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0.8 um x 100

Figure 1. Two dimensional and 3-dimensional imaging of mito-
chondria in perfused rat hearts. A, Schematic drawing of the
perfused heart and optical slices. The images were obtained
every 0.5 um X100 slices. B, Representative optical slices of
TMRE-loaded heart obtained at various depths. Numbers indi-
cate depth (in micrometers) from the epicardial surface. Scale
bar=20 um. C, Zoomed image (X3} showing individual mito-
chondria. Scale bar=10 pm. D, Three-dimensional processing
images of a single cardiomyocyte.

period of latency that varied from cell to cell, after which
AW, started to decrease. Once it began, this rapid loss of
AW, was complete within 5 minutes, and it was irreversible.
Figure 2C shows the time courses of representative cells
undergoing the collapse of AW, . monitored at 1-minute
intervals. The kinetics of AW, loss during the ischemic period
(solid lines) were identical to those during the reperfusion
period (dashed lines). Here, “ischemic period” represents MI
and the first 30 minutes of MI/R. Summarized data of
duration of AW, loss in each cell are shown in Figure 2D,
“duration” was defined as the time required for 50% loss of
TMRE fluorescence in this analysis. The durations of AV,
loss were comparable between the ischemic and-reperfusion
periods, which suggests a common underlying mechanism.
Figure 2E shows that the duration of AV, loss did not vary
with latency in any given cell: AW, dissipation occurred
within 5 minutes, regardless of the delay with which it began.

In Figure 3, a representative cell undergoing AW, loss is
shown. These 1-minute interval images suggest that AW, loss
was proceeding almost homogeneously throughout the cell,
but it never affected the neighboring cells (Figure 3A). This
was confirmed by a quantitative assessment (Figure 3B; line
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scan shown in the middle, and fluorescence time course of
individual cells shown on the right). To further investigate the
time-dependent changes of AW, loss in a single cell with
higher spatiotemporal resolution, time-lapse images were
taken every 10 seconds (Figure 4A; online Data Supplement,
Movie V). AV, loss was initiated in a particular area of
mitochondria (Figure 4B, right, white arrowhead), and it
rapidly propagated along the longitudinal axis within the cell
(Figure 4B, middle panel, white arrows). The calculated
velocity of the AW, loss propagation was 2.2 pm/s, which
was comparable to a previously reported propagation rate of
the mitochondrial apoptotic signal in H9¢2 cells.!s

We confirmed that cells that underwent AW, loss eventu-
ally experienced cytolysis, as evidenced by the fluorescent
indicators BCECF-AM and PI. As shown in Figure 5, a cell
with AW, loss was Pl-positive (left; white arrows) and
showed leakage of BCECF (middle), indicating cytolysis.
Meanwhile, a cell with intact AW, was Pl-negative (left;
white arrowhead) and showed no leakage of BCECFE.

A key mechanism of AW, loss is by the opening of the
mitochondrial permeability transition pore (MPTP), a nonspe-
cific pore that opens at the contact site between outer and inner
mitochondrial membranes.> We have confirmed in an isolated
cardiomyocyte model that AWV, loss is mediated by the MPTP
opening.” Accordingly, we tested the effect of an MPTP blocker,
CsA,1¢ in this system. CsA (0.2 or 1.0 pmol/L) blocked the rapid
dissipation of AW, but the cells appeared to lose AW, with
slower kinetics (Figure 6A, CsA 0.2 and CsA 1.0; online Data
Supplement Movies VI and VII). The time course of fluores-
cence obtained from 10 representative cells (Figure 6B) indi-
cates prolonged duration of AW, loss and smaller cellular
heterogeneity in the CsA-treated group. Finally, we tested the
effect of IPC. IPC is an endogenous mechanism whereby brief
periods of ischemia and reperfusion paradoxically protect the
myocardium against the damaging effects of subsequent pro-
longed ischemia.!” IPC decreased the number of cells undergo-
ing AW, loss (Figure 6A, IPC; Movie VIII), whereas it did not
change the duration of AW, loss in unprotected cells. Moreover,
AW, level was fully polarized in the protected cells (Figure 6B).
Figure 6C shows the average of TMRE fluorescence intensity at
the end of the experimental period (60 minutes) from 10
randomly and prospectively selected cells in each group. The
AW _-preserving effect of CsA 0.2 and IPC was remarkable, but
that of CsA 1.0 was less and was modest. Although CsA 0.2 and
IPC achieved a similar level of protection (Figure 6C), the
mechanism of action was suggested to be distinct, as evidenced
by the differential kinetics of AW,, loss in each individual cell
(Figure 6B). The duration of AW, loss was much longer in the
CsA 0.2 group than in the MI/R and IPC groups (Figure 6D).
Moreover, IPC significantly delayed the onset of AW, loss,
whereas CsA did not (Figure 6E). The wave velocity of AW,
loss propagation in the IPC group was 1.9 um/s, which was
comparable to that of the MI/R (IPC absent) group.

Discussion

Visualization of Living Mitochondria in the
Perfused Heart With TPLSM

This is the first demonstration of living mitochondria in perfused
hearts and their responses to ischemia/reperfusion. The impor-
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tance of the detection of cell death processes at the subcellular
level in the heart in situ has attracted attention,'®!® especially
when compared with conventional studies, which depend on
rough end points such as myocardial enzyme release, recovery
of left ventricular pressure, or macroscopic measurement of
infarct size. TPLSM is ideal for bioimaging of the intact heart
and has been used in pioneering studies by Rubart et al.202!

Real-Time Monitoring of Mitochondrial Function
During Ischemia/Reperfusion

Taking advantage of this novel imaging system, we mon-
itored real-time mitochondrial function under MI/R at the

Figure 2. Progressive loss of AW, during
ischemia/reperfusion. A, Time-lapse
images taken every 5 minutes. Control
indicates control perfusion for 60 min-
utes. Data are from a single experiment,
representative of at least 3 independent
expetiments. Scale bar=50 um. B, Time
course of TMRE fluorescence in each
individual cell, monitored at 5-minute
intervals. C, Time course of TMRE fiuo-
rescence in representative cells undergo-
ing A, loss, monitored at 1-minute
intervals. Solid fines indicate ischemic
petiod; dashed lines, reperfusion period.
“Ischemic period” represents Ml and the
first 30 minutes of MI/R. AU. indicates
arbitrary units. D, Summarized data of
the duration required for AW, loss in the
ischemic period (Isc) and the reperfusion
period (Rep); n=6, from 3 independent
scans. E, Duration required for AW, loss
vs latency period of A¥,, loss. Black cir-
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single cardiomyocyte level, or single mitochondrion level.
Our observations provide important insights into the un-
derstanding of ischemia/reperfusion injury.

Kinetics and Mechanisms of AW, Loss
During ischemia/reperfusion, cells maintained a constant AV,

for the cell-to-cell specific period of latency, followed by a rapid,
complete, and irreversible depolarization of AW,. Once initi-
ated, the duration of AW, depolarization was constant and did
not depend on the length of the latency. The kinetics of AW, loss
appeared almost identical between ischemia and reperfusion,
which suggests a common mechanism. Considering the similar

Figure 3. Intercellular propagation of
AV, loss. A, Time-lapse images were
taken every 1 minute. Representative
scan of the MI/R group (30 minutes of
ischemia followed by 30 minutes of
reperfusion). Scale bar=20 um. B, Mid-
dle, Time-line image of TMRE fluores-
cence by analysis of a white line drawn
in the left panel; right, time course of
TMRE fluorescence in each individual
cell numbered in the left panel. AU. indi-
cates arbitrary units.
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Figure 4. Intracellular propagation of
AV, loss. A, Time-lapse images were
taken every 10 seconds. Representative
scan of the M group (60 minutes of is-
chemia). Scale bar=10 um. B, Middle,
Time-line image of TMRE fluorescence
by analysis of a white dashed line drawn
in the left panel. White arrow indicates
propagation of A¥,, loss starting from a
particular area of mitochondria; right,
time-area montage image of TMRE fluo-
rescence by analysis of a white open
box drawn in the left panel. White arrow-
head indicates the single mitochondrion
where propagation of A¥,, loss appeared
to start.

120 ¢

kinetics of AV, loss demonstrated in our previous study with
isolated cardiomyocytes,” the opening of the MPTP is most
likely involved in the mitochondrial collapse during ischemia as
well as reperfusion. CsA, a potent MPTP blocker, showed partial
protective effects against ischemia/reperfusion~induced AW,
loss. Although a potent MPTP inhibitor in isolated mitochondria,
the effect of CsA is inconsistent in intact cells.2? In addition, CsA
is not completely specific and inhibits calcineurin, which also
plays an important role in modulating mitochondrial death
signals.®® Further studies are required to elucidate the mecha-
nisms of AV, loss.

Cell Death During Ischemia and Reperfusion
There was progressive AW, loss during the ischemic period

and a more prominent AW loss on reperfusion. Obviously,
permanent ischemia eventually kills all the cells, and reper-
fusion is necessary to salvage them. However, during reper-
fusion, the heart undergoes further damage due in large part
to the generation of reactive oxygen species.>* Many drugs
have been shown to reduce infarct size when administered
before ischemia, but it was recently reported that cytochrome
P450 inhibitors administered at reperfusion reduced infarct

TMRE, PI BCECF

merge

Figure 5. AV, loss followed by cytolysis. Images were taken at
the end of 30 minutes of ischemia followed by 30 minutes of
reperfusion. Red channel shows TMRE and Pl (left); green chan-
nel shows BCECF (middle); and merged image (right).

180 s

size.3 Our observations in the present study support the
possibility that therapies directed at inhibiting mitochondrial
dysfunction and resultant cell death could be successful even
if applied during resumption of coronary blood flow.

Cellular and Subcellular Heterogeneity of

Mitochondrial Function

Interestingly, AW, loss was initiated sporadically, and it did
not affect neighboring cells, which suggests closure of the
gap junction before AW, loss. At the subcellular level, AW,
loss was initiated in a particular area of mitochondria and
rapidly propagated along the longitudinal axis within the cell.
These cellular and subcellular dispersions of the AW, level
after ischemia/reperfusion can lead to spatiotemporal hetero-
geneity of excitability in the heart. Recently, Akar and
colleagues?s demonstrated that this heterogeneity may under-
lie the genesis of potentially lethal cardiac arrhythmias. In the
present study, the hearts were perfused with buffer containing
10 mmol/L. BDM to halt contraction. BDM reportedly has a
cardioprotective effect.?’” The closure of the gap junction
mediated by BDM?® may potentially underlie its cardiopro-
tective property,2® but we confirmed that sporadic AW, loss
was similarly observed in the absence of BDM (data not
shown), which indicates that sporadic AW, loss and the
resultant mitochondrial heterogeneity were not an effect of
BDM. This was further confirmed by the similar sequence of
events observed under perfusion with cytochalasin D (50
umol/L), which uncouples excitation/contraction.

Strategies Toward Cardioprotection
This imaging system can be used to assess potential thera-

peutic agents for ameliorating myocardial infarction. Indeed,
the feasibility of the system was confirmed by the remarkable
cardioprotective effect of IPC and CsA. IPC not only de-
creased the number of cells undergoing AW, loss but also
delayed the onset of AW, loss (Figure 6E), whereas it
changed neither the duration of AW loss (Figure 6D) nor the
intracellular wave propagation velocity of AW, loss in
unprotected cells. IPC fully preserved the AWV, level in
protected cells. CsA, in contrast, did not change the latency
period (Figure GE) but did slow the process of AW, loss
(Figure 6D), and all the cells were partially depolarized.
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Figure 6. Effects of CsA and IPC. A,
Time-lapse images taken every 5 min-
utes. CsA indicates infusion of 0.2 or 1.0
umol/L CsA, followed by 30 minutes of
ischemia and 30 minutes of reperfusion.
IPC indicates 3 cycles of 5 minutes of
ischemia and 5 minutes of reperfusion,
followed by 30 minutes of ischemia and
30 minutes of reperfusion. Data are from
a single experiment, representative of at
least 3 independent experiments. Scale
bar=50 um. B, Time course of TMRE
fluorescence in each individual cell, mon-
itored at 5-minute intervals. C, Mean flu-
orescence intensity at the end of the
experimental period (60 minutes) from 10
cells randomly and prospectively
selected in each group. *P<0.05 vs
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Therefore, cellular heterogeneity was much greater in the
IPC-treated group than in the CsA-treated group. The slower
AV loss observed in the CsA group may be mediated by a
partial (or low-conductance) opening of the MPTP or by
another mechanism that comes into play under the inhibition
of the MPTP, but further studies are needed to confirm this.
Collectively, CsA and IPC may exert a cardioprotective effect
with distinct mechanisms of action, as evidenced by the
differential kinetics of AW, loss; IPC may affect the latency
period but not the depolarization period, and CsA may blunt
the depolarization process but not affect the latency.

Study Limitations

Although this technique can be performed in whole tissue, the
heart is not contracting at the time of observation, and hence,
the mitochondrial response excludes the energetic demands
of contractile function. Also, although TPLSM has allowed
increased depth assessment, there is still room for improve-
ment to assess the transmural mitochondrial response to
ischemic and reperfusion stress.

Clinical Implications

In the present study, we have developed a real-time imaging
system to monitor mitochondrial function in the perfused heart.
Because mitochondria play important roles in cell death path-
ways, these organelles are potentially prime targets for therapeu-
tic intervention 53031 The factors regulating the maintenance or
disruption of mitochondrial function can be investigated in detail
with this system. Mechanistic dissection of the sequence of

8 MI/R. D, Duration required for AV, loss
in each group. *P<0.05 vs MI/R. E,
Latency period of AW, loss in each
group. *P<0.05 vs MI/R. A.U. indicates
arbitrary units.

B8YR Csi IPC
0.2

events will pinpoint the therapeutic targets against ischemia/
reperfusion injury. The effects of various candidate drugs can be
tested with this system. Thus, this system will provide valuable
information for a more integrated understanding of ischemia/
reperfusion injury, and furthermore, it will provide deeper
insights into the establishment of antiischemia/reperfusion ther-
apy that targets mitochondria.
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CLINICAL PERSPECTIVE

Mitochondria are crucial regulators of life and death in a variety of cells and play pivotal roles in cardiomyocyte death in
response to myocardial ischemia/reperfusion. In the present study, for the first time, we successfully visualized
mitochondrial function in living heart specimens and monitored the progressive changes of mitochondrial function in
response to ischemia/reperfusion using 2-photon laser-scanning microscopy. Monitoring the spatiotemporal changes in
mitochondrial function within single cardiomyocytes of an intact living heart would have tremendous advantages over the
conventional in vitro models, because the heart is working as a syncytium in which individual cardiomyocytes are
anatorically and functionally connected. Moreover, the pathological stimulus (ischemia/reperfusion) applied to the intact
heart model is clinically relevant to ischemic heart disease in humans. Cardiac myocytes can undergo mitochondrial
collapse during ischemia and can do so more prominently during reperfusion, which emphasizes the importance of
reperfusion injury in the clinical setting. Ischemia/reperfusion results in marked cellular and subcellular heterogeneity in
mitochondrial function, perhaps leading to electrical instability and arrhythmogenesis. Cardioprotective interventions
(pharmacological or nonpharmacological) are now being applied in clinical medicine to reduce infarct size and improve
the clinical status of patients with acute myocardial infarction. Thus, 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.
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We have previously demonstrated that Rab27 regulates dense
granule secretion in platelets. Here, we analyzed the activation
status of Rab27 using the thin layer chromatography method
analyzing nucleotides bound to immunoprecipitated Rab27 and
the pull-down method quantifying Rab27 bound to the GTP-
Rab27-binding domain (synaptotagmin-like protein (Slp)-ho-
mology domain) of its specific effector, Slac2-b. We found that
Rab27 was predominantly present in the GTP-bound form in
unstimulated platelets due to constitutive GDP/GTP exchange
activity. The GTP-bound Rab27 level drastically decreased due
to enhanced GTP hydrolysis activity upon granule secretion.
In permeabilized platelets, increase of Ca** concentration
induced dense granule secretion with concomitant decrease of
GTP-Rab27, whereas in non-hydrolyzable GTP analogue
GppNHp (B-y-imidoguanosine 5'-triphosphate)-loaded per-
meabilized platelets, the GTP (GppNHp)-Rab27 level did not
decrease upon the Ca?'-induced secretion. These data sug-
gested that GTP hydrolysis of Rab27 was not necessary for
inducing the secretion. Taken together, Rab27 is maintained in
the active status in unstimulated platelets, which could function
to keep dense granules in a preparative status for secretion.

In eukaryotic cells, transport between distinct organelles is
performed through vesicle trafficking. The final step of vesicle
docking/fusion with target membrane is mediated by trans-
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE)® complex bridging a vesicle and its target
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membrane (1). One of the key regulators for the SNARE com-
plex formation is Rab GTPase (2, 3). So far, more than 60 mem-
bers of Rab GTPases are identified in mammals, and they play
critical roles in the specific transport pathways (2-4). Like
other GTPases, the activity of Rab is regulated by its GDP/GTP
cycle. Rab proteins have GTP-bound active and GDP-bound
inactive forms. The activation process is performed by GDP/
GTP exchange mediated by the GDP/GTP exchange factor.
GTP-bound Rabs execute their function by interaction with
effector proteins. Then, GTP-Rab is inactivated into GDP-Rab
by GTP hydrolysis that is mediated by the intrinsic GTPase
activity and its enhancer, GTPase-activating protein. Further-
more, the Rab family has a unique regulatory protein named
Rab GDP dissociation inhibitor (RabGDI), which extracts
GDP-Rab from membrane into cytosol by forming a 1:1 com-
plex and inhibits GDP/GTP exchange (3). RabGDI accompa-
nies Rabs in cytosol to the correct organelles, where they are
reactivated by the function of GDI dissociation factor (5- 8).

Although elucidation of the regulatory mechanism of the
GDP/GTP cycle is crucial for understanding the functional
mechanism of Rab GTPases, it has not been extensively inves-
tigated so far. Small GT Pases belonging to Ras and Rho families
are predominantly present in the GDP-bound forms under
resting conditions and are transiently activated into GTP-
bound forms upon stimulation (9), indicating that these
GTPases function as “switches” that transduce extracellular
signals. For Rab GTPases, most of Rab5, a regulator of endo-
cytic pathway (10, 11), is in the GDP-bound form in unstimu-
lated NR6 cells, and more than half of Rab5 rapidly and tran-
siently becomes the GTP-bound active form upon epidermal
growth factor stimulation (12). On the other hand, ~80% of
Rab3D is in the GTP-bound form in unstimulated pancreatic
acini (13). Since these two results are quite opposite, it is
unclear whether RabGTPases are present in its GTP-bound or
GDP-bound form. Furthermore, it is not known whether the
activation status of other Rab GTPases is altered upon stimula-
tion, like Rab5.

Rab27 is composed of two isoforms, Rab27A and Rab278B,
that share ~70% identical amino acid residues (14-16). Accu-
mulating evidence revealed that Rab27 is a general regulator for
regulated exocytosis in non-neuronal cells, such as lytic granule

ide; GTPvS, guanosine 5'-3-O-{thio)triphosphate; GppNHp, B-y-imi-
doguanosine 5'-triphosphate.
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secretion in cytotoxic T cells (17, 18), insulin secretion in pan-
creatic B-cells (19), and histamine-containing granule secretion
in mast cells (20, 21). Rab27 also regulates melanosome traffic
along actin cytoskeleton in melanocytes (22--25).

Dense granules in platelets contain self-agonists such as ADP
and serotonin. Secreted ADP and serotonin play important
roles for positive feedback activation of platelets at the site of
thrombus formation (26, 27). We have demonstrated that
Rab27 regulates the secretion in platelets by showing that the
addition of non-prenylated Rab27A or Rab27B purified from
Escherichia coli specifically inhibited the secretion in an assay
using permeabilized platelets, possibly due to sequestering its
putative effector molecules (28). We have identified a Rab27
effector in platelet cytosol as Munc13-4 (28). Muncl3-4 is a
non-neuronal homologue of Munc13-1, an essentjal priming
factor in neuronal secretion.

In addition to Muncl3-4, eight Rab27 effector molecules
have been identified. Although a GTP-Rab27-binding minimal
domain of Muncl3-4 has not been determined, these eight
molecules contain a common GTP-Rab27-binding structure
named synaptotagmin-like protein (Slp)-homology domains
(SHD) ~100 amino acid long at their N-terminal ends (16).
These eight molecules are classified into two groups: Slp1~5
containing two C2 calcium-binding domains and Slp-lacking
C2 domains (Slac2)-a~c (16). Although some SHDs potentially
bind other Rab proteins in addition to Rab27, SHD of Slac2-b is
specific for GTP-Rab27 among 20 tested Rab GTPases (16, 29).

Here, to analyze the GDP/GTP-bound status of Rab27 in
platelets, we utilized two assays, a GTP-Rab27 pull-down assay
using SHD of Slac2-b and an assay using thin layer chromatog-
raphy analyzing GDP/GTP associated with immunoprecipi-
tated Rab27. By these two methods, we demonstrated that
Rab27 in unstimulated platelets was predominantly in the
GTP-bound form, a state that was maintained by constitutive
GDP/GTP exchange activity. The GTP-bound form of Rab27
drastically decreased upon granule secretion, due to enhanced
GTP hydrolysis activity that was secretion-dependent. Further-
more, we showed that GTP hydrolysis of Rab27 might not be
required for the induction of secretion in platelets, namely
hydrolysis would be a consequence of secretion.

EXPERIMENTAL PROCEDURES

Materials—Rabbit polyclonal anti-Rab27A (28) and -Rab27B
(30) antibodies were generated using His,-Rab27A and gluta-
thione S-transferase (GST)-Rab27B as antigens, respectively.
For Rab27 immunoprecipitation, we used both antibodies in
combination. Mouse monoclonal anti-His, antibody was pur-
chased from Sigma. Horseradish peroxidase-labeled anti-rabbit
and anti-mouse IgG polyclonal antibodies were from Amer-
sham Biosciences and used as secondary antibodies for West-
ern blot analysis visualized by the enhanced chemilumines-
cence method (Amersham Biosciences). Streptolysin-O was
from Dr. S. Bhakdi (Mainz University, Mainz, Germany) (31).
[@-®*P]GTP (3,000 Ci/mmol), and [y-**P]GTP (3,000 Ci/
mmol) were purchased from PerkinElmer Life Sciences, and
[32P]phosphorus (200 uCi/mmol) was from Amersham Bio-
sciences. Unless otherwise specified, all the other chemicals
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including nucleotides, N-ethylmaleimide (NEM), and throm-
bin were purchased from Sigma.

cDNA encoding rat Rab27A was kindly provided by Dr. Y.
Nozawa (Gifu International Institute of Biotechnology, Gifu,
Japan) (14). Human Rab27B ¢cDNA was cloned from the Mara-
thon-Ready human bone marrow ¢DNA (Clontech) by PCR.
SHD of Slac2-b (KIAA0624) (amino acids 1-79) was generated
by PCR using KIAA0624 clone provided by Kazusa DNA
Research Institute as a template. All the sequences of PCR
products were confirmed by a 3100 genetic analyzer (Applied
Biosystems). ¢DNAs were subcloned into the prokaryotic
expression vector pDEST17 {Invitrogen) for His,-tagged pro-
tein and pGEX-2T (Amersham Biosciences) for GST fusion
proteins. These His,-tagged and GST fusion proteins were pro-
duced in E. coli strain BL21 and purified according to the man-
ufacturers’ instructions. All the purified recombinant proteins
were extensively dialyzed against Buffer A (50 mm HEPES/
KOH, pH 7.2, 78 mm KCl, 4 mm MgCl,, 0.2 mm CaCl,, 2 mm
EGTA, 1 mum dithiothreitol) and stored at —80°C until use.
Protein concentrations were determined by the Bradford
method (Bio-Rad) or from the intensities of the bands in Coo-
massie Blue-stained SDS-PAGE gels using bovine serum albu-
min as a standard.

Platelet Dense Granule Secretion Assays—Freshly obtained
washed platelets (5 X 107 platelets/assay, counted with the
Coulter counter) were incubated with [*H]serotonin (Amer-
sham Biosciences) to allow uptake into dense core granules
(~20,000 cpm/assay) followed by washing with Buffer A. For
the assay using intact platelets, they were stimulated with 0.5
units/ml thrombin (Sigma) at 30 °C for the indicated periods,
and secreted [°H|serotonin was measured by a liquid scintilla-
tion counter {Beckman) after removing platelets by centrifuga-
tion. The secretion levels of [°H]serotonin were expressed as
percentages of the total [*H]serotonin in the platelets before the
final incubation.

The method of dense granule secretion assay using platelets
permeabilized by streptolysin-O was described previously (28,
32-35). Briefly, plasma membrane of [*H]serotonin-loaded
platelets was permeabilized with streptolysin-O in Buffer A,
where the calculated free Ca®* concentration was ~20 nM (36).
The permeabilized platelets were incubated with ATP, human
platelet cytosol at 2.0 mg of proteins/ml, and tested materials at
4.°C for 15—30 min followed by further incubation at 30 °C for 3
min. Finally, the platelets were stimulated with 20 pm Ca®* (36)
at 30 °C for the indicated periods, and the reaction was stopped
by the addition of ice-cold Buffer A containing 10 mm EGTA.

Assay Analyzing Specific Binding of SHD of Slac2-b with
GTP-Rab27—Binding of SHD of Slac2-b with Rab27 was per-
formed by affinity chromatography. First, a non-hydrolyzable
GTP analogue, GTPvS, and GDP-bound His,-Rab27A and
His,-Rab27B were prepared by incubation of these G1Pases
(0.2 um) with 1 mm GTP+S and GDP in the presence of 4 mm
MgCl, and 10 mm EDTA at 30 °C for 30 min followed by the
addition of 15 mm MgCl, to quit the reaction as described (7).
Then, GDP- and GTP+S-preloaded Rab27 (1 ug) was incu-
bated with glutathione-Sepharose beads (Amersham Bio-
sciences) coated with GST-SHD of Slac2-b at 4 °C for 1 hin
Buffer A and washed three times with the same buffer. Bead-
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associated His,-Rab27 was analyzed by immunoblotting
with anti-His, antibody.

GTP-Rab27 Pull-down Assay with GST-SHD of Slac2-b—
The amount of GTP-bound Rab27 in platelets was measured by
atfinity pull-down using the SHD. The standard assay was as
follows. Platelets isolated from freshly obtained whole blood
were lysed in Buffer A containing 0.5% Triton X-100 and pro-
tease inhibitor mixture (P8340, Sigma) at 4 °C for 5 min fol-
lowed by centrifugation at 300,000 X g for 5 min. This proce-
dure completely extracted Rab27. Then, the supernatants were
incubated with glutathione beads coated with 10 ug of GST-
SHD at 4°C for 30 min. The beads were washed three times
with Buffer A containing 0.1% Triton X-100 and the protease
inhibitor mixture, and bead-associated Rab27 was analyzed by
immunoblotting with anti-Rab27 antibody. Densitometric
analysis of appropriately exposed film was performed, and the
signals were quantified using Image J 1.33u software (National
Institutes of Health).

To calculate the ratio of GDP/GTP, the standards were pro-
duced as described previously (13). The same amount of ali-
quots of the Triton X-100 extract was incubated at 30 °C for 90
min in the presence of 10 mm EDTA and 4 mm MgCl, with 1
mu GppNHp (a non-hydrolyzable GTP analogue) or GDP fol-
lowed by the addition of 15 mm MgCl, to quit the reaction and
determination of GTP-bound Rab27 by the pull-down method.
The amount of pulled down Rab27 in the platelet lysate after
incubation with GppNHp was defined as 100%, and that with
GDP was defined as 0%.

Evaluation of Nucleotide Bound to Rab27—Washed platelets
(2 X 10° platelets/assay) were incubated with 300 uCi of
[**P]phosphorus (200 uCi/mmol; Amersham Biosciences) in
Buffer B (138 mm NaCl, 2.9 mm KCJ, 1.8 mm CaCl,, 12 mMm
NaHCO,, 0.49 mm MgCl,, 5.5 mMm glucose, 50 mm HEPES/
KOH, pH 7.4) at 37 °C for 3 h. After the platelets were washed
with Buffer B twice followed by incubation at 30 °C for 3 min,
they were stimulated with 0.5 units/ml thrombin at 30 °C for 3
min. Then, platelets were lysed with Buffer A containing 0.5%
Triton X-100 and the protease inhibitor mixture at 4 °C for 5
min. Supernatants after centrifugation were immunoprecipi-
tated using anti-Rab27 antibodies at 4 °C for 30 min. Bound
nucleotides were eluted in 25 ul of Bulfer A containing 0.2%
SDS, 10 mm EDTA, 1 ma GTP, and 1 mm GDP at 85 °C for 3
min. The samples (6 ul of each) were then spotted onto a poly-
ethyleneimine-cellulose TLC plate {(Merck) and developed for
90 min in 1 M LiCl, and 1 M formic acid. The plates were dried
and placed at —80 °C for 36 —48 h for autoradiography. Densi-
tometric analysis of appropriately exposed film was performed,
and the signals were quantified using Image ] 1.33u software
(National Institutes of Health).

Statistical Analysis—All values presented are means = S.E.
Student’s ¢ test was used in Fig. 74. Values of p < 0.05 were
considered statistically significant.

RESULTS

Characterization of the SHD of Slac2-b as the GTP-Rab27-
interacting Domain—We first characterized the SHD of a
Rab27-specific effector, Slac2-b. We examined whether GST-
SHD specifically bound GTP-bound Rab27A and Rab27B, both
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FIGURE 1. Specific binding of SHD with GTP-Rab27 and its inhibitory
effect on dense granule secretion in permeabilized platelets. A, purified
Hisg-Rab27A (upper panel) and -Rab27B (lower panel) preloaded with GTP+S
(lanes 1 and 3) or GDP (fanes 2 and 4) were incubated with glutathione beads
coated with GST {lanes 1 and 2) and GST-SHD (lanes 3and 4) at4°Cfor 1 h.
After washing the beads, the bead-associated His,-Rab27A and -Rab27Bwere
detected by immunoblotting with anti-His; antibody as described under
“Experimental Procedures.” The data shown are representative of three inde-
pendent experiments with similar results. B, permeabilized platelets were first
incubated with various concentrations of GST (open circlesy and GST-SHD
(closed circles) at 4°C for 30 min, and the Ca®*-induced dense granule
secretion ([*H]serotonin) was analyzed as described under “Experimental
Procedures.” The secretion without the Ca?* stimulation was shown (X).
The results shown are expressed as means = S.E. of three independent
experiments.

of which are expressed in platelets (37). We incubated GTP+yS
(a non-hydrolyzable GTP analogue)-loaded and GDP-loaded
His,-Rab27 with GST-SHD-coated glutathione beads, and
bead-associated Rab27 was analyzed by immunoblotting with
anti-His, antibody. As shown in Fig. 14, GST-SHD efficiently
bound GTPyS-loaded Rab27A and Rab27B, with minimal
binding to GDP-Rab27A and -Rab27B (Fig. 14), indicating that
the SHD specifically interacted with both GTP-Rab27A and
GTP-Rab27B.

Next, we analyzed the involvement of Rab27 in the secretion
using the SHD, which would sequester GTP-bound Rab27. In
the assay, more than 50% of |*H]serotonin preloaded into dense
granules in permeabilized platelets was secreted within 1 minin
response to Ca®” stimulus at 30 °C, whereas the background
secretion was 5-10% (Fig. 1B). The addition of GST-SHD, but
not GST, in the assay efficiently inhibited the secretion in a
concentration-dependent manner (Fig. 1B), supporting our
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FIGURE 2. & GTP-Rab27 pull-down assay using SHD revealed that GTP-
Rab27 was predominant in unstimulated platelets. A, GTP-loaded-His,-
Rab27A purified from E. coli (50 ng) (lane 7) was incubated at 4 °C for 30 min
with glutathione beads coated with GST {fane 2), 10 g of GST-SHD (fane 3),
and 20 g of GST-SHD (lane 4) followed by washing, and the bead-associated
Hisg-Rab27A was detected by immunablotting with anti-Rab27 antibody as
described under “Experimental Procedures.” Plateletlysate isolated from 1 mi
of blood was also analyzed (lane 5). The data shown are representative of
three independent experiments with similar results. 8, GTP-Rab27 in platelet
lysate isolated from 1 ml of whole blood (fane 2) was incubated with glutathi-
one beads coated with 10 g of GST-SHD at 4 °C for 30 min, and bead-asso-
ciated Rab27 was detected by immunoblotting with anti-Rab27 antibody as
described under “Experimental Procedures.” As controls, the same amounts
of platelet lysates loaded in vitro with GDP (lane 1) or GppNHp {/ane 3) were
also analyzed in the same method. The data shown are representative of five
independent experiments with similar results,

previous observation that Rab27 regulates dense granule secre-
tion in platelets (28).

Establishment of GTP-Rab27 Pull-down Assay with SHD of

Slac2-b—Most of Rab27 was present in the membrane fraction
in platelets (34). To solubilize Rab27 from the membrane frac-
tion in platelets, we used 0.5% Triton X100, under which con-
dition the interaction of the SHD with GTP-Rab27 was not
affected. As shown in Fig. 24, platelets (~5 X 107) isolated from
1 ml of blood contained ~50 ng of Rab27, determined using
purified recombinant Hisg-Rab27A as a reference. When the
same amount (50 ng) of the recombinant Hiss-Rab27A protein
was used for a pull-down assay, almost all of the GTP-loaded
form was bound to beads coated with 10 or 20 ug of GST-SHD
but not to GST beads (Fig. 24). Thus, this GST-SHD pull-down
assay was established, and we used this method to evaluate the
GTP-Rab27 levels in platelets.

Evaluation of GTP-Rab27 Level in Platelets—Using this pull-
down assay, we evaluated the ratio of GTP-bound form of
Rab27 in platelets. The results were calibrated as described pre-
viously (13), where the GDP/GTP-bound status of Rab3D in
pancreatic acini was evaluated by their pull-down assay using a
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Rab3-effector RIM-1 (13). They solubilized pancreatic acinar
cells, and the cell lysates were loaded with GTPvyS or GDP. The
amount of GST-RIM-1-associated Rab3D loaded with GTPyS
was defined as 100%, and that loaded with GDP was defined as
0% (13). Here, we analyzed the GDP/GTP status of Rab27 in
platelets and found that more than 70% (74.3 = 3.0%, means &
S.E. of five individuals) of Rab27 was the GTP-bound form in
unstimulated platelets (Fig. 28).

We also evaluated the GDP/GTP-bound status of Rab27 by
the thin layer chromatography method. Isolated platelets were
first incubated at 37 °C for 3 h with [**P]phosphorus that would
be incorporated into GTP and GDP in platelets. As shown
below (see Fig. 4B), nucleotide bound to immunoprecipitated
Rab27 was predominantly GTP (62.7 * 4.7%, means * S.E. of
three individuals). Thus, we obtained consistent results both by
the pull-down and by the thin layer chromatography methods.
We concluded that Rab27 was predominantly in the GTP-
bound form in unstimulated platelets.

High Level of GTP-bound Rab27 Was Maintained by Consti-
tutive GDP/GTP Exchange Activity in Platelets—We analyzed
how the high level of GTP-Rab27 was maintained in unstimu-
lated platelets. To examine this issue, permeabilized platelets
were incubated in Buffer A (calculated free Ca®”* concentration
was ~20 nM) (36) without the addition of ATP or platelet
cytosol, where GTP would also be depleted by diffusion. In the
platelets, the GTP-Rab27 level drastically decreased in a time-
dependent manner measured by the Rab27 pull-down assay
(Fig. 3,4 and C), indicating that Rab27 in platelets was not fixed
to be in the GTP-bound form. On the other hand, the same
treatment of permeabilized platelets at 4°C did not decrease
GTP-Rab27 (Fig. 34), indicating that this reaction is tempera-
ture-dependent. Importantly, this decrease was rescued by the
addition of GTP in the system (Fig. 3, B and C), indicating that
the high level of GTP-bound Rab27 was maintained most likely
by GDP/GTP exchange reaction.

We examined whether the GDP/GTP exchange reaction
indeed occurred in unstimulated platelets. We incubated
permeabilized platelets with 10 um [a-*?P]GTP at 30 °C in
the absence of platelet cytosol. As shown in Fig. 3D, GTP-
Rab27-associated radioactivity increased in a time-depend-
ent manner, whereas amounts of GTP-Rab27 pulled down by
the SHD were constant at any time point (data not shown),
indicating that GDP/GTP exchange continuously took place
to maintain the high level of GTP-Rab27 in unstimulated
platelets. The rate of [a-**P]GTP binding to endogenous
Rab27 in permeabilized platelets was 0.032/min. Recombi-
nant Rab27A protein purified from E. coli in vitro was exam-
ined in the same condition. The rate of [«-**P]GTP binding
to recombinant Rab27A was 0.0035/min (data not shown).
Therefore, the GDP/GTP exchange rate for Rab27 in plate-
lets was ~9 times faster than that of recombinant Rab27A.
Since the exchange was so efficient in permeabilized plate-
lets, in which the cytosol was extensively depleted due to
diffusion, it is likely that the Rab27 GDP/GTP exchange fac-
tor, if any, is primarily membrane-associated.

GTP-bound Rab27 Decreased upon Granule Secretion
through Enhanced GTP Hydrolysis Activity—We next exam-
ined the effect of granule secretion induced by an agonist on the
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i with or without Ca®* stimulation.
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FIGURE 3. Time-dependent decrease of GTP-Rab27 in permeabilized platelets, which was rescued by
addition of GTP. A and B, permeabilized platelets were incubated without the exogenous addition of ATP or
platelet cytosol for the indicated periods at 30 °C or 4°C, in the absence (A) or presence (B) of 1 mm GTP.
GTP-Rab27 (upper panels} was measured by the GTP-Rab27 pull-down assay as described under “Experimental
Procedures.” The total Rab27 in the samples was shown in the lower panels. The data shown are representative
of three independent experiments with similar results. , time-dependent relative changes of GTP-Rab27
shownin A and 8 were presented using the GTP-Rab27 ratio at time 0 as a standard (1.0). The results shown are
expressed as means = S.E. of three independent experiments. D, permeabilized platelets were incubated with
[ec-*?P]GTP at 10 1M (10,000 cpm/pmol) for the indicated periods at 30 °C or 4 °C, and then GTP-Rab27 was
pulled down by GST-SHD beads followed by quantification of [«-**PIGTP as described under “Experimental
Procedures.” The results shown are representative of two independent experiments with similar results.

GDP/GTP status of Rab27. Upon 0.5 units/ml thrombin stim-
ulation at 30 °C, GTP-Rab27 decreased from 74.3 * 3.0 to
27.1 £ 6.3% at 3 min in intact platelets quantified by the pull-
down assay (Fig. 4A). Similar results were obtained by the thin
layer chromatography (Fig. 4B). After the thrombin stimulation
for 3 min, GTP-Rab27 decreased from 62.7 = 4.7 to 314 *
1.4%, whereas GDP-Rab27 increased from 37.3 ® 4.7 to 68.6
1.4%. Thus, Rab27-bound GTP drastically decreased with con-
comitant increase of Rab27-bound GDP upon stimulation,
indicating that GTP hydrolysis of Rab27 was enhanced upon
stimulation. The rate of GTP hydrolysis on Rab27 in thrombin-
stimulated intact platelets in the thin layer chromatography
method was 0.104/min. The rate of |y-**P}JGTP hydrolysis on
recombinant Rab27A purified from E.coli was 0.0056/min
(data not shown). Therefore, the GTP hydrolysis velocity on
Rab27 in stimulated platelets was ~18 times faster than that of
recombinant Rab27A.

Decrease of GTP-Rab27 was also observed in permeabilized
platelets undergoing the Ca®* -induced granule secretion (Fig.
5A), and the degree of decrease was similar to that in thrombin-
stimulated intact platelets (Fig. 44). To examine whether GDP/
GTP exchange activity was altered during the Ca®*-induced
granule secretion, permeabilized platelets were first incubated
with [@-**P]GTP, which would be loaded to small GTPases
including Rab27 followed by the addition of excess non-labeled
GTP. These platelets were incubated with ATP and platelet
eytosol with or without Ca®* stimulation. Then, time-depend-
ent change of |@-**P]GTP-Rab27 was compared. As shown in
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an essential regulator of the SNARE
system, NEM-sensitive factor. NEM
inhibited the Ca?"-induced dense
granulesecretioninaconcentration-
dependent manner in permeabi-
lized platelets (Fig. 64) as shown
previously (39). Under these condi-
tions, NEM treatment inhibited the
decrease of the GTP-Rab27 level,
although permeabilized platelets
were stimulated with high concentration of Ca** (Fig. 6B).
These data indicated that the fusion of the granules with plasma
membrane, rather than the elevation of Ca®>* concentration, is
required for enhancement of Rab27-associated GTP hydrolysis.

GTP Hydrolysis of Rab27 Did Not Appear Essential for the
Dense Granule Secretion—To find out the implication of the
high level of GTP-bound Rab27 and its secretion-dependent
GTP hydrolysis, we tried to address whether GTP hydrolysis
was required for granule secretion. It is well known that
non-hydrolyzable GTP analogue at 100 um promotes the
Ca®*-independent granule secretion in permeabilized plate-
lets (40). However, in permeabilized platelets preincubated
with a lower concentration of GppNHp at 10 um, we
observed a significant increase of the granule secretion upon
Ca®” stimulation (in Fig. 74, compare lane 4 and lane S)(p <
0.01), although the secretion level without Ca** stimulation
was rather high (Fig. 74, lane 4). Importantly, the Ca®* -de-
pendent secretion was reduced by the addition of the SHD
(Fig. 74, compare lane 5 and lane 6)(p < 0.05), indicating
that Rab27 was involved in this secretion. Under this condi-
tion, in contrast to GTP-bound Rab27 (Fig. 78, lanes 1-3),
the GppNHp-bound form of Rab27 did not decrease upon
granule secretion measured by the pull-down assay, indicat-
ing that the majority of Rab27 remained bound to GppNHp
in the permeabilized platelets (Fig. 78, lanes 4-6). Taken
together, GTP hydrolysis of Rab27 did not appear necessary
for the induction of granule secretion in platelets.
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FIGURE 4. GTP-Rab27 decreased upon granule secretion through
enhanced GTP hydrolysis activity. A, isolated platelets were stimulated
with 0.5 units/ml thrombin for the indicated periods at 30 °C. Then, GTP-
Rab27 (upper panel} was measured by the GTP-Rab27 pull-down assay as
described under “Experimental Procedures.” The total Rab27 in the samples
was shown in the lower panel. Relative changes of GTP-Rab27 were presented
using the GTP-Rab27 ratio at time 0 as a standard (1.0). The data shown are
expressed as means = SE. of three independent experiments. B, isolated
platelets were labeled with [*?Plphosphorus and then stimulated with 0.5
units/ml thrombin at 30 °C for 3 min. Rab27 was immunoprecipitated, and the
bound nucleotides were analyzed by thin layer chromatography as described
under “Experimental Procedures.” The results shown are representative of
three independent experiments with similar results.

DISCUSSION

In this study, we have analyzed the GDP/GTP cycle of endog-
enous Rab27 in platelets during regulated exocytosis and dem-
onstrated that Rab27 was predominantly present in the GTP-
bound form in unstimulated platelets and GTP-bound Rab27
decreased upon granule secretion. The activation status of
Rab?27 was regulated by constitutive GDP/GTP exchange activ-
ity and secretion-dependent GTP hydrolysis activity. Further-
more, we showed that GTP hydrolysis of Rab27 would not be
essential for inducing the secretion. With these experimental
results, we propose that the function of Rab27 in the platelet
secretion is to maintain the granules in a preparative status for
the secretion rather than to mediate the secretion signal.

We have established two methods for quantifying GTP-
Rab27. One is the pull-down method in which we use the GTP-
Rab27-binding domain, SHD, of a Rab27-specific effector mol-
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FIGURE 5. The decrease of the GTP-Rab27 ratios upon the Ca®*-induced
secretion was not dependent on alteration of GDP/GTP exchange activ-
ity. A, permeabilized platelets were stimulated in the presence of platelet
cytosol and ATP by 20 1 Ca’™ for the indicated periods at 30 °C, and GTP-
Rab27 (upper panel) was measured by the GTP-Rab27 pull-down assay as
described under “Experimental Procedures.” The total Rab27 in the samples
was shownin the fower panel. Relative changes of GTP-Rab27 were presented
using the GTP-Rab27 ratio at time 0 as a standard (1.0). The data shown are
expressed as means = SE. of three independent experiments. B, permeabi-
lized platelets were incubated with 10 M [o-*?P]GTP at 30 °C for 30 min fol-
lowed by the addition of cold excess GTP at 1 mm. These platelets were then
incubated with or without 20 um Ca** at 30 °C for the indicated periods, and
the radioactivity associated with immunoprecipitated Rab27 was measured
as described under “Experimental Procedures.” The results shown are repre-
sentative of two independent experiments with similar results.

ecule, Slac2-b (29). Since this SHD specifically interacted with
GTP-Rab27 (Fig. 14) and the interaction was unaffected by the
detergent to solubilize Rab27, we could obtain reproducible
results by this method. Another method is the thin layer chro-
matography method in which radioactive nucleotide bound to
immunoprecipitated Rab27 was analyzed. The results obtained
by these two independent methods were coincided. In contrast
to the thin layer chromatography, which utilizes high levels of
radioactivity and much primary antibodies, the pull-down
assay is a preferred method to obtain equivalent results. There-
fore, most of the experiments were performed with the pull-
down assay, and key experiments for critical confirmation were
performed with both methods.
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FIGURE 6. The Ca?* stimulation did not induce the decrease of GTP-Rab27
ratios when the secretion was inhibited by NEM in permeabilized platelets.
A, permeabilized platelets were incubated in the presence of platelet cytosol and
ATP with various concentration of NEM at 4 °C for 30 min followed by the Ca®*
stimulation at 30 °C for 1 min. The Ca?"-induced dense granule secretion was
analyzed as described under “Experimental Procedures.” The data shown are
expressed as means = SE. of three independent experiments. B, GTP-Rab27
(upper panel) in these platelets was measured by the GTP-Rab27 pull-down assay
as described under “Experimental Procedures.” The total Rab27 in the samples
was shown in the lower panel. Relative changes of GTP-Rab27 were presented
using the GTP-Rab27 ratio at time 0 as a standard (1.0). The data shown are
expressed as means * S.E. of three independent experiments.

We investigated the mechanism by which GTP-Rab27 is
maintained at such a high level. Two possibilities were conceiv-
able; GTP bound to Rab27 is statically kept without entering the
GDP/GTP cycle, or the GTP-bound form is maintained in a
dynamic equilibrium between GTP hydrolysis and GDP/GTP
exchange activities. Here, the data demonstrated the high rates
of nucleotide exchange for Rab27 in unstimulated platelets.
First, GTP-Rab27 levels decreased in permeabilized platelets
without the addition of GTP in the milieu. Second, this decrease
was rescued by the addition of GTP in the system. Third,
[a-**P]GTP added in the system was incorporated to Rab27 in
a time-dependent manner, whereas total GTP-Rab27 levels
were not changed. Thus, the high level of GTP-bound Rab27 in
unstimulated platelets was maintained by constitutive GDP/
GTP exchange activity. Since we detected GDP/GTP exchange
activity for Rab27 in permeabilized platelets, where the cytosol
was extensively depleted, the majority of the GDP/GTP
exchange activity could be membrane-associated.

Rybin et al. (41) have examined the GDP/GTP cycle of Rab5
on purified early endosomal membrane in the steady states by
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FIGURE 7. GTP hydrolysis of Rab27 did not appear essential for the dense
granule secretion. A, permeabilized platelets were incubated with 10 um
GTP (lanes 1-3) or GppNHp (lanes 4 - 6) in the absence of platelet cytosol and
ATP at 30 °C for 15 min followed by the addition of platelet cytosol and ATP.
These permeabilized platelets were incubated with (lanes 3 and 6) or without
(lanes 1, 2,4, and 5) 1 uM GST-SHD at 4 °C for 15 min. These permeabilized
platelets were incubated with or without Ca?* for 1 min, and secreted [*H]se-
rotonin was analyzed as described under “Experimental Procedures.” The
results shown are expressed as means = S.E. of five independent experi-
ments. ¥, p < 0.01, lane 1 versus lane 2, lane 2 versus lane 3, and lane 4 versus
lane 5. #, p < 0.05, lane 5 versus lane 6. B, GTP- {or GppNHp-) Rab27 {upper
panel) in these platelets was measured by the GTP-Rab27 pull-down assay as
described under “Experimental Procedures.” The total Rab27 in the samples
was shown in the Jower panel. The results shown are representative of three
independent experiments with similar results.

experiments analyzing xanthosine 5'-triphosphate bound to
mutant Rab5, which preferentially binds xanthosine 5'-triphos-
phate instead of GTP. They demonstrated that Rab5 activity is
regulated in a dynamic equilibrium by constitutive GTP hydrol-
ysis activity on purified early endosome membrane. Then, they
speculated that Rab5 undergoes multiple cycles of nucleotide
binding and hydrolysis on the early endosome membrane (41).
Since GDP-bound Rab GTPases could be present in cytosol
by forming a complex with RabGDI, the data that most of
Rab27 localizes in the membrane fraction (33) could reflect the
predominant existence of Rab27 in the GTP-bound form in
platelets. Since GDP/GTP exchange occurred in Rab27 in per-
meabilized platelets without the addition of platelet cytosol
containing RabGDI (Fig. 3, 4, B, and D), Rab27 appears to
undergo multiple GDP/GTP cycle on the membrane, similar to
Rabb, without recycling between cytosol and membrane.
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Here, we demonstrated that the high level of GTP-Rab27
markedly decreased upon stimulation in platelets due to
enhanced Rab27 GTP hydrolysis activity. Since the GDP/GTP
exchange activity for Rab27 appeared unchanged by granule
secretion (Fig. 5B), this decrease of GTP-Rab27 would be exclu-
sively due to the enhanced GTP hydrolysis activity upon stim-
ulation. The granule secretion is triggered by increased Ca®”*
concentration. However, the Rab27 GTP hydrolysis activity
was not enhanced by increased Ca®* concentration alone. It
was coupled with granule secretion per se since increased Ca®”
concentration did not decrease the GTP-Rab27 level when the
secretion was inhibited by NEM.

What is the implication of the high active status of Rab27 in
unstimulated platelets and GTP hydrolysis upon granule secre-
tion? If GTP hydrolysis of Rab27 is not required for the secretion,
the predominant presence of Rab27 in its active form would imply
that Rab27 does not mediate the secretion signal directly but
rather plays a role to maintain the vesicles in the preparative state
for secretion. If GTP hydrolysis of Rab27 is required for fusion,
GTP-Rab27 would function as a negative regulator, where the
secretion signal induces GTP hydrolysis of Rab27 to trigger the
secretion. To date, two types of functional mechanisms of
GTPases are known. Some require GTP hydrolysis for the func-
tion, and the others do not require it. For examples, elongation
factor EF-Turequires GTP hydrolysis to perform the proofreading
of elongation of the correct amino acid at the end of peptide under
production (42). On the other hand, the GTP-bound form of Rab5
is the active form, which induces membrane docking/fusion of
early endosomes without requiring GTP hydrolysis (11, 41).
Therefore, elucidation of the implication of GTP hydrolysis of
Rab27 is essential to understand the functional mechanism of
Rab27 in the regulation of the secretion.

To address this issue, we used non-hydrolyzable GTP ana-
logue, GppNHp, in the assay system with permeabilized plate-
lets. It is well known that non-hydrolyzable GTP analogue at
100 M promotes the Ca®>”-independent granule secretion in
permeabilized platelets (40). However, in permeabilized plate-
lets preincubated with a lower concentration of GppNHp at 10
1M, we observed a signiticant increase of the granule secretion
upon Ca®* stimulation. In this experiment, the GTP-Rab27
level did not decrease by the granule secretion, suggesting that
almost all Rab27 bound GppNHp. Furthermore, the Ca®* -in-
duced secretion in the presence of 10 um GppNHp was inhib-
ited by the addition of the GTP-Rab27-binding domain, SHD
(Fig. 7A, lane 6), indicating that Rab27 played a role for induc-
ing the secretion. Therefore, we would conclude that GTP-
Rab27 is the active form and GTP hydrolysis of Rab27 does not
appear necessary for dense granule secretion in platelets.

Since Rab27 in platelets is predominantly present in its GTP-
bound form and GTP hydrolysis appears unnecessary for the
secretion, it is likely that GTP-Rab27 would not mediate extra-
cellular signals but rather keep the vesicles in a preparative state
for the secretion. Since increased Ca>* concentration is the
trigger of the secretion (38), the calcium ion signal would be
mediated by a calcium-binding protein such as a Rab27 effector
molecule Muncl3-4 containing Ca>*-binding C2 domains
(28), and protein kinase C (33).

Nevertheless, we cannot completely exclude the possibility that
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GTP hydrolysis of Rab27 is required for the granule secretion due
to some limitations in the experiments shown in Fig. 7 to address
the requirement of GTP hydrolysis of Rab27 for the secretion.
First, other GTPases as well as Rab27 would bind GppNHp in
permeabilized platelets. Some of these GTPases might bypass the
need for GTP hydrolysis of Rab27. Second, the spans of the Ca®" -
induced secretion and the inhibition by the SHD were relatively
small in the assay due to rather high levels of secretion without
Ca®* stimulation in the presence of GppNHp. Although the dif-
ferences are statistically significant, additional experiments would
be required for the definite conclusion.

At this time, the biological implication of the secretion-de-
pendent GTP hydrolysis of Rab27 remains unclear. It might
play a role in recycling of Rab27 from the plasma membrane
after one cycle of the secretion is completed.

Platelets contain many small GTPases, such as Ras, RhoA, Rap1,
and Ral, that are predominantly present in their GDP-bound
forms and transiently become GTP-bound forms upon stimula-
tion in platelets (43—46). In contrast to these small GTPases, the
GDP/GTP cycle of Rab27 appears unique. Given that Rab27 in
platelets was predominantly in the GTP-bound form, the GDP/
GTP exchange activity would be more dominant than the GIP
hydrolysis activity in unstimulated platelets. Furthermore, this
GDP/GTP exchange activity for Rab27 was not changed by the
clevation of Ca®>* concentration (Fig. 5B), unlike that for other
small GTPases (12, 46). Very recently, the GDP/GTP cycle of Arf6
has been demonstrated to be similar to that of Rab27 (46), where
most of Art6 is present in its GTP-bound form and GTP-Arf6 is
decreased by agonist stimulation to regulate Rho family G Pases
in platelets, although it has not been addressed whether GTP
hydrolysis plays a role or not in its functions (46).

In pancreatic acini, most of Rab3D has been demonstrated to
be in the GTP-bound form (13), although the GDP/GTP status
of Rab3D in response to cellular stimulus has not been
addressed. Since the Rab3 family is implicated in regulated exo-
cytosis and related to Rab27 in the primary structure (16), the
predominant GTP-bound form in the resting cells might be
common in Rab GTPases implicated in regulated exocytosis.

Here, we showed that Rab27 in unstimulated platelets was pre-
dominantly present in the GTP-bound active form, which was reg-
ulated by its constitutive GDP/GTP exchange activity in a dynamic
equilibrium and that this high level of GTP-Rab27 drastically
decreased upon granule secretion due to enhanced GTP hydroly-
sis activity. To elucidate the molecular mechanism of the regula-
tion in the secretion, it would be crucial to identify GTPase-acti-
vating protein and GDP/GTP exchange factor for Rab27 in
platelets and characterize their functions in the platelet secretion.
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Abstract

Lectin-like oxidized LDL receptor-1 (LOX-1). a cell-surface receptor for oxidized LDL (Ox-LDL), has been implicated in vascular cell
dysfunction related to atherosclerotic plaque instability, according to cell culture experiments. In the present study, we investigated the
relationship between LOX-1 expression and plaque instability in hypercholesterolemic rabbits by immunohistological analyses in vivo.
We prepared thirty series of cross sections of the thoracic aorta from six myocardial infarction-prone Watanabe heritable hyperlipidemic
(WHHLMI) rabbits (12-24 months), in which seventy atherosclerotic plaques were observed. LOX-1. matrix metalloproteinase-9
(MMP-9), monocyte chemoattractant protein-1 (MCP-1) expression, apoptotic events, plaque instability index (an index of the morpho-
logical destabilization of atherosclerotic plaques) and fibromuscular cap thickness in each atherosclerotic plaque were determined by
immunohistochemical staining, TUNEL staining and Azan-Mallory staining. LOX-1 expression was positively correlated with the plaque
instability index and MMP-9 expression. LOX-1 expression was more prominent in atherosclerotic plaques with thinner fibromuscular cap
(<100 wm). Furthermore, LOX-1 expression was shown in the macrophage-rich lipid core area where MCP-1 expression and apoptotic
events were prominent. These results indicate that enhanced LOX-1 expression was associated with histologically unstable atherosclerotic
plaques in hypercholesterolemic rabbits, suggesting the involvement of LOX-1 in the destabilization of atherosclerotic plaques in
vivo.
© 2006 Elsevier [reland Ltd. All rights reserved.

Keywords: LOX-1; MMP-9; MCP-1; Apoptosis; WHHLMI rabbits

1. Introduction

The disruption of unstable atherosclerotic plaques and
subsequent tormation of occlusive thrombi are currently rec-
ognized as the primary cause of acute coronary syndrome
[1-3]. Atberosclerotic plaques with large lipid cores, thin
fibromuscular caps, enhanced mononuclear leukocyte accu-

* Corresponding author. Tel.: +81 75 751 3623; fax: +81 75 751 4094.
E-mail address: nkume @kuhp.kyoto-u.acjp (N. Kume).

0021-9150/% — see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.atherosclerosis.2006.11.031

mulation and proinflammatory responses, and expression of
matrix metalloproteinases (MMPs) have been suggested to
be more susceptible to rupture [4].

Lectin-like oxidized LDL receptor-1 (LOX-1), a type II
membrane glycoprotein belonging to the C-type lectin fam-
ily, acts as acell-surface receptor for oxidized LDL (Ox-LDL)
and mediates several biological effects of Ox-LDL [5]. Previ-
ous studies with cultured cells suggest that LOX-1 may play
important roles in the pathogenesis of atherosclerosis, such as
induced expression of adhesion molecules and chemokines

Please cite this article in press as: Ishino 8, et al,, Lectin-like oxidized LDL receptor-1 (LOX-1) expression is associated with atherosclerotic
plaque instability—analysis in hypercholesterolemic rabbits, Atherosclerosis (2007), doi:10.1016/j.atherosclerosis.2006.11.031
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for monocytes [6,7], transformation of macrophages into
foam cells [8-10], smooth muscle cells apoptosis [11,12]
and degradation of extracellular matrix proteins by induction
of MMPs [13]. These biological effects mediated by Ox-
LDI~LOX-1 interactions would collectively enlarge the lipid
core, weaken the fibromuscular cap, and induce proinflamma-
tory responses, resulting in destabilization of atherosclerotic
plaques; however, roles of LOX-1 in plaque instability in vivo
remain to be determined.

As a hypercholesterolemic rabbit model of spontaneous
atherosclerosis, myocardial infarction-prone Watanabe her-
itable hyperlipidemic (WHHLMI) rabbits (previous strain;
Watanabe heritable hyperlipidemic (WHHL) rabbits) have
been widely used because the histological characteristics of
their atherosclerotic lesions appear to be similar to those in
humans [14-17]. In addition, a monoclonal antibody directed
to rabbit LOX-1 has been established, and LOX-1 expression
by endothelial cells and macrophages in fatty streak lesions
has already been reported in WHHL rabbit aortas [18].
LOX-1 expression in advanced atherosclerotic plaques of
human carotid arteries has been observed in intimal smooth
muscle cells, as well as macrophages and endothelial cells
[19].

In the present study, we examined the relationship between
LOX-1 expression and histological markers of plaque insta-
bility, such as the plaque instability index (an index of
morphological destabilized characteristics of atherosclerotic
plaques), MMP-9 expression, MCP-1 expression, apoptotic
events, and fibromuscular cap thickness in this hypercholes-
terolemic rabbit model.

2. Methods
2.1. Animals

Six WHHLMI rabbits (12-24 months old: 3.0-3.25kg
body weight) bred at Kobe University were used in the present
study. Rabbits were fed standard rabbit chow (type CR-3;
Clea Japan Inc., Tokyo, Japan: 120 g/day) and were given
water ad libitum. As a control, a Japanese White rabbit (3
month old; Biotec Inc., Saga, Japan: 3.0kg body weight)
was used. All experimental procedures were approved by the
Kyoto University Animal Care Committee.

2.2. Preparation of histological sections

Rabbits were sacrificed with an overdose of sodium pen-
tobarbital. The descending thoracic aorta was divided into
5 portions (2cm segments), after adjacent fat and con-
nective tissue had been removed. These aortic segments
were immediately fixed in a solution containing L-(-+)-lysine
hydrochloride (75 mmol/L) and 4% paraformaldehyde in
phosphate buffer (37.5 mmol/L, pH 7.4), and embedded in
paratfin, Consecutive 5 pm thick slices were prepared at 1 cm
from the end of the 2 cm segments.

2.3. Preparation of a monoclonal antibody direcied 1o
rabbit LOX-1

A monoclonal antibody directed to rabbit LOX-1 was
established using a standard hybridoma technique. Polypep-
tide corresponding to the amino acid numbers between 150
and 171 of the rabbit LOX-1 (extracellular domain) was used
as an antigen to immunize mice. A monoclonal antibody by
which COS-7 cells wransfected with rabbit 1LOX-1 ¢cDNA,
but not untransfected wild-type COS-7 cells, were able to be
immunochemically stained, was utilized.

2.4. Histological analysis

Serial sections were subjected to immunostaininig for
LOX-1, MMP-9, MCP-1 and cell type marker antigens. A
monoclonal antibody for MMP-9 (mouse IgG) was obtained
from Daiichi Fine Chemical Corp., Toyama, Japan. A mon-
oclonal antibody for MCP-1 (mouse Ig(G) was obtained
from BD Biosciences Inc., San Jose, CA, USA [20]. Mono-
clonal antibodies for a rabbit macrophage-specific antigen
(RAM-11, mouse IgG) and smooth muscle actin (1A4,
mouse 1gG) were obtained from Dako Corp., Santa Bar-
bara, CA, USA. Immunohistostaining was carried out using
a Dako Envision+kit (Dako) with hematoxylin counter-
staining. Immunohistochemical staining with an anti-von
Willebrand factor (vWT) polyclonal antibody (goat IgG,
Atlantic Antibodies, Stillwater, MN), which cross-reacts with
rabbit vWI, was carried out to identify rabbit endothelial
cells by use of a Dako Envision/AP kit (Dako) followed by
hematoxylin counterstaining. Immunostaining with subclass-
matched irrelevant IgG served as a negative control.

Azan-Mallory staining was performed with standard pro-
cedures. Apoptotic nuclei were determined by terminal
deoxyribonucleotide transferase (TdT)-mediated nick-end
labeling (TUNEL) using a commercially available kit (in
situ apoptosis detectionkit, Trevigen Inc., Gaithersburg, MD,
USA).

2.5. Definition of atherosclerotic plaques

In atherosclerotic plaques, the lipid core was defined as a
layer more than 100 pm thick consisting of macrophage foam
cells and extracellular lipid deposits, which was measured
using a VHX Digital Microscope (Keyence Corp., Osaka,
Japan). Fibromuscular caps were defined as areas consist-
ing of smooth muscle cells and collagen fibers, which cover
the lipid core. The systematic structure of an atherosclerotic
plague is shown in Fig. 1. Typical unstable plaques contained
predominantly macrophages or large lipid cores, withathinor
scarcely perceivable fibromuscular cap consisting of smooth
muscle cells and collagen fibers. On the other hand, typi-
cal stable plaques contained scattered macrophages and lipid
cores in deep intimal areas with a thicker fibromuscular cap.
The atherosclerotic plaques were classified into two groups
based on fibromuscular cap thickness (cut-oft value, 100 pm)
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Fig. 1. Schematic illustration of a typical atherosclerotic plaque and its components described in the text. The area within dotted lines shows typical unstable
plaques (left) and typical stable plaques (right). In each atherosclerotic plaque, the ratio of the lipid core area (macrophages and extracellular lipid deposits) to
the fibromuscular cap area (smooth muscle cells and collagen fibers covering the lipid core area) was defined as a ‘plaque instability index’. Fibromuscular cap
thickness was measured at the point of the thickest lipid core with clear demarcation of the fibromuscular cap-lipid core interface.

measured at the point of the thickest lipid core with a clear
demarcation of the fibromuscular cap-lipid core interface as
shown in Fig. 1.

2.6. Quantitative analvsis

Lesion component areas were quantitatively evaluated
with the microscope. In each section with Azan—-Mallory
staining, we examined all atherosclerotic plaques and mea-
sured the ratio of the LOX-1-positive area to the entire area
of the plaque (LOX-1 expression density). Using the same
method, MMP-9 expression density was determined. As an
index of morphologically destabilized characteristics, the
ratio of the lipid core area (macrophages and extracellular
lipid deposits) to the fibromuscular cap area (smooth mus-
cle cells and collagen fibers covering the lipid core area) was
calculated from the results of Azan-Mallory staining, as well
as immunostaining for macrophages (RAM-11) and smooth
muscle cells (1A4). This ratio (lipid core area/fibromuscular
cap area) was defined as a "plaque instability index” in each
atherosclerotic plaque. We measured blue region as collagen
fibers or other extracellular matrix proteins, and extracel-
lular vacuoles and lacunae as extracellular lipid deposits
in Azan-Mallory-stained sections [21,22], and RAM-11-
positive areas as macrophages and 1A4-positive areas as
smooth muscle cells in immunostained sections. In each sec-
tion, the plaque instability index, MMP-9 expression density
and fibromuscular cap thickness were compared with LOX-1
expression density.

2.7. Sutistical analvses

Values were expressed as the mean £ S.D. Statisti-
cal analysis was performed with- the Mann—Whitney U

test for comparing LOX-1 expression density. Correlation
coefficients were assessed with Spearman rank correla-
tion coefficients. Statistical significance was defined as
P <0.0001.

3. Results

3.1. Composition of atherosclerotic plague and MMP-9
expression

In the thoracic aorta of WHHLMI rabbits, we analyzed
seventy atherosclerotic plaques found in thirty series of sec-
tions from six animals (five segments per rabbit). Fig. 2 shows
typical images of unstable (left two columns) and stable (right
two columns) atherosclerotic plaques with Azan-Mallory
and immunohistochemical staining. Fig. 3 shows higher
magnification images of each staining corresponding to
the area indicated as a square in Fig. 2 V. The unstable
plaques (left two columns) looked similar to rupture-prone
unstable human plaques which consist of a large lipid core
with abundant macrophages and extracellular lipid deposits,
accompanied by a thin fibromuscular cap with relatively
few smooth muscle cells scattered in the superficial region
(Figs. 2 and 3). MMP-9 expression was mainly observed
in RAM-11-positive areas (Figs. 2E, F, 1, J and 3B, O).
On the other hand, stable plaques (right two columns)
showed typical characteristics such as few macrophages,
less extracellular lipid deposits and a thicker fibromuscular
cap (Fig. 2). Less prominent MMP-9 expression, as well
as a larger number of smooth muscle cells and collagen
fibers or more extracellular matrix was observed (Fig. 2G,
H, O, b, W, X). MMP-9 signals were undetectable in aortic
sections from normocholesterolemic control rabbits (data not
shown).
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Fig. 2. Photomicrographs of atherosclerotic lesions in the thoracic aorta of WHHLMI rabbits showed typical unstable (left two columns) and stable (right
two columns) atherosclerotic plaques. Immunohistochemical staining for LOX-1 (A to D), MMP-9 (E to H), macrophages (I'to L), smooth muscle cells (M
1o P), and endothelial cells (Q to T) and Azan-Mallory staining (U to X). *The values in the lowest row show the plaque instability index (fibromuscular cap
thickness) in each atherosclerotic plaque. Bar = 100 p.m, magnification » 30. (nx macrophages; s: smooth muscle cells; e: endothelial cells).

3.2. LOX-I expression and composition of plaques sections with an anti-rabbit LOX-1 monoclonal antibody. As
reported previously [18], LOX-1 was intensively expressed

The distribution of LOX-1 in atherosclerotic plaques in the intima of atherosclerotic lesions, and endothelial
was determined by immunohistochemical staining of serial cells and macrophages were stained positively for LOX-1

Please cite this arlicle in press as: Ishino S, etal.,, Lectin-like oxidized L.DL receptor-1 (LOX-1) expression is associated with atherosclerotic
plaque iristabiﬁtyeahalys’is in hypercholesterolemic rabbits, Atherosclerosis (2007), doi:10.1016/].atherosclerosis.2006.11.031

— 120 —




ATH-9759; No.of Pages9

8. Ishino et al. / Atherosclerosis xxx { 2007 ) xxx—xxx 5

Fig. 3. Higher magnification images of unstable plaques corresponding to the area indicated as a square in Fig. 2 V. Immunohistochemical staining for LOX-1
(A), MMP-9 (B), macrophages (C), smooth muscle cells (D), and endothelial cells (E), and Azan-Mallory staining (F). Bar = 100 p.m, magnification ~ 150.

(Fig. 2A-D, -, Q-T and 3A, C, E). In addition, intimal
smooth muscle cells also prominently expressed LOX-1
(Figs. 2C, D, O, P and 3A, D) as previously reported in
advanced human atherosclerotic plaques [19], although
LOX-1 expression levels varied among atherosclerotic
plaques (Fig. 2A-D). LOX-1 immunostaining was not
observed in aortic sections from normocholesterolemic
control rabbits (data not shown).

3.3. Correlation of LOX-1 expression density with
plaque instability index or MMP-9 expression density

Using the histological images, we carried out quantifica-
tion analyses as described in the Methods. LOX-1 expression
density was positively correlated with the plaque instability
index (R=0.74, P<0.0001, Fig. 4A) in this animal model
of atherosclerosis. Furthermore, LOX-1 expression density
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Fig. 4. Correlation of LOX-1 expression density with plaque instability index (A), or MMP-9 expression density (B), in atherosclerotic plaques in the thoracic
aorta of WHHLMI rabbits (n = 70). Regression analyses demonstrated a positive correlation between LOX-1 expression density and plaque instability index
(R=0.74, P <0.0001), as well as between LOX-1 expression density and MMP-9 expression density (R=0.72, P <0.0001).

positively correlated with MMP-9  expression density
{(R=0.72, £<0.0001, Fig. 4B), thus suggesting roles for
LOX-1 in MMP expression, as well as apoptosis and foam
cell transformation, as shown in cultured cells.

3.4. Classification of atheroscleroiic plagues based on
fibromuscular cap thickness

Atherosclerotic plaques were classified into two groups
based on fibromuscular cap thickness {cut off value: 100 pum).
Levels of LOX-1 expression density were significantly higher
in the atherosclerotic plaques with thinner fibromuscular caps
than those with thicker ones (51.1 £21.1 versus 17.1 £ 13.5
%, P <0.0001).

3.5. LOX-1/MCP-1 expression and apopiotic events in
atherosclerotic lesions

Fig. 5 shows LOX-1 and MCP-1 expression, and apop-
totic events in unstable plaques. In the lipid core area,
MCP-1 expression and TUNEL-positive nuclei were promi-
nent mainly in macrophages (foam cells), in which LOX-1
expression was prominent. On the other hand, neither LOX-
1 nor MCP-1 expression, nor TUNEL-positive cells were
detectable in the fibromuscular cap area. Thus, LOX-1
expression appeared to be co-localized with MCP-1 expres-
sion and TUNEL-positive cells in macrophages (foam cells)
located in the lipid core area. Neither MCP-1 expression
nor TUNEL-positive nuclei were detectable in aortic sec-
tions from normocholesterolemic control rabbits (data not
shown).

4. Discussion

We investigated the LOX-1 expression in association
with histological markers of plaque instability, such as the
plaque instability index, MMP-9 expression and fibromuscu-
lar cap thickness, and examined the co-localization of LOX-1

expression with MCP-1 expression and apoptotic events in
hypercholesterolemic rabbits.

To evaluate the morphological destabilization of
atherosclerotic plagues, we proposed a ‘plaque instability
index’ calculated as the ratio between the two histolog-
ical areas in atherosclerotic plaques: the lipid core area
(macrophages plus extracellular lipid deposits) and the
fibromuscular cap area (smooth muscle cells plus collagen
fibers). As a histological index of atherosclerotic plaque,
Shiomi et al. previously proposed a 'vulnerability index’.
calculated as the ratio between the two histological com-
ponents (lipid and fibromuscular components) in the entire
intima [21]. Compared to the vulnerability index, the plaque
instability index would more directly reflect the thickness
of the fibromuscular cap and the plaque instability because
it was not calculated from the whole intimal area, but from
the atherosclerotic plaque area. This plaque instability index
was significantly correlated with LOX-1 expression density.

MMP-9, also known as gelatinase B or 92kDa type IV
collagenase, has been found to be prominently expressed
in unstable atherosclerotic plaques in humans. Accordingly,
MMP-9 has been suggested to be involved in the rupture
of atherosclerotic plaques [23,24]. It has been reported that
LOX-1-mediated uptake of Ox-LDL modulates the expres-
sion and activity of MMPs in cultured endothelial cells [13].
However, it remained unknown whether LOX-1 expression
is associated with MMP-9 expression in vivo. This study
showed, for the first time, that LOX-1 expression density
was significantly correlated with MMP-9 expression density
in atherosclerotic plaques. Thus, LOX-1 is also responsible
for the Ox-LDL-induced expression of MMPs and thereby,
the destabilization of plaques.

Because a fibromuscular cap thickness less than 100 pm
has been reported as a marker of susceptibility to plaque rup-
ture [25], we used this cut-off value to classity atherosclerotic
plaques into two groups. According to this cut-off value,
LOX-1 expression density was found to be significantly
higher in the thinner fibromuscular cap group (<100 pm) than
thicker cap group (>100 pm).
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