Photochemistry and Photobiology, 2011, 87: 199-207

Photosensitization Reaction-Induced Acute Electrophysiological Cell
Response of Rat Myocardial Cells in Short Loading Periods of
Talaporfin Sodium or Porfimer Sodium

Arisa lto*', Takehiro Kimura?, Shunichiro Miyoshi?, Satoshi Ogawa® and Tsunenori Arai’
1School of Fundamental Science and Technology, Graduate School of Science and Technology,

Keio University, Kohoku-ku, Yokohama, Japan

2Cardiopulmonary Division, Department of Internal Medicine, Keio University School of Medicine,

Shinjuku-ku, Tokyo, Japan

3Mita Hospital, International University of Health and Welfare, Minato-ku, Tokyo, Japan
Received 8 August 2010, accepted 20 October 2010, DOI: 10.1111/].1751-1097.2010.00846.x

ABSTRACT

Electrophysiological responses of rat myocardial cells to exog-
enous photosensitization reactions for a short period of incuba-
tion with two photosensitizers, talaporfin sodium or porfimer
sodium, were measured in a subsecond time scale. The loading
period of the photosensitizer when the photosensitizer might not
be taken up by the cells was selected as 15 min, which was
determined by the fluorescence microscopic observation. We

measured the intracellular Ca®* concentration ([Ca®*}y) by -

using a fluorescent Ca®* indicator, Fluo-4 AM, under a high-
speed confocal laser microscope to evaluate the acute electro-
physiological cell response to the photosensitization reaction.
The measured temporal change in Fluo-4 fluorescence intensity
indicated that the response to the photosensitization reaction
might be divided into two phases in both photosensitizers. The
first phase is acute response: disappearance of Ca®" oscillation
when irradiation starts, which might be caused by ion channel
dysfunction. The second phase is slow response: [Ca** )i
elevation indicating influx of Ca®>* due to the concentration
gradient. The continuous Ca?" influx followed by changes in cell
morphology suggested micropore formation on the surface of the
cell membrane, resulting in necrotic cell death.

INTRODUCTION

Photosensitization reaction-induced cellular damage has been
widely applied to clinical therapies such as noninvasive cancer
therapy and age-related macular degeneration (1,2). Photo-
chemical interactions involve photons, photosensitizers and
oxygen generate reactive oxygen species, mainly singlet
molecular oxygen (3-5). The activated singlet oxygen reacts
with many biological molecules, including lipids, proteins and
nucleic acids, resulting in apoptotic or necrotic cellular
damage (6-8). The cellular response to photosensitization
reaction is dependent on photosensitizer distribution, which is
determined by the loading process and the physicochemical
properties of the photosensitizer molecule, particularly molec-
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ular size, structure, charge and water solubility (9,10). The
photosensitization reaction may cause selective organelle
damage when the photosensitizer localizes to certain cellular
compartments such as the mitochondria or lysosomes after a
long incubation period (4,6). These damages to organelles
may initiate enzyme activation followed by apoptosis. After a
short incubation period of several minutes, the photosensi-
tizer may not be taken up into the cells and may be
distributed on the cell membrane or outside the cells (5). The
membrane-bound photosensitizers irradiated by excitation
light may induce membrane disruption, for example, due to
micropore formation and ion channel dysfunction, resulting
in morphological and electrophysiological changes in the cells
6,11).

Oxidative injury is known to be induced by exposure of
cells to exogenous photosensitization reactions that increase
intracellular free Ca®™ concentrations ((Ca®"Ji,) (12-14). The
importance of Ca®™ for the viability and electrophysiological
function of cells is well recognized (15,16). Ca®>" overload
may play a role in photosensitization reaction-induced
necrotic cell death (6). The intracellular Ca’?* dynamics
during photosensitization reaction has been studied in various
cell types such as erythrocytes (17), cardiomyocytes (18,19)
and cancer cells (13,20). However, to our knowledge, there
are no reports on the acute effect of exogenous photosensi-
tization reactions on [Ca?"];, in myocardial cells as observed
in the subsecond scale.

In this study, we focused on the early events of Ca?*
dynamics during the onset of exogenous photosensitization
reaction in short period of photosensitizer incubation. The
photosensitization reaction was induced by short-time incuba-
tion of rat myocardial cells with two distinctive clinically
approved photosensitizers, porfimer sodium and talaporfin
sodium. Porfimer sodium (Photofrin®), a preparation of
hematoporphyrin derivatives (HPD), is the most popular
photosensitizer and has been applied to various therapies for
malignant tumors (1,21). The lipophilic character of porfimer
sodium may cause it to localize in the cell membrane and in the
subcellular membrane. The cellular uptake of this photosen-
sitizer has been studied in various types of tumor cells. Its
subcellular pharmacokinetics in tumor cells is as follows:
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distribution on the cell membrane in the first several tens of
minutes of incubation, slow uptake into the cells and then
localization to other organelle membranes, especially the
mitochondria, lysosome and Golgi apparatus in the final stage
(22). The other photosensitizer used was the hydrophilic
chlorin photosensitizer talaporfin sodium, also called mono-
L-aspartyl chlorin €6 (NPe6), a chlorophyll derivative (1,23).
Talaporfin sodium has been approved for early-stage lung
cancer therapy in Japan as Laserphyrin® (24,25). Talaporfin
sodium has been reported to localize to lysosomes after a long
period of incubation (26-28). The change in intracellular Ca®*
concentration was measured using a high-speed confocal
microscope with a frame rate of five frames per second to
assess the electrophysiological cellular responses to photosen-
sitization reactions with talaporfin sodium and porfimer
sodium.

MATERIALS AND METHODS

Cell culture. Rat myocardial cells (Primary Cell Co., Ltd., Hokkaido,
Japan) were cultured in Medium I (Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 [D-MEM/F-12] supplemented with
10% fetal bovine serum, 100 U mL™' penicillin and 100 g mL™
streptomycin; all from Invitrogen, Carlsbad, CA) in an atmosphere of
95% air and 5% CO; at 37°C.

Photosensitizers. The photosensitization reaction was performed
using two kinds of photosensitizers, a hydrophilic photosensitizer
(talaporfin sodium) and a lipophilic photosensitizer (porfimer
sodium). Talaporfin sodium (Meiji Seika Kaisha Ltd., Tokyo,
Japan), 799.60 MW, has a major absorption peak of the Q band
at 664 nm and an average molar absorbance of 2.7 x 10* M~! cm™
at 667 nm in a medium (without phenol red) containing 10% fetal
bovine serum (29). Porfimer sodium (Wyeth Lederle, Japan Ltd.,
Tokyo, Japan), 1,231.28-4,883.30 MW, has a major absorption peak
of Q band at 625nm and an average molar absorbance of
29%x10° M em™ at 630 nm in the same mixture as mentioned
above (29).

Photocytotoxic effect. The isolated rat myocardial cells were placed
in collagen-coated 96 well microplates at a concentration of 2 x 10*
cells per well and cultured in Medium I at 37°C in 5% CO,. After
6-7 days in culture, the cells were loaded with 10-50 ug mL™!
talaporfin sodium or porfimer sodium medium solution and kept in
the dark for 30 min. After incubation in the dark, the cells were
exposed to a 670 nm red diode laser (OpticalFuel; Sony Co., Ltd.,
Tokyo, Japan) for talaporfin sodium or 633 nm red diode laser (HPD
5215; Intense Ltd., NJ) for porfimer sodium at a fluence rate of
150 mW cm™ and a total fluence of 1-10 J cm™2 The cell lethality rate
with the photosensitization reaction was measured using a water-
soluble tetrazolium-8 (WST-8) assay kit (Cell Counting XKit-8;
Doujinkagaku Co., Ltd., Kumamoto, Japan). After irradiation, the
culture medium was replaced with a medium without the photosen-
sitizer and 10 uL. of WST-8 was added to the wells. After 2 h
incubation, the absorbance of the reaction products at 450 nm was
measured using a microplate absorbance reader (SunriseTM; Tecan
Group Ltd., Maennedorf, Switzerland). The cell lethality rate was
calculated as a percentage relative to the absorbance of living cells in
the reference well without the photosensitization reaction. The
absorbance of the complete viable cells (cell lethality rate of 0%)
was defined as the difference between the absorbance of the cells with
no irradiation without photosensitizer loading and that of the cells
irradiated by 10 J cm™ laser light after incubation with 50 ug mL™"
talaporfin sodium or porfimer sodium. The normalized ratios
characterized by the above definitions were used to calculate the cell
lethality rate.

Subcellular distribution. The isolated rat myocardial cells were
grown on 15 mm glass coverslips placed in a 35 mm petri dish 3 days
before the experiment. The culture medium was replaced with
30 ug mL™" talaporfin sodium or porfimer sodium dissolved in
Medium II (minimal essential medium supplemented with 10% fetal
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bovine serum; all from Invitrogen) and then the cells were further
incubated for 15 min for 3 h in the dark. To determine the subcellular
uptake of the two photosensitizers in rat myocardial cells, the cells
incubated with the photosensitizers were stained with a lysosome probe
(for talaporfin sodium) or mitochondria probe (for porfimer sodium),
since it has been reported that talaporfin sodium localizes to the
lysosome and porfimer sodium localizes to the mitochondrion after a
long incubation period with tumor cells (10,22,30). After photosensi-
tizer incubation, the cells were washed with the fresh medium without
photosensitizer and loaded with a lysosome probe, 1 um LysoTracker
Green (Molecular Probes Inc., Eugene, OR), or mitochondria probe,
1 ug mL™! Rhodamine 123 (Molecular Probes Inc.) for an additional
30 min at room temperature. After staining, the medium was replaced
with a fresh medium and the cells were placed on the stage of an
inverted fluorescence microscope (BX51WI; Olympus Co., Ltd.,
Tokyo, Japan) equipped with x40 water immersion lens (LUMP-
1anFL40 x W; Olympus Co., Ltd). Talaporfin sodium or porfimer
sodium was excited at 400 + 10 nm in the Solet band of these
photosensitizers, using a 100 W mercury lamp with a band-pass filter,
and the fluorescence was detected with a 600 nm long-pass filter.
LysoTracker Green or Rhodamine 123 was excited by green light with
a 470-495 nm band-pass filter, whereas a 510-550 nm band-pass filter
was used to detect fluorescence. No interference was observed between
the photosensitizers and organelle probe in the wavelengths used.
Fluorescence images for both photosensitizers were taken using a near-
infrared cooled CCD camera (Rolera-XR; Qlmaging, Burnaby,
Canada). Image analysis was performed using ImageJ 1.41 (National
Institute of Health, Bethesda, MD).

Intracellular C concentration during the photosensitization
reaction. Myocardial cells were grown on 15 mm glass coverslips
placed in a 35 mm Petri dish for 2 days and then the change in
intracellular free Ca®* concentration ([Ca®*];,) during the exogenous
photosensitization reaction was examined using a fluorescent Ca®*
indicator, Fluo-4 AM (Molecular Probes Inc). Fluo-4, a type of Fluo-
4 AM hydrolyzed by cellular esterases inside the cells, has an
absorption peak at 494 nm and a fluorescence peak at 516 nm (31,32);
thus, the measurement of Fluo-4 fluorescence will not affect the
photosensitization reaction. To measure the cellular response to the
exogenous photosensitization reaction, in [Ca®™],, the cells were
loaded with 5 um Fluo-4 AM dissolved in Medium II to a 2.2 mm
total Ca®® concentration in the medium for 20 min at room
temperature. The medium was then replaced with 30 ug mL™!
talaporfin sodium or porfimer sodium for an additional 15 min. In
this loading condition of “short period of incubation,” both
talaporfin sodium and porfimer sodium may not be taken up into
the cells. The reaction was observed under a fluorescence microscope
to determine the subcellular photosensitizer localization. The amount
of photosensitizer taken up into the cellular compartment in the
15 min loading period might be less than 1/10 of that in 30 min
incubation for talaporfin sodium. Porfimer sodium has been reported
to distribute on the cell membrane in less than 2 h of incubation (22).
The cell response in the condition of “long period of photosensitizer
incubation” was also measured to compare the cellular response
between the loading periods of photosensitizer. A long loading period
was determined to be 1 h for talaporfin sodium and 3 h for porfimer
sodium, Figure 1 shows the experimental setup for the measurement
of [Ca’*]y, in rat myocardial cells during the photosensitization
reaction with talaporfin sodium or porfimer sodium. Fluo-4 in the
myocardial cells was excited with an argon laser at 488 nm (800BL;
National Laser Co., Salt Lake City, UT) and talaporfin sodium or
porfimer sodium was excited at 655 £ 25 nm (103 mW cm™) or
625 £ 25 nm (117 mW cm™), respectively, using a 100 W mercury
lamp with a band-pass filter. Fluo-4 fluorescence images were
obtained with a confocal laser microscope system (CSU-X1; Yokog-
awa Electric Company, Tokyo, Japan) mounted on a differential
interference microscope (BX51WI-FL-IRDIC; Olympus Co., Ltd)
with x40 water immersion lens. Fluo-4 fluorescence was detected at
the 500-540 nm band-pass filter with an electron multiplication CCD
camera (DU897; Andor Technology, Belfast, UK) with a frame rate
of 200 ms per frame. The detected images were analyzed by the image
software iQ Core (Andor Technology). The average Fluo-4 fluores-
cence intensity inside the cells was used to assess the changes in
[Ca®* iy in myocardial cells.
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Figure 1. Experimental setup for the measurement of intracellular
Ca?* concentration in rat myocardial cells, using a high-speed
confocal laser microscope during the photosensitization reaction with
talaporfin sodium or porfimer sodium.
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Figure 2. Cell lethality rate in the photosensitization reaction with
talaporfin sodium was dependent on the fluence and photosensitizer
concentration at the loading time of 30 min.

RESULTS

Photocytotoxic effect of photosensitization reaction with
talaporfin sodium or porfimer sodium in rat myocardial cells

The examined parameters in the photosensitization reaction
were photosensitizer concentration, laser light energy (in
fluence, J cm™) and loading period. The variation in loading
period induced little difference in photocytotoxicity. Figures 2
and 3 show the cell lethality change with fluence in various
photosensitizer concentrations at the loading time of 30 min.
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Figure 3. Cell lethality rate in the photosensitization reaction with

porfimer sodium was dependent on the fluence and photosensitizer
concentration at the loading time of 30 min.

The same tendency was observed in both photosensitizers; that
is, the lethality rate increased with the increase in photosen-
sitizer concentration and fluence. When the lethality rate was
more than 50%, drastic morphological changes in cells were
observed from the phase-contrast microscopic observation:
first, a granulated cytoplasm, then bleb formation and finally
cell shrinkage were seen. The photosensitizer concentration
was selected as 30 ug mL™! for the subsequent study based on
the following requirements: more than 50% lethality rate at
10 Jem™ and monotonous increase in lethality up to
10J cm™.

Subcellular distribution of talaporfin sodium or porfimer sodium
in rat myocardial cells

The subcellular distribution of talaporfin sodium and porfimer
sodium in rat myocardial cells with the short loading period of
up to 1 h in talaporfin sodium and 3 h in porfimer sodium was
determined using a fluorescence microscope. The bright-field
image, talaporfin sodium fluorescence image, LysoTracker
Green fluorescence image and the merged image of talaporfin
sodium fluorescence (red) and LysoTracker Green fluorescence
(green) using the same myocardial cells at the incubation times
of 15 min, 30 min and 45 min are shown in Fig. 4a-1. In the
fluorescence image of Fig. 4b, the narrow distribution of
talaporfin sodium, unlike the LysoTracker fluorescence distri-
bution (Fig. 4d), indicates that talaporfin sodium might not be
taken up into the cells in the 15 min loading period. When cells
were incubated with talaporfin sodium for 30-45 min, the
photosensitizer fluorescence distribution corresponded with
the LysoTracker Green fluorescence distribution (Fig. 4h,]),
which indicates that talaporfin sodium was taken up into the
myocardial cells and localized to the lysosome over the 30 min
incubation time.

The bright-field image, porfimer sodium fluorescence image,
Rhodamine 123 fluorescence image and the merged image of
porfimer sodium fluorescence (red) and Rhodamine 123
fluorescence (green) using the same myocardial cells in
incubation times of 30 min, 2h and 3 h are shown in
Fig. 5a-1. In the case of 30 min incubation (Fig. 5b), the
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Figure 4. Intracellular talaporfin sodium distribution in rat myocardial cells. The cells were incubated in the medium containing talaporfin sodium
(30 pg mL™") for 15 min [(a)~(d)], 30 min [(e)—(h)] and 45 min [(i)—(1)]. From left to right, bright-field image, talaporfin sodium fluorescence image,
LysoTracker Green fluorescence image and the merged image of talaporfin sodium fluorescence and LysoTracker Green fluorescence.
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Figure 5. Intracellular porfimer sodium distribution in rat myocardial cells. Cells were incubated in the medium containing porfimer sodium
(30 ug mL™") for 30 min [(a)~(d)], 2 h [(e)~(h)] and 3 h [()~(1)]. From left to right, bright-field image, porfimer sodium fluorescence image,
Rhodamine 123 fluorescence image and the merged image of porfimer sodium fluorescence and Rhodamine 123 fluorescence.
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Figure 6. Changes in the control Fluo-4 fluorescence intensity without
irradiation and with talaporfin sodium at 15 min loading.

almost uniform dim light of porfimer sodium fluorescence in
all cells indicates that porfimer sodium was distributed in the
cell membrane. The similarity between the fluorescence images
of porfimer sodium and Rhodamine 123 was observed over 2—
3h of incubation (Fig. 5h,). These results indicate that
porfimer sodium distributed on the cell membrane at first for
several tens of minutes of incubation and then relocalized to
the mitochondria after several hours of further incubation.

Intracellular Ca* concentrations during the photosensitization
reaction with talaporfin sodium or porfimer sodium

The acute subsecond response of intracellular free Ca®"
concentration ([Ca®*1].,) of the myocardial cells to the exo-
genous photosensitization reaction with talaporfin sodium or
porfimer sodium for a short period of photosensitizer incuba-
tion (15 min) was measured by using a confocal laser micro-
scope. The time courses of the change in normal Fluo-4
fluorescence intensity in single myocardial cells are shown in
Fig. 6, with the control condition being the presence of
photosensitizer and the absence of photoactivation. The
change in normal Fluo-4 fluorescence intensity of single
myocardial cells was obtained as a control during the
measurement period of 110 s. The well-known periodic change
in intracellular Ca?* concentration accompanied by excitation
and contraction processes of myocardial cells, the so-called
Ca®" oscillation, was observed as the periodic increase and
decrease in Fluo-4 fluorescence intensity (data not shown). The
periodic change in Fluo-4 fluorescence intensity was not
influenced by the addition of talaporfin sodium to the control
(Fig. 6); the same result was obtained with porfimer sodium.
There was almost no Fluo-4 photobleaching in this experi-
mental setting during the measurement period. The laser used
for Fluo-4 excitation was found to have less influence on the
measurement of Fluo-4 fluorescence during the photosensiti-
zation reaction.

Figure 7a,b shows the change in Fluo-4 fluorescence inten-
sity in single myocardial cells during the exogenous photosen-
sitization reaction after the short period of incubation with
talaporfin sodium (Fig. 7a) and porfimer sodium (Fig. 7b). A
similar temporal pattern in the recorded change in Fluo-4
fluorescence intensity between both photosensitizers was
observed when the photosensitizer was mainly located outside
the cells. Soon after the start of irradiation, the amplitude of
the periodic oscillation in the Fluo-4 fluorescence intensity
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Figure 7. Changes in Fluo-4 fluorescence intensity during the exoge-
nous photosensitization reaction after a short period of incubation
with (a) talaporfin sodium and (b) porfimer sodium. The asterisks
shown in the graph indicate the break for the focus adjustment.

Figure 8. Morphological change (a) before and (b) 5 min after the
photosensitization reaction with talaporfin sodium in a certain cell.
The arrows shown in (b) indicate bleb formation.

disappeared within a few seconds. A subsequent irradiation
induced a gradual increase in [Ca?*]y, which eventually
exceed the maximum value in the normal oscillation. A drastic
morphology change after the photosensitization reaction for
the short period of incubation with talaporfin sodium, such as
bleb formation, was observed on the surface of the myocardial
cells without visible damage to the nuclei (Fig. 8), which was
also observed in the reaction with porfimer sodium. However,
there were differences in the extent of temporal response of the
Fluo-4 fluorescence intensity to the photosensitization reaction
between the photosensitizers. The time required for the
oscillation amplitude to disappear was longer in the reaction
with talaporfin sodium than that with porfimer sodium. A
gentle slope in the temporal Fluo-4 fluorescence intensity
change was obtained with talaporfin sodium.

In contrast, the photosensitization reaction with the photo-
sensitizers distributed in the intracellular compartment showed
a difference in the temporal tendency of the electrophysiological
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response between talaporfin sodium and porfimer sodium
(Fig. 9a,b). Little change in the periodic oscillation of fluores-
cence intensity was observed with the photosensitization
reaction in the long period of incubation with talaporfin
sodium (Fig. 9a), indicating that the damage in the intracel-
lular compartment, especially in lysosomes, might cause
almost no acute effect on the electrophysiological cellular
function. On the other hand, the photosensitization reaction in
the long period of incubation with porfimer sodium induced
the same response as in the short period of the photosensitizer
incubation (Fig. 9b).

DISCUSSION

The subsecond intracellular calcium responses of rat myocar-
dial cells to the photosensitization reaction for a short period
of photosensitizer incubation showed similar temporal ten-
dencies between both photosensitizers, talaporfin sodium and
porfimer sodium (Fig. 7). The temporal characteristics of the
Fluo-4 fluorescence intensity triggered by the photosensitiza-
tion reaction could be divided into two phases: the first phase
was the disappearance of Ca?* oscillation, called the “phase I
acute response,” and the second phase was the gradual
increase in [Ca®* i, called the “phase II slow response.” The
regular spike showing normal activity of myocardial cells
obtained before irradiation disappeared within the first several
tens of seconds after the onset of photoactivation. This acute
response might be caused by ion channel dysfunction because
no microscopically significant cell morphological change was
observed. After the disappearance of automaticity, there was a
brief period of relatively constant level of Fluo-4 fluorescence
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Table 1. The experimentally obtained decay time of the Ca®" oscilla-
tion amplitude and average rate of change in [Ca®*];, in various
conditions.

Talaporfin sodium Porfimer sodium

Short Long Short Long
period period period period
incubation incubation incubation incubation
Decay time of the 11 -k 9.9 6.3
Ca®" oscillation
amplitude (s)
Average rate of 20.1 ¥ 44.5 82.9

change in
[Ca* n @M s7)

*In the condition of long period of incubation with talaporfin sodium,
there was almost no cellular response in [Ca®];, to the photosensi-
tization reaction during the measurement period up to 200 s, so that
the decay time and the average rate of [Ca®*];, change defined as
above definitions is not calculated.

intensity, followed by a gradual increase in Fluo-4 fluorescence
intensity as the phase II slow response occurs. The elevation of
the Fluo-4 fluorescence intensity in phase II is possibly induced
by the Ca?” influx due to the difference in Ca?" concentration
between inside and outside the cell. The Ca®* influx and cell
morphological changes such as bleb formation indicate that
the photosensitization reaction in the short period of incuba-
tion might cause cell membrane damage, mostly micropore
formation on the surface of the cell membrane.

To compare the early electrophysiological cellular response
to the photosensitization reaction between the photosensitizers
and between their distributions, the temporal characteristic of
the change in intracellular Ca?® concentration with the
photosensitization reaction was examined in both the phase I
acute response and the phase II slow response. We focused on
one parameter in each phase. The first one in the phase I acute
response is “decay time of the Ca®* oscillation amplitude,”
which is defined as the time required for the oscillation
amplitude in the Fluo-4 fluorescence intensity to decrease to
1/e of the pre-irradiation average value after the onset of the
irradiation. The oscillation amplitude in the fluorescence
intensity was defined as the difference between the maximum
and minimum fluorescence intensities during the oscillation
period obtained before the onset of irradiation. The oscillation
amplitude decreased with time during the photosensitization
reaction. The decay times of the oscillation amplitude in the
three conditions, talaporfin sodium with a short period of
incubation and porfimer sodium with a short/long period of
incubation, are shown in Table 1. The decay time was longer
in the photosensitization reaction with talaporfin sodium than
that with porfimer sodium.

The second parameter is ‘“‘average rate of change in
[Ca®*],” in the phase II slow response. After the oscillation
disappearance followed by a brief period of relatively constant
level in [Ca?* |, then [Ca? ¥ ], began to increase with time. We
define “average rate of change in [Ca®*];,” during about 20 s
after the initiation of the [Ca®*], increase. To obtain the
average rate of change in [Ca®" J;,, the estimated intracellular
Ca®* concentration was calculated from the measured Fluo-4
fluorescence intensity in the range of the normal oscillation
amplitude using the following equation (33).
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where Ky is the dissociation constant of Fluo-4 reported to be
345 nm (32,34), Fmin 1s the Fluo-4 fluorescence intensity in the
absence of Ca®™, Fp., is the fluorescence intensity in saturated
Ca2* and Fis the fluorescence intensity in intermediate Ca®™
levels. We assume that Fp, is zero to calculate the intracellular
Ca?™ concentration from Eq (1). The fluorescence intensity is
normalized by the minimum value of the oscillation intensity
before the irradiation onset, where [Ca®*];, is assumed to be
100 nm (35). The average rate of change in [Ca®*];, was
obtained from the changes in [Ca®"};, during the photosensi-
tization reaction calculated using Eq (1). We assume that these
gradual increases in [Ca®* ], several tens of seconds after the
initiation of [Ca®"), increase might be caused by the
micropores formed on the cell membrane in the early stage of
the photosensitization reaction and then by the Ca?* influx
through the micropores (13). The amount of the photosensi-
tizer and oxygen might be restricted by the limited volume of
our experimental setup; thus; oxygen might be possibly
exhausted during the early stage of the photosensitization
reaction. The initial oxygen concentration in the medium
might correspond to 220 uM in the air-saturated solution at
25°C. The oxygen concentration of the photosensitizer solu-
tion might have suddenly decreased at the onset of the pho-
tosensitization reaction. Several observation of the exhaustion
of oxygen during photosensitization reaction has been
reported. For example, our research group has reported that
oxygen concentration was decreased to 40% of the initial value
after the photosensitization reaction with 6.0 ug mL™! tala-
porfin sodium solution in the condition when the fluence was
1 J cm™2 and fluence rate was 200 mW cm™ with a red diode
laser (CW, . = 670 nm) (29). We assume that a certain
number of micropores might be formed in the photosensiti-
zation reaction with a limited amount of O, and then Ca®”*
influx through the micropores might occur due to the differ-
ence in intracellular and extracellular Ca®" concentrations.
Table 1 shows the experimentally obtained average rate of
change in [Ca®*], in three conditions: in the short period of
incubation with talaporfin sodium and in the short/long
period of incubation with porfimer sodium. The photosen-
sitization reaction in the short period of incubation with
porfimer sodium is found to induce twice as high average rate
of change in [Ca®* ], as with talaporfin sodium.

The shorter decay time of the Ca®* oscillation amplitude
(Table 1) and the higher average rate of change in [Ca?*)in
(Table 1) were obtained in the photosensitization reaction with
porfimer sodium. We think that the parameter in phase I acute
response, decay time of the Ca?* oscillation amplitude,
indicate the extent of the damage in cellular electrophysiolog-
ical function such as ion channel malfunction and the other
parameter in phase II slow response, average rate of change in
[CaZ" ]y, indicate the extent of the damage in cell membrane
such as micropore formation. The results (Table 1) indicate
that the earlier cellular response to the photosensitization
reaction and the higher efficiency in membrane damage might
be obtained with porfimer sodium than with talaporfin
sodium. In our experimental condition, the molar energy of
absorption per unit volume per unit time was higher with
talaporfin  sodium (28 x 10°Ts™' M~  em™) than with
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porfimer sodium (3.4 x 10> Js7! M7 em™). Talaporfin
sodium has been reported to have a larger triplet quantum
yield than porfimer sodium (36), while the triplet state
quenching rate is almost the same between the two photosen-
sitizers: 1.3 x 10° M~ s™! for talaporfin sodium (37) and
1.4-1.8 x 10° Mm~! s7! for porfimer sodium (38-40). The singlet
oxygen quantum yield in talaporfin sodium, 0.77 (37), is larger
than that in HPD, 0.06-0.63 (38,41). Despite the higher singlet
oxygen quantum yield and the higher molar energy of
absorption in the photosensitization reaction with talaporfin
sodium, our experimental results indicate that the slower
response rate and lower efficiency in micropore formation
might be affected by another factor, which might be the
photosensitizer location. The photocytotoxic process depends
on the distance between the photosensitizer and target cell or
subcellular compartment due to the short diffusion path of the
singlet oxygen during the lifetime (<4 us) in aqueous medium
(42). In our experimental condition of short or long period of
incubation with porfimer sodium, the lipophilic porfimer
sodium might be located on and/or inside the cell membrane
(Fig. 5). Lipophilic porphyrins have been reported to generate
10, within the membrane bilayer in photoactivation, which
might cause membrane protein damage, resulting in electric
depolarization, increased permeability, membrane rupture and
cell lysis (43-45). The intrinsic lifetime of !0, has been
reported to be relatively long (13-35 us) in the lipid bilayer
(46,47). Moreover, the membrane-bound porfimer sodium
might cause lipid peroxidation effectively in type I reactions
(48). In our experimental condition of long period of incuba-
tion, a large number of porfimer sodium molecules might be
located between the lipid bilayer; thus, the porfimer sodium
binding to cell membrane bilayer could induce a more effective
micropore formation than that in the short period of incuba-
tion. On the other hand, the hydrophilic talaporfin sodium
could not bind to the cell membrane; thus, its distance from the
cell membrane might be longer than that of porfimer sodium.
The singlet oxygen generated from the photoactivation of
talaporfin sodium might interact with the cell membrane
within an activation length. The activation length might be a
diffusion radius of singlet oxygen during the lifetime, reported
to be <220 nm in aqueous solution (49). In our experimental
condition for a short period of incubation with talaporfin
sodium, the generated singlet oxygen, which might exist within
the activation distance from the cell membrane, could cause
micropore formation. Despite the long distance from the cell
membrane, the higher amounts of singlet oxygen generated in
the photosensitization reaction with talaporfin sodium might
cause the same level of photocytotoxicity as with porfimer
sodium. No electrical responses were observed in the condition
of long period of incubation (Fig. 9a). Since talaporfin sodium
was localized to the subcellular compartment, especially in the
lysosome (Fig. 4), the singlet oxygen might be generated inside
the lysosome. The activation path length of the singlet oxygen
in the cell has been reported to be 10-20 nm (50,51). The
singlet oxygen generated inside the lysosome might cause focal
damage of the lysosome, resulting to apoptotic cell death.

In this study, we found that exogenous photosensitization
reactions for a short period of photosensitizer incubation
induce acute electrophysiological cellular responses and cell
membrane damage with similar temporal tendencies between
two photosensitizers; talaporfin sodium and porfimer sodium.
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We also found that the photocytotoxic process differs between
the two photosensitizers, with the main difference being the
distance between the photosensitizers and their target (i.e. the
cell membrane). The lipophilic porfimer sodium might cause
direct membrane damage with small amounts of generated
singlet oxygen, while the hydrophilic talaporfin sodium might
cause the same level of damage to the cell membrane with large
amounts of generated singlet oxygen.
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Safety and efficacy of pericardial endoscopy by percutaneous
subxyphoid approach in swine heart in vivo

Takehiro Kimura, MD,* Shunichiro Miyoshi, MD, PhD,? Seiji Takatsuki, MD, PhD,* Kojiro Tanimoto, MD,
PhD,? Kotaro Fukumoto, MD, PhD,* Kyoko Soejima, MD, PhD,? and Keiichi Fukuda, MD, PhD?

Objective: A nonsurgical approach from the epicardial surface is useful for various cardiac interventions, such
as positioning of the left ventricular lead for cardiac resynchronization therapy and epicardial ablation. Stem cell
delivery on the epicardial surface can be considered in the future if good quality of visualization can be obtained.
However, because the pericardial space is limited, hemodynamic conditions may deteriorate with pericardial
endoscopy. Therefore, the feasibility and efficacy of pericardial endoscopy were examined by using ready-
made endoscopes.

Methods: Anesthetized swines (26-61 kg; n = 6) were used for the experiment. Electrocardiogram, femoral
artery blood pressure, and oxygen saturation by pulse oximetry were continuously monitored during the proce-
dures. Guided by the fluoroscopy, sheaths were advanced to the pericardial space using the modified Seldinger
technique from the subxyphoid space.

Results: After insertion of an endoscope with a maximum diameter of 6.9 mm, hemodynamic parameters were
stable during the procedure with atropine. Stable and acceptable endoscopic images were obtained. Minor op-
erations can be performed with pericardial endoscopic-guided laparoscopic forceps with no complications.

Conclusions: The endoscopic pericardial procedure is effective and feasible. This procedure can increase the
possibility and efficacy of nonsurgical treatment for cardiac diseases. (J Thorac Cardiovasc Surg 2011;142:181-90)

Video clip is available online.

Recent progress in minimally invasive therapy has dramati-
cally changed the treatment of heart disease. Percutaneous
transluminal approaches (eg, coronary angioplasty'; catheter
ablation™”; pacemaker, implantable cardioverter defi-
brillator, and cardiac resynchronization therapy4; and percu-
taneous heart valve replacement’) have provided significant
therapeutic benefit to patients with a minimal burden. How-
ever, it is still difficult to reach the epicardial targets by
the transluminal approach. Minimally invasive epicardial
approaches may aid epicardial biopsy, implantation of left
ventricular epicardial pacing lead for cardiac resynchroniza-
tion therapy, and ablation for epicardial arrhythmic
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substrate. Furthermore, such approaches are also applicable
for transplantation of stem cells into the myocardium.
Although significant progress in research for cardiac stem
cells has been made, research for optimization of the trans-
plantation procedures is sparse. Compared with catheter-
based transluminal stem cell transplantation,® epicardial
transplantation poses less risk for infusion of stem cells
into the bloodstream and systemic dissemination and micro-
embolization of overflowed stem cells.”® Pericardial
endoscopy is also applicable to direct genetic transfection
of the gene to the local myocardium, so-called gene therapy.’
Pericardiocentesis using the Seldinger maneuver from the
subxyphoid to the pericardial space without obvious pericar-
dial effusions is safe'® and allows the epicardial target to be
reached with minimal invasion.'"!2 However, itis difficult to
perform the operation within the pericardial space because of
numerous obstacles: the coronary vessels, adipose tissue,
lung, and phrenic nerves. Therefore, endoscopic guidance
is required for the operation. Epicardial biopsy,'>*
epicardial ablation,’® pulmonary vein isolation,'® and im-
plantable cardioverter defibrillator lead placement!’ using
pericardial endoscopy have been reported, but risk of injury
to arteries, organs, and nerves still remains. The relation
among the diameter of the endoscope, material of the sheath,
and hemodynamic parameters has not been extensively de-
scribed. Epicardial inflammation as a chronic effect should
be further evaluated. Techniques to obtain a more refined
view for critical procedures are not well developed.
Therefore, we evaluated the safety of this procedure, not
only for short time periods to assess hemodynamic changes
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Abbreviation and Acronym
CCD = charge-coupled device

but also for longer periods to assess chronic complications,
including infections, chronic pericarditis, and other life-
threatening complications. Among various ready-made en-
doscopes, adequate types for pericardial endoscopy were se-
lected. To identify the anatomy of the heart, we defined the
basic method to steer the endoscope and stabilize the view.

MATERIALS AND METHODS

Surgical Procedure

All experimental protocols were approved by the institutional ethical
committee. Studies were performed in 6 mongrel swine weighing 26 to
61 kg. After nitrous oxide inhalation, swine were intubated and ventilated
with room air by the constant-volume cycled respirator (Harvard Apparatus
model 607; Harvard Appatatus, Hoilliston, Mass) and anesthetized with
1.5% to 2% isoflurane. A fluid-filled cannula was placed in the left carotid
artery and connected to the transducer to monitor arterial blood pressure. A
great cervical vein cannula was used to infuse normal saline at a rate of 100
to 200 mL/h to replace spontaneous fluid losses and to inject drugs. Elec-
trocardiogram and pulse oxymetry were continuously monitored.

Mechanical irritation of the pericardium may cause Bezold—Jarisch (va-
gal) reflex and bradycardia that can result in significant deterioration of he-
modynamics; therefore, immediately before the pericardiocentesis, 1 mg of
atropine was administered to suppress the vagal reflex and an additional 0.5
mg of atropine was administered when the heart rate decreased to less than
70 beats/min. After local anesthesia, an 18G epidural needle connected to
a 10-mL syringe filled with contrast material was inserted from the
subxyphoid toward the heart shadow under x-ray fluoroscopic guidance.'®
After puncture of the pericardial membrane, the guide wire (outer
diameter = 0.81 mm) was inserted into the pericardial space, and the cath-
eter sheath was inserted along the guide wire to the pericardial space. We

Material Stiffness

used 6 types of sheaths. The size, stiffness, shape, and material of each
sheath are shown in Figure 1. Sheaths were selected in accordance with
the diameter of the endoscope. Six ready-made endoscopes (Olympus Med-
ical Systems Corp, Tokyo, Japan) were used. The model number, visual an-
gle, direction of lens, size, device ports, optical image system, and features
of the endoscopes are shown in Figure 2. The endoscopes are advanced
through the variety of sheaths, checking the effects of hemodynamic data,
controllability, and quality of the view. We tried to maintain a clear view
by regulating the amount of air and saline insufflations through the working
port of the endoscope. Measured vital signs, fluoroscopic images, and endo-
scopic images were analyzed and evaluated after each experiment. To as-
sess chronic effects, animals were kept alive for 2 weeks and then
inspected for evidence of injuries to pericardium, lungs, and other organs.

RESULTS
Effect of Endoscope and Sheath Size on
Hemodynamic Parameters

The performance of the endoscope increases as a function
of the diameter of the endoscope; however, the hemody-
namics may deteriorate. Thus, the adequate diameter of
the endoscope with acceptable visual images without signif-
icantly changing the hemodynamics should be determined.
Representative hemodynamic data during pericardial en-
doscopy are shown in Figure 3. The endoscope with the
largest diameter (6.9 mm in ES5) did not cause significant
deterioration of hemodynamic parameters; thus, the endo-
scope with a diameter less than 6.9 mm is acceptable.

To obtain a clear image, design of the optomechanical de-
vice is important. Mounting a charge-coupled device (CCD)
camera on the tip of the endoscope to connect directly to the
objective lens significantly improved image quality
(Figure 4, D, F). However, this is difficult to do with a thinner
endoscope because of limitations on the miniaturization of
the CCD camera. Therefore, the CCD camera was mounted

Shape

radifocus
St {9 introducer-liH

polypropylene  soft curved  tight

SH2 15 handmade polypropylene  soft straight  tight

polytetra-

SH3 21 handmade fluorosthylene

floppy floppy  tight

capiox
SH4 18 percutaneous
catheter kit

polypropylene hard curved none

TOLOCKER @

SHS 165 5o

stainless solid straight  loose

TOLOCKER @

SHE 33 11mm

stainless solid straight loose

FIGURE 1. List of the sheaths used. Internal diameter in French, model name, material, stiffness, shape of the tip, durability of the check valve, and an
image of the sheath (white scale bars = 5 cm). ID, Internal diameter; £, French.
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FIGURE 2. List of the endoscopes used. Models of the endoscope, visual angle, direction of lens (angle along the longitudinal axis), outer diameter, inner
diameter of utility port, adequate sheath, whether CCD camera is mounted on the tip or not, features of the endoscope, images of the endoscope (scale
bars = 5 mm), and the performance of the endoscope in the pericardial space. CCD, Charge-coupled device; OD, outer diameter.

on the body of the thin endoscope and connected to the ob-
jective lens by a bundle of flexible optic fibers, which signif-
icantly improved image quality (Figure 4, A—C, E). Because
the thickest endoscope (outer diameter = 6.9 mm) was he-
modynamically tolerable, we concluded that mounting the
CCD on the endoscope tip was adequate for pericardial en-
doscopy. Taking these results into account, we selected
ES4 and ES6 as adequate for a pericardial endoscope.

The selection of the sheath was more important. To insert
a large endoscope into a pericardial space, sheaths with
a larger diameter are required, but ready-made larger sheaths
are uncommon (SH1, SHS5, SH6) and most of them are solid
(SHS, SH6). Solid sheaths were unstable in positioning, and
use of SH6 sometimes caused significant deterioration of he-
modynamic parameters. Therefore, after insertion of the en-
doscope, withdrawal of the sheath was required to stabilize
hemodynamic parameters (Figure 3, A). Accordingly, we
prepared our handmade flexible sheath with a larger diameter
(SH2, SH3, SH4), which did not cause a significant change in
hemodynamic parameters (Figure 3, B). A check valve on the
sheath was also important to maintain the volume of air in the
pericardial space. The SH3 exhibited the best performance.

Clear Visualization

Our first achievement was to establish the method to ob-
tain a clear view of the pericardial space by endoscopy.
Expansion of the pericardial space by air enables us to

The Journal of Thoracic and Cardiovascular Surgery * Volume 142, Number 1

maintain a distance from the camera to the heart surface,
which is necessary for a clear view. An equal volume of
saline was injected in some experiments, but a good
image was not obtained and there was significant deteri-
oration of hemodynamic parameters (Figure 3, B). There-
fore, we decided to inject air to expand the pericardial
space.

A larger amount of air infusion provides better vision, but
on the other hand it may deteriorate hemodynamic parame-
ters by inhibiting diastolic function of the ventricles. Injec-
tion of 100 to 200 mL of gas into the pericardial space
caused no hemodynamic changes (£5 mm Hg) and allowed
a stable view. In addition, resulting decreases in systolic
blood pressure were less than 10 mm Hg, which is almost
tolerable.

Orientation of the View

Determination of orientation of the view is important for
an endoscopic-guided operation. Because of strong motion
artifacts in the visual field, x-ray fluoroscopic guidance is
essential to determine orientation of the tip of the endo-
scope. Furthermore, recognition of several landmarks of
the heart can also help in understanding orientation. Infu-
sion of 10 to 20 mL of saline and 50 to 100 mL of air into
the pericardial space gives us a clear view of fluid levels.
The fluid level is an important compass for horizontal direc-
tion of the visual field. Landmarks (Figure 5) in the visual
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field also help us to recognize the position of the tip of the
endoscope. Left and right atrial appendages are clear land-
marks (Figure 5, A, C, M, P, Q, S, T, U). Other heart land-
marks, that is, the aortic root (Figure 5, K), pulmonary
veins (Figure 5, G, N), superior vena cava (Figure 5, E),
and coronary arteries (Figure 4, A—F; Figure 5, R), also
give us a clue to define the orientation. Adjacent organs—
the lung, diaphragmatic membrane (Figure 5, I, W), and
puncture site (Figure 5, V)—can be good landmarks.

Control of Endoscopes

It is an advantage to understand the movement of the en-
doscope to stabilize the tip of the device at the exact loca-
tion. After the modified Seldinger technique, the
anteroapical portion of the pericardium was penetrated
by sheaths. By advancing and retracting the endoscope,
the tip of the endoscope simply moved forward and back-
ward along the anterior interventricular groove. In this
manner, the endoscope was straight, the x-ray showed an
“I-shape” configuration, and the heart was observed as

in an upward-viewing manner (apex to base direction,
Figure 6, F). As the endoscope was advanced, the left an-
terior descending coronary artery (Figure 4, A, E, F), left
atrial appendage (Figure 4, E; Figure 5, A, M, S, T), and
aortic root were observed (Figure 5, K). By bending the en-
doscopic tip toward the right side, the outflow tract and
right ventricle (Figure 5, O) were observed; by bending to-
ward the left, the left pulmonary veins could be observed
(Figure 5, G). However, this view was unstable; because
the support (backup) of the shaft was only a shallow inter-
ventricular groove, the tip was easily dislodged. Therefore,
another endoscopic control is required to observe the
whole heart.

When we gently advanced the endoscope in the I-shape
configuration under a fluoroscopic guide (Figure 6, A, F),
the tip was trapped at the position along the roof (cranial
end, Figure 6, B) of the pericardial space, between the right
ventricular outflow tract and the left atrial appendage. At
this position, if we rotated the shaft clockwise and ad-
vanced the endoscope with maximally bending the tip
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FIGURE 4. A-F, Representative images of left anterior descending artery observed by each endoscope (denoted right bottom, number corresponding to it
in Figure 1). Itis difficult to front-view the endoscope with a narrow visual angle (A, B). Images of the endoscope without mounting the CCD on the tip (C, E)
are fuzzy. Images of the endoscope with the CCD on the tip (D, F) are vivid. G, H, Schematic diagram of spatial configuration of endoscope in the pericardial
space and its visual field. G, If the head of the front-view endoscope is directed to the heart surface, the objective lens gets too close to the heart surface. On
the other hand, if the endoscope is tipped away from the heart surface, the visual field of the endoscope also tips away from the heart. H, The relation between
the visual field and the direction of the objective lens. LAD, Left anterior descending artery; LV, left ventricle; ES, endoscope; RV, right ventricle.

(Figure 6, C), the tip of the endoscope could be advanced
into the right side of the pericardial space. The middle shaft
was turned around at the caudal roof of the pericardium,
resulting in a so-called inverted U-shape right-side config-
uration (Figure 6, D, E, G, H), allowing the heart to be ob-
served as in a downward-viewing manner (base to apex
direction). On the other hand, if we rotated the shaft coun-
terclockwise and advanced the endoscope, the tip of the en-
doscope could go through the left side of the heart, and
a so-called inverted U-shape left-side configuration could
be achieved. By use of the inverted U-shape configurations,
we could observe every portion of the epicardium
(Figure 6, H; Video 1).

To effectively control pericardial endoscopy, it is impor-
tant to take into account the position of backup of the shaft
and fulcrum at the point of bending. First, the shaft was

fixed at the puncture point of the pericardium. In the I-shape
configuration, the shaft was moderately backed up by the
anterior interventricular groove, the rotation of the shaft
did not help steering devices, and the fulcrum point of bend-
ing was only the epicardium. Therefore, it was difficult to
keep a distance between the objective lens and the epicar-
dial surface (Figure 4, G), resulting in loss of focus and sig-
nificant halation (Figure 5, X). However, when the tip was
advanced and bent, the visual field was directed toward
the pericardium and kept a distance from the epicardial sur-
face (Figure 4, G). Finally, in the inverted U-shape config-
uration, the middle of the shaft was strongly backed up by
the whole pericardium and we could steer the devices by ro-
tating the shaft. This configuration enabled us to keep an ap-
propriate distance from the epicardial surface (Figure 4, H;
Video 2).
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appendage (M, P), left inferior pulmonary vein (N), and pulmonary artery outflow tract (O, P). Q, R, Endoscopic images obtained by ES4. Right atrial ap-
pendage (Q), right ventricle (Q, R), and ventricular apex (apex, R). S=W, Endoscopic images obtained by ES6. S, T, Sequential image showing dynamic
motion of left atrial appendage. U, Left atrial appendage and body of fiber itself. V, Pericardial puncture site and the body of fiber itself. W, Pericardium at the
diaphragm. The quality of the images obtained by ES6 is superior to that obtained by ES3. X, Image obtained by ES1. By using the front-view ES with
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S, diastole; SVC, superior vena cava; T, systole.

Feasibility of Minor Surgery

We tested the feasibility of endoscope-guided small oper-
ations in the pericardial space. To simulate transplantation
of stem cells into the myocardium from the epicardium,
we injected Indian ink into the epicardium via endoscope.
A 1-mL syringe with 0.2 mL of Indian ink was connected
to a 22G needle for endoscopy (NA-2015X-4022; Olympus,
Tokyo, Japan). The needle tip was insulated by external Tef-
lon tubing to avoid injury to the coronary vessels. The nee-
dle was attached to the surface of the left ventricular free
wall via a utility port (Figure 7, A). After positioning of

the tip, the internal needle was protruded into the myocar-
dium, and then Indian ink was injected without severe hem-
orrhage (Figure 7, B). By protruding the external tube, the
objective lens and surface of the heart were stabilized to sig-
nificantly reduce strong motion artifacts, and adequate
working distance was achieved (Figure 7, C).

Rigid laparoscopic forceps are essential for endoscope-
guided surgery; however, such rigid forceps may compress
the heart and deteriorate hemodynamic parameters. There-
fore, a flexible endoscope (ES6) and rigid laparoscopic for-
ceps (Figure 7, E) were inserted simultaneously to perform
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minor surgery (Figure 7, F—H). A needle-type pacing elec-
trode (Figure 7, I) was transplanted into the left ventricular
free wall by use of ES6 (Figure 7, F—H). Transplantation
was successfully performed without significant hemody-
namic change (Figure 7, J-L; Video 2).

Complications

Because pericardial endoscopy is the leading minimally
invasive technique, the safety of this procedure is our main
concern. In the process of puncture by the Seldinger tech-
nique, there were no complications, such as hemorrhages,
pneumothorax, perforation of left ventricle, or other in-
juries. During the whole procedure, we could handle the
devices in and out numerous times with no changes in
blood pressure, pulse oxymetry data, or heart rate
(Figure 3) for more than 1 hour. The injection of more
than 200 mL of air into the pericardial space suppresses
blood pressure by 5 to 10 mm Hg, but blood pressure re-
covers immediately by removing air from the space via en-
doscopic utility port.

In terms of chronic phases, pericardial inflammation was
evaluated 2 weeks after the operations. There were no mac-
roscopic injuries, coronary stenosis by coronary angiogram,
hemorrhages, or adhesion of pericardium (Figure 7, D).

DISCUSSION
Selection of Best Endoscope

Because the first priority for pericardial endoscopy is
a clear image, an endoscope with a CCD camera on the
tip is essential. In popular endoscopes, the objective lens
is usually positioned toward an anterior direction (for-
ward-view, ES1, ES2, ES3, ES6). When the endoscope is
inserted into the pericardial space, a shaft of the endoscope
usually fits along the curve of the epicardial surface, but the
objective lens faces toward a tangent direction to the epicar-
dial surface and away from the surface of the heart
(Figure 4, G). It is reasonable to imagine that positioning
the objective lens in a 30- to 60-degree interior oblique di-
rection may be another option (Figure 4, H). From an opto-
mechanical point of view, it is difficult to position the lens
and CCD complex on the thin tip of endoscopes, although
a lens with a 90-degree direction (lateral-view, ES4) can
be achieved. Also, so-called fish-eye lenses or wider visual
angle lenses (ES3, ES4, ES6) enable observation of the
heart surface, even if the distance between the heart and
the device is not sufficient.

A diameter less than 6.9 mm with a soft shaft is accept-
able, and utility port is necessary for controlling air and de-
vices. Among the ready-made endoscopes, the ES6 showed
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FIGURE 7. A-C,Indian ink was injected into the left ventricular epicardium with a needle. B, Inmediately after injection of Indian ink, there was no active
bleeding. D, Two weeks after the pericardial endoscopy, there was no coronary injury and no marked adhesion of pericardium. E, Laparoscopic forceps used.
F, G, Endoscopic (ES6) images during implantation of pacing lead (I) in the left ventricular muscle by using laparoscopic forceps and fluoroscopic images
during procedure (H). Implanted pacemaker lead immediately after the implantation (J-L). LV, Left ventricle.

the best performance. The ES4 also showed good perfor-
mance, but there is no utility port for intervention.

Selection of Best Sheath

A certain length of the sheath should be positioned in the
pericardial space to obtain back-up support for intervention.
By advancing the sheaths, the direction of the sheath is usu-
ally perpendicular to the heart surface. A solid sheath
causes significant compression of the heart surface and de-
terioration of hemodynamic parameters. Thus, a floppy
sheath is suitable for pericardial endoscopy. Furthermore,
to maintain the amount of air within the pericardial space,
a check valve at the top of the sheath is essential. Taking
this into account, we selected SH4 as the best sheath for
pericardial endoscopy.

Stabilization of Motion Artifacts
Stabilization of strong motion artifacts is important.
Keeping a distance from the heart surface by use of the in-

electrode

L

verted U-shape configuration can help stabilize the visual
field. Gentle compression of the heart by a rigid manipula-
tor, such as sheaths and laparoscopic forceps, can also sta-
bilize the heartbeat.

Optimization of the Tools

Although we demonstrated the feasibility of the peri-
cardial endoscope by ready-made endoscopes, optimiza-
tion of the tools should be required. The ES6 is almost
acceptable as a pericardial endoscope if we have well-
designed forceps for interventions through the utility
port. On the other hand, further optimization of the
manipulator should be done for pericardial interven-
tions, such as an optimized tool for a cell-delivery sys-
tem, epicardial pacemaker implantation, and curving of
the tip to fit along the heart curvature. The design for
the sheath should also be optimized. The optimal mate-
rial, stiffness, and curve of the sheath remain to be
elucidated.
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Limitations

Before application for human use, the pericardial endo-
scopic system should be optimized, and further experiments
should be done in other conditions. For example, we did not
try the system on an animal with heart failure; therefore, the
feasibility of the procedure in the patient with severe heart
failure is still undetermined.

We performed the experiment under general anesthesia
with respirator support, but for humans this procedure could
be performed with local anesthesia. However, in patients
with congenital pericardial defect, of which there is a prev-
alence of 0.0001%"° to 0.044%,% infusion of the gas may
cause pneumothorax, so respirator support should be re-
quired in such cases.

During this procedure, coincidental occurrence of ven-
tricular fibrillation should be carefully monitored. If this oc-
curs, immediate suction of the gas should be required to
perform successful external defibrillation.

It was difficult to observe the posterior surface of the
heart because of the limited space between the posterior
wall of left atrium and the spine. If the target is the posterior
portion of the heart, a lateral position of the patient may gain
space and avoid puddling at the focus area. Further experi-
ments should be done for safer procedures.

Clinical Applications

The future of this new technique relies on optimizing its
use in humans. Previous studies have demonstrated the ef-
fective use of the pericardial approach in the human body,
and the device itself is already well known and used clini-
cally. Therefore, there are no obstacles to human applica-
tion. This method enables us to reach epicardial areas and
deep into the myocardium to focus on ablation and implant-
able cardioverter/defibrillator lead placement in a minimally
invasive way. In the present study, we infused air into the
pericardial space. However, there is less chance of causing
air embolism and significant mediastinal emphysema with
carbon dioxide compared with air. For clinical application,
infusion of carbon dioxide gas is considered to be safer in
this system.

Moreover, in cardiac stem cell therapy, there is no stan-
dard method of stem cell transplantation. Transplantation
via coronary vessels may not deliver the cells to the appro-
priate location in the heart tissue, may occlude coronary
vessels, and may generate additional myocardial infarc-
tions.” Direct injection into the myocardium from an endo-
cardial site via a needle devised on the tip of a catheter
using an electroanatomic mapping system (NOGA Sys-
tem, Biosense Webster, Markham, ON, Canada)6 is similar
to the common catheter ablation procedure. Although the
catheter procedure is safe and can be performed repeat-
edly, the injected cells may backflush into the left ventric-
ular cavity via needle trajectory and disseminate into the

systemic circulation, causing systemic microemboliza-
tions. From this point of view, injection of the cells
from the epicardial surface is secure. However, open chest
surgery is required to avoid coronary vessels. Pericardial
endoscopy-guided cellular transplantation from the
epicardial surface can be a major method for stem cell
transplantation.

CONCLUSIONS

Our experiment has established a new and simple
method for obtaining a clear view of the pericardial space
with the use of pericardial endoscopy. The percutaneous
subxyphoid approach using the Seldinger technique was
useful and safe. An x-ray fluoroscopic guide was neces-
sary to steer the endoscope in the pericardial space. We
have shown short- and long-term safety with regard to
hemodynamic changes, infections, and adhesion of
pericardium. Pericardial endoscopy can introduce a new
era of technology for cardiac surgeons and cardiac
interventionists.

The authors thank Olympus Corporation for technical advice
and Satoshi Ogawa, MD, PhD, and Toshiaki Satoh, MD, PhD,
for medical advice.
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ABSTRACT

To improve the modest efficacy of mesenchymal stem cell
(MSC) transplantation, the treatment of human MSCs
with angiotensin receptor blockers (ARBs) was investigated.
MSCs were cultured with or without the medium contain-
ing 3 pmol/l of ARBs before cardiomyogenic induction. Af-
ter cardiomyogenic induction in vitro, cardiomyogenic
transdifferentiation efficiency (CTE) was calculated by
immunocytochemistry using anticardiac troponin-I anti-
body. In the nude rat chronic myocardial infarction model,
we injected MSCs pretreated with candesartan (A-BM; n
= 18) or injected MSCs without pretreatment of candesar-
tan (BM; n = 25), each having survived for 2 weeks. The
left ventricular function, as measured by echocardiogram,

was compared with cardiomyogenic transdifferentiation in
vivo, as determined by immunohistochemistry. Pretreat-
ment with ARBs significantly increased the CTE in vitro
(10.1 £ 08 n = 12 vs. 4.6 = 0.3% n = 25, p < .05). Trans-
plantation of candesartan-pretreated MSCs significantly
improved the change in left ventricular ejection fraction
(BM; —7.2 = 2.0 vs. A-BM; 3.3 = 2.3%). Immunohisto-
chemistry revealed significant improvement of cardiomyo-
genic transdifferentiation in A-BM in vivo (BM; 0 % 0 vs.
A-BM; 0.014 = 0.006%). Transplantation of ARB-pre-
treated MSCs significantly improved cardiac function and
can be a promising cardiac stem cell source from which to
expect cardiomyogenesis. STEM CELLS 2011,;29:1405—-1414

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Regeneration therapies have attracted a great deal of medical
attention. Various cellular resources such as embryonic stem
cells [1], mesenchymal stem cells (MSCs) [2], mononuclear
cells [3, 4], and endothelial progenitor cells (EPCs) [5] have
been candidates for the regeneration therapies. The majority
of cells derived from bone marrow (BM) consist of blood
cells in various stages of differentiation; however, BM also
contains, hematopoietic stem cells, EPCs, and MSCs. MSCs
have characteristics of replication competence and multipo-
tency [2, 6-8], as reported in numerous studies of MSCs.
Mesenchymal cells are classified as somatic stem cells
and exist in BM stroma, dermis, skeletal muscle, uterine en-
dometrial gland [9], umbilical cord blood [7, 10], placenta

[11], amniotic membrane [6], etc. They are known to be capa-
ble of transdifferentiating into bone, cartilage, skeletal
muscles, fats, ligaments, vascular endothelium, smooth mus-
cle, and cardiomyocytes. Among the various mesenchymal
cell sources, BM-derived MSCs (BM-MSCs) can be used in
an autologous manner; therefore, there are no immunological
problems in transplantations. However, in terms of cardio-
myogenic transdifferentiation, the efficiency of human BM-
MSCs is extremely low [8] in vitro, and efficiency of human
BM-MSC transplantation is modest in in vivo [12, 13] and in
clinical trials [14, 15]. The limited effect in clinical trials may
be due to low angiogenic and paracrine effect of human BM-
MSCs, low cardioprotective effect on host myocardium, and
partially due to low cardiomyogenic transdifferentiation effi-
ciency (CTE) [8]. We have previously shown that human
mesenchymal cells derived from younger populations, that is,
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