ajv

Acquired Cardiovascular Disease

Yozu et al

Abbreviation and Acronym
PTFE = polytetrafluoroethylene

difficult exposure, the fourth costal bone was cut to make a larger working
space. This bone was repaired with a hydroxyapatite-poly-L-lactide plate
(Osteotrans MX; Takiron Co Ltd, Osaka, Japan) at the end of the surgery,
and pseudoarthrosis at the rib-costal cartilage was prevented.’ Cardiopul-
monary bypass was established with the femoral artery (16F-20F FEM-
Flex II arterial cannula; Edwards Lifesciences, Irvine, Calif), femoral
vein (20F-24F VFEM venous cannula, Edwards Lifesciences), and right
jugular vein (16F FEM-Flex Il arterial cannula, Edwards Lifesciences) can-
nulation under transesophageal echocardiography guidance. The heart was
arrested with antegrade cold blood cardioplegia infusion through a root
cannula under direct crossclamping of the ascending aorta with a modified
Cosgrove flexible clamp. Infusion of the cardioplegia was repeated every
30 minutes with topical cooling. The mitral valve was exposed thorough
the interatrial grove approach with a left atrial retractor attached to a mini-
thoracotomy spreader and an additional retractor for the posterior wall of
the left atrium attached to the spreader. Multiple chordal reconstructions
by the loop technique®” with PTFE Gore-Tex CV-5 sutures were applied
for correction of prolapsed leaflet rather than the resection and suture tech-
nique since 20035.% We routinely prepare the PTFE loops in the same length
in almost all cases and adjust the efficient length of the neochordae with the
secondary loop for the mitral leaflet depending on the size of the left ven-
tricle and the part of the prolapsed leaflet (loop-in-loop technique). A reus-
able clip as a substitution for the neurosurgery clip was used to tie the PTFE
suture firmly in the correct position without slipping. A flexible silicon ring
sizer was used to choose the annuloplasty ring size so it can pass easily
thorough a narrow working port without tissue damage. All manipulations
in the heart were performed under endoscope assistance. However, sur-
geons did not always use endoscopic vision and used direct vision when
they were comfortable with it.

RESULTS

No operative mortality after the surgery occurred (Table 1).
There were 2 intraoperative conversions to median sternot-
omy for correction of retrograde aortic dissection (1) and for
coronary artery bypass grafting to the left anterior descend-
ing artery area (1). There were 2 early reoperations for mi-
tral valve repair failure and 3 reoperations for bleeding. No
severe cerebral complication occurred. Since the new retrac-
tor was launched in 2010, there has been no conversion to
median sternotomy and reoperation for bleeding among
53 cases. The mean aortic crossclamp time was 163.8 +
42.0 minutes. Annuloplasty with ring or band was done in
all but 1 case. The loop technique was used in 173 cases
(68.6%). Among them, a combination of the loop-
technique and resection-and-suture technique was used in
56 cases with complicated mitral valve pathology. After
2010, the loop technique was used in 47 cases (88.7%).

DISCUSSION

The newly developed left atrial retractor system, includ-
ing a minithoracotomy spreader, a left atrial blade, and an
additional retractor for the posterior wall of the left atrium,
is specialized for mini-mitral surgery and can solve all kinds

TABLE 1. Surgical outcome between 1998 and April 2011 (n = 252)

Age,y 51.1£13.9
Male/female 159/93
Operative mortality 0
Conversion to sternotomy 2
Early reintervention
Failure of mitral valve repair 2
Surgical bleeding 3

163 £ 42.0
173 (68.6%)
47/53 (88.7%)
56 (22.2%)

Aortic crossclamp time
Loop technique
After 2010
Loop technique+-resection and suture

of difficulties in exposure of the mitral valve. The advantage
of this mini-valve system is the flexibility. It moves flexibly
to various positions and has good positioning of retractors
for optimum exposure depending on the situation and the
surgeon’s choice. A 5 blade size is available depending on
the left atrial size and target legion. To adapt the size of
the blade to the pathologic legion, the left atrial retractor
can be exchanged easily to the other size under fixed opti-
mal exposure. By retraction of the anterior mitral leaflet to-
ward the anterior wall of the left ventricle with the smallest
size blade deeply inserted, even papillary muscles can be
exposed easily and clearly on the straight view through
the small working port. This function enables comfortable
manipulation to the papillary muscle in chordal reconstruc-
tion with the loop technique. The exposure of the P2 to P3
area of the mitral valve usually is difficult because of eleva-
tion of the left atrial wall. To solve this problem, an addi-
tional retractor attachable to the minithoracotomy
retractor can push the left atrial wall away from the sur-
geon’s sight. In case of unfavorable exposure of the P1
area, the additional retractor can be used alternatively for
retraction of the anterolateral side of the left atrial wall.

Correct sizing of the annuloplasty ring is an important
and critical part of the mitral valve repair but is difficult
through a small working port. A homemade flexible silicon
ring sizer was developed as the same size as the official sizer
of the Physio II mitral annuloplasty ring (Edwards Life
Science). This can easily pass thorough a narrow working
port without tissue damage and is helpful for correct sizing
under endoscopic vision.

To repair a prolapsed leaflet in the mitral valve, the gold
standard has been the resection-and-suture technique of the
prolapsed leaflet, which has demonstrated excellent long-
term results.” In contrast, the “respect rather than resect”
approach proposed by Perier and colleagues,'® which re-
spects leaflet tissue as an important component of the coap-
tation surface and preserves leaflet without resection, is
widely accepted because it allows a larger coaptation area
than the resection-and-suture technique and has an advan-
tage in dynamic distribution of forces and stress on valve
components and the left ventricle. Especially in cases
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Mini-Valve System

FIGURE 1. Mini-valve system is composed of a mini-thoracotomy spreader with a tilted blade, a left atrial retractor that moves flexibly, and an additional

blade for the posterolateral wall of the left atrium.

with broad prolapse of the posterior leaflet or with anterior
leaflet prolapse, multiple chordae reconstruction using
PTFE suture is essential. The loop technique is a modifica-
tion that normally uses 4 premade PTFE loops to facilitate
chordal reconstruction. In mini-mitral surgery with a limited
working area, multiple chordal reconstructions with indi-
vidual PTFE sutures are technically difficult and even dan-
gerous because of the risk of injury in the papillary muscle.
The loop technique is a feasible solution to preserve as
much leaflet area as possible and to repair the broad pro-
lapsed leaflet in mini-mitral surgery. The loop-in-loop tech-
nique avoids the surgical manipulation in the deep working
area at the base of the left ventricle and facilitates multiple
reconstructions of neochordae. The technique also enables
reattachment of the neochordae when residual leakage is
found in the saline injection test. Recently, 88.7% of mitral
valve repairs were done with the loop technique, and the
variation of the repair method is increasing to treat various
type of mitral valve pathology.

For all these advantages in the loop technique, many sur-
geons still hesitate to adapt this technique because surgeons
feel uncomfortable when they tie slippery PTFE (Gore-Tex)
sutures many times. To solve this problem and help surgeons
tie many knots with PTFE suture in the correct position, a re-
usable clip as a substitution for the neurosurgery clip is used
to tie the PTFE suture firmly without slipping. The length of
the second loop to fix the premade loops with PTFE suture is
determined after filling the left ventricle with saline and

appropriately positioning the clip, which can easily slide to
the best position when the leakage disappears.

Although this study shows longer mean aortic cross-
clamp times than a previous study on mitral valve repair,
the surgical outcome is excellent with no surgical mortality.
This is supported by careful myocardial protection with an-
tegrade cold-blood cardioplegia infusion under transeso-
phageal echocardiography monitoring of the aortic valve
and aortic root pressure during infusion. During cardiople-
gia, surgeons and anesthesiologists should ensure the aortic
valve is incompetent, the cardioplegic solution is running
into the coronary artery, and the aortic root pressure is suf-
ficiently high. To afford an incompetent aortic valve, the left
atrial retractor should be released during cardioplegia. The
mini-valve system can aid in easy release and repositioning
of the left atrial retractor after repeated cardioplegic shots.
This secure strategy in myocardial protection may help be-
ginner surgeons using the mini-mitral approach to achieve
good results in cases of complex mitral valve pathology.

CONCLUSIONS

In an optimal operative setting, mitral valve repair via
minithoracotomy is a feasible and durable procedure with
minimal mortality and morbidity. The feasibility of multi-
ple PTFE chordae reconstructions is an important strategy
especially when trying to preserve leaflets. To reconstruct
multiple chordae with PTFE suture, the loop technique is
essential in mitral valve repair via minithoracotomy. New
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innovative instruments and a refined surgical setting in
mini-valve surgery facilitate both direct-vision and
endoscopic-assisted approaches even in complex pathology
and contribute to the acceptance of mini-mitral valve sur-
gery as a routine surgery.
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000 New innovative instruments facilitate both direct-vision and endoscopic-
assisted mini-mitral valve surgery
Ryohei Yozu, MD, PhD, Kazuma Okamoto, MD, PhD, Mikihiko Kudo, MD, PhD, Hidenori Nonaka,
BE, and David H. Adams, MD, Tokyo, Japan and New York, NY

Newly innovated mini-valve systems, including a mini-thoracotomy spreader and left atrial
retractors, and specific surgical techniques designed for working in a limited space facilitate mitral

valve surgery via mini-thoracotomy. The special setting realizes a favorable surgical outcome even
in the complex pathology of mitral valve insufficiency.
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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**]i,) 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®” |y,
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®* 1) (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 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:



200 Arisa lto et'a/.

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 e6 (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 pg 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), 799.69 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
29x10° M  cm™ 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™2 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 Kit-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 2h
incubation, the absorbance of the reaction products at 450 nm was
measured using a microplate absorbance reader (Sunrise™; 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

36

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-
lanFL40 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; QImaging, Burnaby,
Canada). Image analysis was performed using ImageJ 1.41 (National
Institute of Health, Bethesda, MD).

Intracellular Ca*™  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®"J;,) 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®T ]y, 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 + 25nm (117 mW cm™2), 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®* ], in myocardial cells.
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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
10T cm™ and monotonous increase in lethality up to
10J em™.

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 hin 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. Sa-1. In the case of 30 min incubation (Fig. 5b), the
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Bright-field  Talaporfin sodium LysoTracker Green Merge

30 min

45 min

Figure 4. Intracellular talaporfin sodium distribution in rat myocardial cells. The cells were incubated in the medium containing talaporfin sodium
(30 ug 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.

Bright-field Porfimer sodium Rhodamine 123 Merge

30 min _

2hr

3hr

Figure 5. Intracellular porfimer sodium distribution in rat myocardial cells. Cells were incubated in the medium containing porfimer sodium
(30 ug mL™Y) for 30 min [(a)~(d)], 2 h [(e)-(h)] and 3 h [(i)-()]. 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,l). 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®*},) 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®*],, 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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Figure 9. Changes in Fluo-4 fluorescence intensity during photosen-

sitization reaction after a long period of incubation with (a) talaporfin
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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®* ]y, called the “phase IT 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®" iy 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 6.8
Ca®™ oscillation
amplitude (s)
Average rate of 20.1 ¥ 44.5 82.9

change in
[Ca® ] (M 57

*In the condition of long period of incubation with talaporfin sodium,
there was almost no cellular response in [Ca®*J;, to the photosensi-
tization reaction during the measurement period up to 200 s, so that
the decay time and the average rate of [Ca®* )iy 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” in the phase II slow response. After the oscillation
disappearance followed by a brief period of relatively constant
level in [Ca® " Jiy, 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®* i, 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), Fy is the Fluo-4 fluorescence intensity in the
absence of Ca?", Fpay is the fluorescence intensity in saturated
Ca?* and F is the fluorescence intensity in intermediate Ca?*
levels. We assume that Fp;y, 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®"J;, 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™ 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®*};,
(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
[Ca?* ], 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 (2.8 x10°Js ' M ' em™) than with
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porfimer sodium (3.4x 10*°Js™' M cm™). 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° ™! s7! for talaporfin sodium (37) and
1.4-1.8 x 10° M™! 57! 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
'0, within the membrane bilayer in photoactivation, which
might cause membrane protein damage, resulting in electric
depolarization, increased permeability, membrane rupture and
cell lIysis (43-45). The intrinsic lifetime of 'O, 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.



