. NRDc is a cytosolic enzyme with no signal
peptide; however, it is exported out of the cell by unknown
mechanisms {(27-29). The translocation of NRDc from the
cytosol to the cell surface might nicely explain how the for-
mation of a complex with TACE is enhanced by PMA with-
out any significant change in the total expression level of the
protein. Our staining data support this idea because PMA
increased NRDc expression on plasma membranes, where
NRDc and TACE mainly co-localized. Further study (for
example, time-lapse observations of NRDc and TACE by
confocal microscopy or a cell-surface biotinylation study)
will be required to understand the regulation of NRDc trans-
location and the PMA-inducible interaction of NRDc with
TACE.

Qur findings indicate that NRDc is required for ectodomain
shedding of HB-EGF because inhibition of its expression by
RNA interference was accompanied by a reduction in constitu-
tive and PMA-induced shedding. Several reasons for the rela-
tively small effect of siRNA on the shedding (NRDc-1 siRNA,

OCTOBER 13, 2006+VOLUME 281-NUMBER 41
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27.3% for constitutive shedding and 34.0% for stimulated shed-
ding) can be proposed. 1) The remnant of NRDc (20% of total
expression) might be enough to enhance HB-EGF shedding. 2)
There are unidentified proteins that have redundancy for
NRDc in the shedding-enhancing effect. 3) Cell-surface NRDc
might be less affected by gene knockdown because of the dif-
ference in stability between cell-surface and cytosolic NRDc.
These possibilities are under investigation.

We identified NRDc as a protein that specifically binds HB-
EGF (23) and demonstrated that the heparin-binding domain
of HB-EGF is critically involved in the binding (29). Here, an in
vitro peptide cleavage assay showed that NRDc enhanced the
catalytic activity of TACE. The peptide used in the assay has
only 8 amino acids corresponding to the juxtamembrane
domain of HB-EGE. These results indicate that the effect of
NRDc on the activity of TACE for ectodomain shedding of HB-
EGF is not dependent on the capacity of NRDc to bind HB-EGF.
In other words, the effect of NRDc might not be specific to
HB-EGF, but might apply to a broader range of membrane sub-
strates of TACE. Our pilot study suggested that NRDc
enhances ectodomain shedding of multiple TACE substrates,
including other EGFR ligands, tumor necrosis factor-c, and
amyloid-8 precursor protein.? The similar pattern of distribu-
tion of TACE and NRDc mRNAs found in most tissues and the
especially high levels in heart, skeletal muscle, and testis (26, 32)
support the idea that NRDc acts as a general activator of TACE
in a physiological context. When NRDc-deficient animals
become available, studies with them should show that NRDc is
essential in the modulation of TACE activity and ectodomain
shedding in vivo.

NRDc is a metalloendopeptidase that belongs to the M16
family. An enzymatically inactive NRDc mutant containing an
altered active site retained the ability to enhance the catalytic
activity of TACE and ectodomain shedding of HB-EGF. We
have also demonstrated that the enzymatic activity of NRDc is
not required for binding HB-EGF or the enhancement of cell
migration (23). A metalloprotease activity-independent func-
tion of a M16 family member has been indicated for the Sac-
charomyces cerevisiae AXL1 gene product, Axllp, which is
essential for the processing of propheromones and the selection
of bud sites in yeast. The enzymatic activity is required for the
former, but not the latter (38, 39). Although no substrates for
NRDc iz vivo have been identified, NRDc may act as a multi-
functioning protein like Axilp.

These findings imply that the activation of HB-EGF shedding
can be blocked by inhibiting the interaction between NRDc and
TACE. If true, NRDc could be an attractive therapeutic target
for cancer and cardiovascular diseases because the EGFR sig-
naling pathway is already an approved therapeutic target for
cancer and because HB-EGF ectodomain shedding has been
implicated in those diseases (8, 13, 40). Our findings have
revealed a novel mechanism by which ectodomain shedding of
HB-EGF is regulated. More studies on NRDc-TACE interac-
tions will shed light on potential anti-shedding therapies.

3Y.Hiraoka, K. Yoshida, M. Ohno, K. Okawa, T. Kita, and E. Nishi, manuscriptin
preparation.
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Real-Time 2-Photon Imaging of Mitochondrial Function in

Perfused Rat Hearts Subjected to Ischemia/Reperfusion
Madoka Matsumoto-Ida, MD; Masaharu Akao, MD, PhD; Toshihiro Takeda, MD;
Masashi Kato, MD; Toru Kita, MD, PhD

Background—Mitochondria play pivotal roles in cell death; the loss of mitochondrial membrane potential (AWV,) is the
earliest event that commits the cell to death. Here, we report novel real-time imaging of AY_ in individual
cardiomyocytes within perfused rat hearts using 2-photon laser-scanning microscopy, which has unique advantages over
conventional confocal microscopy: greater tissue penetration and lower tissue toxicity.

Methods and Results—The Langendorff-perfused rat heart was loaded with a fluorescent indicator of AW, tetramethyl-
rhodamine ethy! ester. Tetramethylrhodamine ethy! ester was excited with an §10-nm line of a Ti:sapphire laser, and its
fluorescence in the heart cells was successfully visualized up to =50 pum from the epicardial surface. Taking advantage
of this system, we monitored the spatiotemporal changes of AW in response to ischemia/reperfusion at the subcellular
level. No-flow ischemia caused progressive AW, loss and a more prominent AW, loss on reperfusion. During
ischemia/reperfusion, cells maintained a constant AV, for the cell-to-cell specific period of latency, followed by a rapid,
complete, and irreversible AW, loss, and this process did not affect the neighboring cells. Within a cell, A¥,, loss was
initiated in a particular area of mitochondria and rapidly propagated along the longitudinal axis. These spatiotemporal changes
in AW, resulted in marked cellular and subcellular heterogeneity of mitochondrial function. Ischemic preconditioning reduced

the number of cells undergoing AW, loss, whereas cyclosporin A partially inhibited AW, loss in each cell.
Conclusions—Investigation of cellular responses in the natural environment will increase knowledge of ischemia/
reperfusion injury and provide deeper insights into antiischemia/reperfusion therapy that targets mitochondria.

(Circulation. 20063114:1497-1503.)

Key Words: imaging & ischemia & reperfusion & mitochondria

Mitochondria are crucial regulators of life and death in a
variety of cellst2 and play pivotal roles in cardiomyo-
cyte death in response to myocardial ischemia/reperfusion.3+
The loss of mitochondrial membrane potential (AW,) is the
carliest event that commits the cell to death, and this process
is potentially a prime target for therapeutic interventions.>¢
We and other investigators have studied the spatiotemporal
changes in AWV, using confocal imaging of isolated cardio-
myocytes in vitro that were exposed to a variety of stress-
es.’-12 Investigation of such time-dependent changes in mi-
tochondrial function within single cardiomyocytes of an
intact living heart would have tremendous advantages over
the in vitro models, because the heart is working as a
syncytium in which individual cardiomyocytes are anatomi-
cally and functionally connected. Moreover, the pathological
stimulus (ischemia/reperfusion) applied to the intact heart
model is more clinically relevant to ischemic heart disease in
humans than those used in the in vitro models, such as
oxidant stress,” metabolic inhibition,'® hypoxia,!' glucose
deprivation,'? or other insults. The visualization of mitochon-

drial function in the living heart has been a technically
difficult task for conventional confocal imaging, however,
because the heart tissue is highly light-scattering, and mito-
chondria are quite susceptible to photodamage.

Editorial p 1452
Clinical Perspective p 1503

Two-photon laser-scanning microscopy (TPLSM) has
unique advantages over conventional single-photon confocal
microscopy.!'*! First, the penetration depth of the excitation
beam is increased. Second, because no out-of-focus fluores-
cence is generated, no pinhole is necessary during image
acquisition, which results in increased fluorescence collection
efficiency. Third, 2-photon excitation markedly reduces over-
all photobleaching and photodamage, which results in ex-
tended viability of biological specimens during long-term
imaging. These properties are particularly advantageous in
monitoring mitochondrial function in the living heart.

Taking advantage of these properties of TPLSM, we, for
the first time, successfully visualized AW, in ex vivo heart
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specimens and monitored the progressive changes of AW, in
response to ischemia/reperfusion. Direct imaging of these
spatial and temporal changes in mitochondrial function would
revolutionize our understanding of ischemia/reperfusion in-
jury and provide deeper insights into the establishment of a
novel cardioprotective therapy that targets mitochondria.

Methods

All procedures were performed in accordance with the Kyoto
University animal experimentation committee, which conforms to
the “Guide for the Care and Use of Laboratory Animals” published
by the US National Institutes of Health.

Langendorff-Perfused Rat Heart

Adult Sprague-Dawley rats (weighing 250 to ~300 g, all females;
Shimizu Laboratory Supplies, Kyoto, Japan) were used for all
studies. The heart was excised, the ascending aoria was cannulated
with a customized needle, and hearts were perfused in the Langen-
dorff mode. Perfusion was performed at a constant mean perfusion
pressure with oxygenated (95% O,) Tyrode’s solution containing
(in mmol/L) 134 NaCl, 4 KCl, 1.2 MgSO,, 1.2 NaH,PO,, 10 HEPES,
11 p-glucose, and 2 CaCl, (pH 7.4, adjusted with 1 mol/L. NaOH).
After loading of fluorescent indicators as indicated below, the heart
was perfused further by a solution containing 10 mmol/L 2.3-
butanedione monoxime (BDM) for 15 minutes to eliminate
contraction-induced movement of the heart and was placed in a
circular glass-bottomed dish (35-mm diameter) for 2-photon imag-
ing. To optimize the focal plane, the heart was gently pressed against
the coverslip (170-um thickness) at the bottom of the chamber.

Loading of Fluorescent Dyes

After an initial perfusion period of ~10 minutes, the buffer was
switched to Tyrode’s solution containing 100 nmol/L. tetramethyl-
rhodamine ethyl ester (TMRE; Molecular Probes; Eugene, Ore),
which is an indicator of AW, and this was followed by a 20-minute
washout with dye-free solution.

Cytolysis was monitored with 20 pmol/L 2',7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester
(BCECF-AM; Molecular Probes). After a 30-minute loading period,
the heart was perfused with dye-free Tyrode’s solution for 20
minutes to allow for deesterification of the dyes by endogenous
esterases. In this case, the heart was further loaded with TMRE,
followed by washout. The detection of cell death was also performed
by staining with propidium jodide (PI; Molecular Probes). In this
experiment, the heart was preloaded with TMRE and BCECF-AM
and subjected to 30 minutes of ischemia followed by 30 minutes of
reperfusion. At the end of the experimental period, the heart was
further loaded with PI by perfusing it with Tyrode’s solution
containing PI 1.5 mmol/L for 20 minutes.

Ischemia/Reperfusion Protocol

The perfusate was equilibrated with 95% O, (pH 7.4). The temper-
ature was maintained at 37°C with a solution heater and a platform
heater (Warner Instruments; Hamden, Conn) installed on the micro-
scope stage. After a stabilization period (=10 minutes), the hearts
were subjected to either ischemia (60 minutes; myocardial ischemia
[MI]) or ischemia/reperfusion (30 minutes/30 minutes; Ml/reperfu-
sion [MI/R}). Ischemia was achieved by clamping the perfusion line.
Reperfusion was achieved by releasing the clamp. In the cyclosporin
A (CsA)-treated group, the hearts were treated with CsA 0.2 or 1.0
umol/L dissolved in the perfusate for 30 minutes immediately before
BDM treatment and MI/R. In the ischemic preconditioning (IPC)
group, 3 cycles of 5 minutes of ischemia and 5 minutes of
reperfusion were followed by BDM treatment and MI/R.

Two-Photon Laser-Scanning Microscopy
Images were recorded with a Zeiss LSM510 laser scanning micro-
scope (Carl Zeiss Microlmaging GmbH, Jena, Germany) modified

for TPLSM. lllumination for 2-photon excitation was provided by a
mode-locked Ti:sapphire laser (Spectra-Physics; Irvine, Calif); the
excitation wavelength was 810 nm. Hearts were imaged through a
Zeiss 63X 1.40 numerical aperture oil-immersion objective with a
working distance of 180 wm (Carl Zeiss Microimaging, Inc). Emitted
light was collected by 2 photomultiplier tubes fitted with band-pass
filters for 500 to 550 nm (for BCECF-AM) and 565 to 615 nm (for
TMRE and PI), respectively. For full-frame-mode analyses
(512X 512 pixels), hearts were scanned on horizontal (x, y) planes,
and the resulling images were digitized at an 8-bit resolution and
stored directly on a hard disk. The images are representative ones
from at least 3 independent experiments, and we have confirmed the
reproducibility of the responses.

Image Analysis

Postacquisition analysis was performed with an image-analysis
software program (ImageJ, National Institutes of Health; available at
http://rsb.info.nih.gov/ij/). From the image sequences, we quantita-
tively assessed the kinetics of AW, loss in individual cells. Regions
of interest were drawn over a part of an individual cell, and
fluorescence signals within these regions were collected over time.
AW, was monitored by mean TMRE brightness within the regions.
Three-dimensional image processing was performed with a software
program (Imaris; Bitplane Inc; St Paul, Minn).

Statistical Analysis
Quantitative data are presented as meanSEM. Comparisons were
performed with either the unpaired Student 1 test or 1-way ANOVA
with Bonferroni procedure as the post hoc test. A level of P<<0.05
was accepted as statistically significant.

The authors had full access to the data and take full responsibility
for its integrity. All authors have read and agree to the manuscript as
written.

Results

We visualized mitochondria in the Langendorff-perfused rat
heart loaded with TMRE, a fluorescent indicator of AW,
(Figure 1). Tightly focused images of TMRE fluorescence
could be obtained at various depths up to =50 um (=3 0 4
layers of myocardial cells) below the epicardial surface of the
heart (Figure 1B, online-only Data Supplement, Movie I).
The temporal resolution was sufficient to observe each single
mitochondrion (Figure 1C). The image clearly demonstrates
that cardiomyocytes have considerable numbers of mitochon-
dria aligned in an orderly fashion along the myofilaments.
Three-dimensional image reconstruction was made possible
by stacking the optical slices with 3-dimensional processing
software (Figure 1D; online Data Supplement, Movie II).

Using this imaging system, we monitored AW, changes in
perfused hearts subjected to ischemia/reperfusion. Time-lapse
images were taken every 5 minutes (Figure 2A). Control
perfusion with oxygenated Tyrode’s solution maintained
AW for >60 minutes (Figure 2A, control). No-flow MI (60
minutes of ischemia) caused progressive AW, loss (Figure
2A, MI; online Data Supplement, Movie III). In the MI/R
group (30 minutes of ischemia followed by 30 minutes of
reperfusion), there was progressive AW, loss during the
ischemic period and a more prominent AW, loss on reperfu-
sion (Figure 2A, MUR; online Data Supplement, Movie IV).
The AW, loss was sporadically initiated over the observation
area (arrows in Figure 2A, MI and MI/R). Figure 2B shows
the time courses of fluorescence obtained from representative
cells. In both the MI and MI/R groups, ischemia/reperfusion
did not immediately result in AW, loss; instead, there was a
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