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Background and Objectives: To assess a choroidal heat
shock protein hyperexpression after transpupillary ther-
motherapy (TTT) performed with exposures shorter than
60 seconds.

Study Design/Materials and Methods: Nine male
pigmented rabbits were anesthetized and TTT was per-
formed on their right eye with a 810 nm diode laser (Iridis,
Quantel-Medical (France)) (spot size: 1.3 mm). Three ex-
posure durations (60, 30, or 15 seconds) were used with
three ranges of power for each duration (“high,” “mild,” or
“low”). A series of laser impacts was delivered to the
posterior pole of the retina. Left eyes were used as controls.
Twenty-four hours after laser irradiation, the animals were
killed and histological study was performed on chorioret-
inal layers. Tissue samples were fixed in formalin and
embedded in paraffin. A monoclonal antibody was used to
detect Hsp70 immunoreactivity (mouse IgGl, SPA-810,
Stress Gen, Victoria, BC, Canada), followed by a biotiny-
lated goat anti-mouse antibody (Dako, Glostrup, Denmark),
revealed by the avidin—biotin complex (Vectastain Kkit,
Vector Laboratries, Burlingame, CA, USA) and the AEC
chromogen. Retinal structures were further identified by
HES coloration.

Results: During the experiments, the laser spots were not
visible except for the strongest “high” powers for each
exposure duration, where a whitening was discernable at
the end of the laser exposures. A strong HSP70 immunor-
eactivity was detected in choroidal, non-pigmented cells for
laser exposures lasting 60, 30, or 15 seconds with “mild”
laser powers. On the contrary, rare HSP hyperexpression
was detected with “high” or “low” laser powers lasting 60,
30, or 15 seconds. No HSP-70 immunoreactivity was
detected on control eyes nor outside of the irradiated zones
of treated eyes.

Conclusions: Transpupillary laser irradiation lasting 15,
30, or 60 seconds induces an hyperexpression of HSP on
choroidal layers. This could be a basis for the use of TTT
with “short” laser exposures. Lasers Surg. Med. 33:102—
107,2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Transpupillary thermotherapy (TTT) is currently being
evaluated for the treatment of subfoveal occult choroidal
neovessels of age related macular degeneration (AMD) in
the TTT4CNV study. The results of pilot studies have
shown promising results for the treatment of occult or
classic choroidal neovessels of AMD with laser parameters
thoughtfully established by E. Reichel [1-8]. Angiogra-
phies performed early after TTT have shown vascular
changes giving a hint about the target of the laser
procedure [9—-11].

According to these parameters, the retinochoroidal
temperature elevation is induced with an infrared laser
(diode 810 nm), a specific spot diameter (1.2, 2, or 3 mm),
and a long duration pulse (60 seconds). Some rare cases of
overdosage have been reported, leading to a drop in visual
acuity related to a central scotoma [8,12]. These over-
dosages illustrate that the window of efficiency of the
temperature elevation corresponding to TTT is closely
below the photocoagulation threshold.

A particularity of TTT is the lack of biomicroscopically
visible modification, i.e., absence or faint whitening of the
area of laser irradiation at the end of the laser pulse [1].
This hampers a control of the tissue effect by the
ophthalmologist during the laser pulse. In addition, for
long exposures, such as 60 seconds, the control of the
temperature rise throughout the duration of the laser pulse
remains poorly documented [13—15].

The cellular mechanism of action of the moderate thermal
elevation on chorioretinal tissues has been recently high-
lighted [15]. An experimental study has shown an hyper-
expression of heat shock protein (HSP70) following TTT
[16]. In this perspective, TTT would be a non-lethal supra-
physiologic hyperthermia inducing an hyperexpression of
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Fig. 1. Data from the literature illustrating a logarithmic
relationship between duration and temperature for an equiva-
lent thermotolerance in various tissues [18—20]. TTT with the
use of standard parameters established by E. Reichel or with
adapted parameters for pigmented, pseudophakes can take
place within this figure (gray area).

HSP70 modulating apoptosis in choroidoretinal layers.
Such a thermotolerance could decrease the amount of
necrosis and the release of inflammatory cytokines in the
choroidal tissue, leading to a decrease of neovascularization
and the associated increase in vascular permeability
[15,16]. Conversely, an overdosage of the laser light would
result in a lethal hyperthermia and an underdosage would
result in a physiologic hyperthermia. These two dosages
would be inappropriate to enhance a strong HSP70 pro-
duction and a thermotolerance.

A notion of “heat dose” is often used to emphasize that
both the magnitude of the hyperthermia and the duration of
exposure determine the final cellular effect [17]. According
to this notion, with low temperatures, the duration of
exposure has to be increased in order to reach the same
degree of HSP hyperexpression and thermotolerance [18—
20]. In Figure 1 data collected from the literature about
thermotolerance of different tissues have been plotted,
illustrating a logarithmic relationship between duration
and temperature for an equivalent thermotolerance (Fig. 1).
With a duration of 60 seconds and a temperature eleva-
tion that can be estimated between 45 and 50°C, T'TT can
logically take place in this representation.

Interestingly, on this figure, the use of a 30 or 15 second
exposure instead of 60 seconds would still be under the
photocoagulation threshold. In this perspective, the pre-
sent study aimed to determine on an animal model of TTT if
such “short” 30 or 15 seconds laser exposure durations
under the photocoagulation threshold could induce a HSP
hyperexpression on choroidal layers.

MATERIALS AND METHODS

Animals

The animal experimental procedure was approved by the
Lille University Animal Ethics Committee (protocol 2001-
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102) and carried out in accordance with the ARVO
statement for the use of animals in ophthalmic and vision
research. Rabbit eyes were used in this study as a healthy
eye model for TTT without any opacities or heterogeneity of
the lens. The laser exposures were performed on the
posterior pole limiting focusing errors and near the optic
disk to be easily retrieved during histology study. The
homogeneous pigmentation of the fundus reduced the
variation of laser light absorption. Nine male pigmented
rabbits weighing between 3.0 and 3.5 kg were lightly
anesthetized with an intra muscular injection of a com-
bination of Ketamine (150 mg/kg) and Chlorpromazine
(0.50 mg/kg). Ketamine and Chlorpromazine were then
injected into the marginal ear vein to ensure the anesthesia
of the animal during the whole experimentation. Pupil
dilatation was achieved with Tropicamide 0.5% and
Phenylnephrine (10%) eye drops. After completing the
experiments, the animals were sacrificed with an overdose
of Ketamine and Chlorpromazine.

Laser

An 810 nm diode laser, IRIDIS, Quantel-Medical
(Clermont-Ferrand, France) with a TTT adaptator was
installed on a slit lamp (Haag Streit, Bern, Swiss). This
diode laser system was used in a continuous mode with a
Quadraspheric® contact lens (Veatch Opthalmic Instru-
ments, Tempe, AZ, USA) in order to magnify the laser spot
and counter balance the minifying effect of the rabbit’s eye.
The power was verified with a Laserstar power meter
(Ophir Optronics, Israel) before series of irradiation. The
laser spot size and profile were assessed using a laser beam
scanner (BeamScan®, Photon Inc., San Jose, CA). The size
was controlled on the retina (diameter: 1.3 + 0.1 mm,
actual size on the retina). In that case, a 10 milliseconds
pulse and a high power was used in order to reduce the
effect of lateral heat diffusion usually observed when using
a duration longer than 1 second.

Methods

Nine male pigmented rabbits were anesthetized and TTT
was performed on their right eyes. A series of six to nine
adjacent laser impacts was delivered to the posterior pole
region of the retina. The spot diameter was kept constant.
Three different pulse durations were used: 15, 30, or
60 seconds. The laser power was tuned as presented in
Table 1, according to a previous study [16]. The “high” value
of the laser power aimed to reach the photocoagulation
threshold. The “mild” value aimed to stay under the
photocoagulation threshold but to produce a sublethal
supraphysiologic hyperthermia corresponding to TTT. The
“low” value aimed to stay under the stressful temperatures
thereby avoiding the expression of HSP (Table 1).

Histological Study

Routine preparations. The animals were sacrificed
24 hours after irradiation. The whole eyes were immedi-
ately immersed after choroidal incision in 10% formalin for
48 hours. Eyes were then totally paraffin-embedded.
Sections corresponding to the area of laser irradiation were
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TABLE 1. Power of the Laser Used for 15, 30, and
60 Seconds Exposures and 1.3 mm Spot

15 seconds 30 seconds 60 seconds
High 300 mW 250 mW 150 mW
Mild 250 mW 210 mW 130 mW
Low 180 mW 150 mW 90 mW

The “high” value of the laser power aimed to reach the
photocoagulation threshold (lethal hyperthermia). The “mild”
value aimed to stay under the photocoagulation threshold but
to produce a sublethal supraphysiologic (stressful) hyperther-
mia corresponding to TTT. The “low” value aimed to stay under
the stressful temperatures (physiologic hyperthermia) and
avoid HSP hyperexpression.

stained with haematoxylin erythrosin saffron (HES) to
identify retinal structures. Further, 5 um thick adjacent
sections from selected areas were mounted on silane
prepared microscope slides.

Immunodetection of HSP-70 reactivity. Slideswere
deparaffinized in xylene, followed by absolute ethanol, 95%
ethanol, and distilled water. Before immuno-staining
procedures, sections were incubated for 5 minutes in pH
6.0 citrate buffer in a pressure cooker, at 112°C, to enhance
the immunoreactivity of the samples. A monoclonal anti-
body was used to detect Hsp70 immunoreactivity (mouse
IgGl, SPA-810, Stress Gen, Victoria, Canada), followed by a
biotinylated goat anti-mouse antibody (Dako, Denmark),
revealed by the avidin—biotin complex (Vectastain Kkit,
Vector, CA) and the AEC chromogen.

Controls. Human lymphocytes were used for immuno-
cytochemistry. Lymphocytes were separated by a single-
density gradient method (Ficoll; Pharmacia Upjohn,
Uppsala, Sweden) [21], then kept in RPMI. The half part
was heated for 30 minutes at 40°C. Cytospins of heated and
non-heated lymphocytes were then quickly fixed in acetone/
alcohol, and immunostained. On cytospins of heated ly-
mphocytes, 40% of cells were immunoreactive for HSP70.
Conversely, no immunostaining was detected among the
non-heated lymphocytes.

To control the antibody specificity, the primary anti-
HSP-70 antibody was replaced by non-immune horse serum
applied on paraffin sections or cytospins. These slides did
not display any immunoreactivity (data not shown).

RESULTS

For the 60 second exposures, impacts corresponding to
three laser powers have been studied: at 150 mW (one eye:
six spots), the photocoagulation threshold was obtained for
most laser exposures.

With the use of a laser power of 130 mW (one eye, six
spots) no visible change was observed during the experi-
ments, and no modification of the irradiated areas was
detected on biomicroscopy nor on gross examination. On
light microscopy, low magnification disclosed a mild
congestion on choroid: the lumen of capillaries was dilated
by erythrocytes and there was neither blood extravasation
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nor thrombosis. No hemorrhage, necrosis, atrophy, nor
detachment was observed after HES staining and no tissue
architecture modification could be observed. Endothelial
cells and vascular smooth muscle cells were not vacuolized.
The nuclei appeared similar to the controls; chromatin was
not abnormally clumped without pyknotic nuclei. Simi-
larly, the neuroretina appeared undamaged, without any
morphologic alteration of the photoreceptors. For these six
laser spots, the HSP70 immunoreactivity was found to be
strong. It was detected in spindle shaped choroidal non-
pigmented cells, and in some choroidal capillary endothe-
lial cells. No HSP-70 immunoreactivity was observed on the
retina.

For the laser power 90 mW (one eye, eight spots), as for
the sections from non-irradiated eyes, no HSP-70 immu-
noreactivity was detected either on the choroid or on the
retina. This 90 mW power corresponded to a laser dose not
powerful enough to induce a thermal stress detectable by
either microscopy or HSP70 hyperexpression.

For the 30 seconds exposures, impacts corresponding to
three laser powers have been studied: at 250 mW (one eye:
seven spots), the photocoagulation threshold was reached
for most laser exposures with a whitening within the laser
spot occurring at the end of the pulse. At 210 mW (one eye,
six spots), no visible change was observed during the
experiments, no modification of the irradiated areas was
detected on biomicroscopy nor on gross examination. On
light microscopy, low magnification showed a discrete
congestion on choroid without either blood extravasation
or thrombosis. No hemorrhage, necrosis, atrophy, nor
detachment was observed after HES staining and no tissue
architecture modification was observed. Endothelial cells
and vascular smooth muscle cells were not vacuolized.

In contrast, the neuroretina appeared undamaged,
without any morphologic alteration of the photoreceptors.
For these seven laser spots, the HSP70 immunoreactivity
was strong. It was detected in spindle shaped choroidal non-
pigmented cells, and in some choroidal capillary endothe-
lial cells. No HSP-70 immunoreactivity was observed in the
retina (Fig. 2).

For the laser power 150 mW (one eye, nine spots), as for
the sections from non-irradiated eyes, no HSP-70 immu-
noreactivity was detected either in the choroid or in the
retina. This power corresponded to a laser dose not
powerful enough to induce a thermal stress detectable by
neither microscopy nor HSP70 hyperexpression.

For the 15 seconds exposures, impacts corresponding to
three laser powers have been studied: at 300 mW (one eye,
six spots), the photocoagulation threshold was obtained for
most laser exposures with a whitening occurring at the end
of the pulse.

With the use of a laser power of 250 mW (one eye, nine
spots), no modification of the irradiated areas was detected
during the laser pulse nor on biomicroscopy or on gross
examination. With the light microscopy and with low
magnification, only a mild congestion was observed.

After HES staining, no bleeding nor necrosis, atrophy, or
detachment was observed. A vacuolization of endothelial
cells and vascular smooth muscle cells was observed,
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Fig. 2. Chorioretinal samples after transpupillary laser irradiation. The HSP-70 labeling
appears as red deposits, contrasting from the brown color of melanin. A and B are from the
same eye sample irradiated with 15 seconds laser exposure (P =180 mW). A shows the lack of
HSP immunostaining on choroid outside of the irradiation zone, whereas (B) (P =250 mW)
shows focalized HSP labeling within the choriocapillaris predominant under the RPE. A
delicate staining is disclosed deeper on the lamina fusca. C and D correspond to eye samples
irradiated with 30 seconds laser exposure (P =210 mW), showing on C the absence of HSP
immunostaining on the retina contrasting with a HSP staining on the choriocapillaris and
extended to the large and medium size vessels layer. D shows at a higher magnification the
HSP staining of non-vascular cells on the pigmented choroid. Most of these immunostained
cells are non-pigmented, E and F are on the same eye sample irradiated with a 60 seconds laser
exposure. E (P=90 mW) shows the lack of HSP immunostaining on choroid aside the
irradiation zone. F (P=130 mW) shows HSP labeling predominantly located in the
choriocapillaris. Scale bar: 100 um for A, B, C, E, F, and 40 um for D, INL. inner nuclear
layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; CC, choriocapillaris;
LMVL, large and medium vessels layer; LF, lamina fusca.
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restricted to the areas of laser irradiation. The nuclei
appeared similar to the controls.

For these nine laser spots, HSP70 immunoreactivity was
observed and considered strong. It was detected in
choroidal, non-pigmented cells but also in some choroidal

capillary endothelial cells. The labeled vessels lay beneath
the Bruch’s membrane, within the choriocapillary layer.
The overlying Bruch membrane was mildly folded in
opposition to undamaged retina. Spindle-shaped labeled
cells were observed deeper within the large vessel layer
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choroid (Fig. 2). No HSP-70 immunoreactivity was
observed on the retina.

For the laser power 180 mW (one eye, six spots), no HSP-
70 immunoreactivity was detected either on the choroid or
on the retina. We then assumed that this power corre-
sponded to a laser dose not powerful enough to induce a
thermal stress detectable by either microscopy or HSP70
hyperexpression.

DISCUSSION

In these experiments, the use of a sublethal supraphy-
siologic hyperthermia with 15, 30, or 60 seconds duration
laser exposures induced an HSP hyperexpression in
choroidal layers within the irradiation zones. Conversely,
no HSP hyperexpression could be detected in non-irra-
diated eyes or outside of the irradiation zone in the
irradiated eyes. Since the HSP hyperexpression has been
advocated to be at least a part of the mechanism of the
therapeutic action of TTT [15,16], it can be hypothesized
that TTT could be performed with laser exposures shorter
than 60 seconds and that a therapeutic action could be
expected with such laser exposures.

In these experiments, the magnification factor of the
rabbit eye led us to adapt the laser procedure in order to
obtain a spot size comparable to the spot used for TTT in the
clinical studies [22,23]. We have already used this model in
a previous study, as well as other recent authors [24].

In this study, the results obtained with 60 seconds
exposures confirmed those obtained in a previous study
[16]. The use of three decreasing laser powers producing:
(i) slight photocoagulation, i.e., lethal hyperthermia to,
(ii) supraphysiologic sublethal hyperthermia and further
down to, (iii) physiologic hyperthermia was the best way to
establish a model of TTT. This gradation of hyperthermia
has been used in several clinical studies [17].

The presence of HSP70 hyperexpression for the 30 and
the 15 seconds laser exposures was consistent with our
hypothesis based on the notion of “heat dose.” As illustrated
in Figure 1, an equivalent HSP hyperexpression has
been found, following long duration of heating such as
130 minutes or short duration such as 7.5 minutes [20].
More recently it has been shown with a laser technique
used for skin closure using a 810 nm diode laser with a low
dose, under the photocoagulation threshold, that an HSP
hyperexpression could be induced with laser exposures as
short as 3 seconds [25,26]. These data are consistent with
the concept of heat dose that could be applied to TTT.

Heat shock 70 protein family probably plays an impor-
tant role in ocular protection from various biologic and
environmental stresses. Some authors have proposed that
decreased levels of heat shock constitutive proteins of this
family (HSC70) in the retina during aging may contribute
to the apparent increased susceptibility of the retina to age-
acquired retinal diseases [27]. In different models, some
experimental studies have shown an increase in the
synthesis of heat shock proteins that is induced in cells
in vitro by hyperthermia or other types of metabolic stress.
This increase in HSP synthesis correlates with enhanced
cell survival upon further stress [28—30]. In another
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therapeutic perspective, it has been shown that intravi-
treally injected HSC/HSP70 can be taken up by retinal cells
and are associated with an increase of the number of
surviving photoreceptors after an acute injury such aslight
damage [31].

In our experiments, the localization of the HSP immu-
nostaining close to the RPE after most exposures (Fig. 2)
could be related with studies demonstrating a modulation
of cytokines production by the RPE induced by laser
irradiation. TGF-beta produced by photocoagulated RPE
cells, associated with a down-regulation of angiogenic
factors in repaired RPE cells, could possibly play a role in
the inhibition of neovascularization [32,33]. The HSP
hyperexpression observed in our study could be one of the
first steps toward production of cytokines.

Since this study aimed to analyze the presence or absence
of HSP hyperexpression after TTT, no quantification of
the thermotolerance could be established from our data.
Some authors have analyzed the intensity of thermotoler-
ance after heat shock, showing that HSP70 hyperexpres-
sion follows a time—temperature history increase [34—36].
Since a certain amount of HSP above a given threshold
may be necessary to have a clinical significance, further
experimental studies must be performed to quantify HSP
production for short exposures. From a more clinical point
of view, following the results of the TTT4CNV study, if
there is an identification of subgroups of patients where the
technique is more efficient, then a clinical study could be
performed with short laser exposure duration TTT.

CONCLUSION

Transpupillary laser irradiations lasting 15, 30, or
60 seconds induce an hyperexpression of HSP on choroidal
layers. This could be a basis for the use of TTT with “short”
laser exposures.
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