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Abstract. We immunohistochemically studied expressions of induc-
ible heat shock protein 70 (HSP 72) and apoptosis of corneas ablated
with an ArF excimer laser. The temperature of corneal surfaces and
laser-induced optical emission spectra were measured in real time as
direct physical parameters related to the ablation mechanism. To the
best of the authors’ knowledge, there have been no experimental stud-
ies regarding the influence of physical parameters directly related to
the ablation mechanism on corneal reactions at the cell level after
laser ablation. The expression of HSP 72 was mainly localized in the
regenerative epithelium, which was confirmed to be caused by laser
ablation. The HSP 72 positive cell ratios had a correlation with ther-
mal dose, which was derived from the measured time courses of tem-
perature. Expressions of both HSP 72 and apoptosis depended on the
thermal dose and elapsed time after ablation. HSP 72 and apoptosis
could be seen up to a few hundred micrometers into the stroma, only
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1 Introduction indicated that the temperature of the corneal surface increased
Corneal ablation by an argon fluorid&rF) excimer laser rapidly during laser irradiation and then decreased relatively
[wavelength of 193 nm, pulse width of 12 HEWHM)] slowly>* We therefore decided that the corneal reaction after

ArF excimer laser ablation, which can influence the internal

which enables highly reliable shaping of corneas, has beenproperties of the cornea, should be evaluated.

used in photorefractive keratectonlRK) and laser-assisted . .
P MHRK) Corneal cell-level reaction has been used as an important

in situ keratomileusigLASIK). To monitor the ablation pro- . . . .
cess during corneal surgery, we developed a noncontact non_|nd|cator to demonstrate the validity of treatments using vari-
’ ' us instruments and techniques for PRK and LASIWe

invasive temperature measurement system based on therma? ) .
- i . . Selected heat shock proteiHSP 70 and apoptosis to immu-
radiometry with a time response of 15.7 1¥/e experimen- prote 0 bop

. : L nohistochemically study corneal cell-level reaction after laser
tally demonstrated for the first time that the rise in tempera-

. . . ablation. HSP 70 appears in response to environmental stress
ture of the corneal surface during ArF excimer laser ablation PP P

to protect damaged ceffi44SPs are classified into five groups

depends on the fluence. Temperatures reaching over 100°C af .o rding to their molecular weights. HSP 70, whose molecu-

the fluence are used clinically. This high temperature suggests, weight is about 70,000, plays an essential role in protect-
that superheating occurs during ArF excimer laser ablation of ing tissue from thermal stre¢& HSP 72, inducible HSP 70,
the cornea. . _ has been reported to be synthesized in response to a wide
We have conducted preliminary experiments to study the yariety of environmental temperatur®¥.On the other hand,
influence of laser ablation on corneal tissue, using sections gpoptosis, programmed cell death, plays a critical role in the
stained with hematoxylin and eosin that we analyzed through regulation of tissue homeostasis, such as in the maintenance
an optical microscopgAfter ArF excimer laser ablation, o of tissue structure and cellular reorganizatidithus, apopto-
irregularities or coagulation could be seen on the exposedsis has been regarded as an indicator of homeostasis.
stromal surface. Thus, ablation seems to have had no apparent |n the present study, we immunohistochemically observed
thermal effect on the cornea in our study. However, since the the appearances of HSP 72 and apoptosis at various laser
optical penetration depth for corneal tissue at 193 nm is ablation fluences as a function of time after laser ablation. We
around 1um, this outcome was thought to have resulted from conducted high-speed temperature measurements and spectral
the limited resolution of the optical microscope, because ther-
mal effects had actually occurred. Our previous measurementsi083-3668/2004/$15.00 © 2004 SPIE
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observation of optical emissions during ArF excimer laser ab- ence range used clinicallgroup B, 10 eyes those subjected
lation of the cornea. There have been no experimental studiesto ablation with a fluence of 100 mJ/épwhich is lower than
on the relationship between corneal cell-level reaction after the fluence used clinicallygroup C, 10 eyes and a control
laser ablation and the physical parameters directly related togroup without ablatiori4 eyes. These fluence®50, 180, and
the ablation mechanism, such as temperature rise and opticall00 mJ/crd) were chosen based on our previous study of
emission spectra. Special emphasis was placed on the effecmeasuring ablation depth at various fluent@he ablation

of fluence-dependent physical parameters on expressions oflepthsetch depthgper pulse at fluences of 250, 180, and 100
HSP 72 and apoptosis in the cornea. mJ/cnt were 0.69, 0.55, and 0.18m, respectively.

2.1.1  Immunohistochemical study

2 Mat('erlals and. Method's After laser ablation, the rabbit eyes were irrigated with bal-
2.1 Animal Ablation Experiments anced saline and steroids and mitomycin were topically ap-
Animal experiments were conducted according to the proto- plied to reduce stromal haz& Mytomycin ointment was ap-
cols approved by the animal committee of the National De- plied to all eyes twice a day for 2 days after ablation. The
fense Medical College. We immunohistochemically studied same procedures were used in the ablation groups and the
34 eyes of 17, 12-week-old, white Japanese rabbits with body control group. Seven of the rabbits were sacrificed 2 days
weights ranging from 2.5 to 3 kg. They were anesthetized after ablation with an overdose of pentobarbital sodium, and

with intramuscular injections of ketamir{60 mg/kg and xy- the remaining ten rabbits were sacrificed 7 days after the pro-
lazine (20 mg/kg before being ablated with an ArF excimer cedure of Hong and Le¥. The corneas were immediately
laser. We used Thom's experimental mettofdr the treat- excised and fixed in Carnoy’s solution for 4 h. They were then
ment. A pulsed ArF excimer lasefL4500 produced by dehydrated in an ethanol solution, paraffin embedded, and
Hamamatsu Photonics Co., Ltd., Shizuoka, Japara wave- sectioned at thicknesses ofidn.

length of 193 nm with a pulse width of 12 tBEWHM) was To immunohistochemically study the inducible heat shock

used for the corneal ablation. The laser beam was passedorotein 70(HSP 72, a monoclonal antibody directed against
through a rectangular apertu(@2x6 mm) to eliminate the the inducible form of the protein was uséthouselgG,,
amplified spontaneous emissidASE) component and fo-  SPA-810, Stress Gen, Victoria, Canad&his mouse mono-
cused on the sample through a spherical silica lens with a clonal antibody has a cross-reaction with rabbits. The sections
focal length of 200 mm. The area of the corneal surface sub- were incubated overnight with a 1:200 dilution of the mono-
jected to laser irradiation was<2 mm for all eyes. The laser  clonal antibody at 4°C. Antigen—antibody complexes were vi-
pulse energy was adjusted with a variable attenuator, andsualized using an avidin-biotin Vectastain ABC Elite Kiec-
measured with a power met€t0A-P produced by OPHIR  tor Laboratories, Californja Color development was done
Optronics Ltd. Maing The repetition rate of the laser was 10 with a 3,3-diaminobenziding DAB) solution using a DAB
Hz and there were a total of 499 laser pulses for each substrate kifSK-4100, Vector LaboratorigsMayers’ hema-
ablation? The epithelium was removed by ablation in the toxylin was used as the counterstain. In this study, only induc-
present study. ible HSP 70(HSP 72 was detected, while constitutive HSP
The eyes were divided into four categories: those subjected 70 (HSP73 was not, owing to the specificity of the mono-
to ablation with a fluence of 250 mJ/éwhich is higher than  clonal antibody:>*®
the fluence range used clinicallgroup A, 10 eyes those All specimens were observed through an optical micro-
subjected to ablation with a fluence of 180 mJ3cthe flu- scope with an objective len$x40) (Nikon, Japan We

BS p  ~  Variabl jtenuator -Y slit
/ ") ArF excimer laser

< {\ A I

L1 o
\ HgCdTe
detector
Digital Storage Oscilloscope
Amplifier x2 ~ Trigger Signal

Polychrometer PC

Fig. 1 A system to measure temperature and optical emission spectra. L1, silica lens; L2, zinc-selenium lens; M1; gold-coated concave mirror; PM;
power meter. The output signal from a biplanar phototube is used to trigger temperature measurements.
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Fig. 2 A comparison of localization of HSP 72 in ablation groups and control group 2 days after ablation. The arrows indicate HSP 72 expressions.
HSP 72 is stained brown. The violet stain is a counterstain produced by hematoxylin. RE, ST, and EP indicate regenerative epithelium, stroma, and
epithelium, respectively. Scale bar=75 um. (a) Ablation with fluence of 250 m)/cm?. Very dense staining can be seen over the entire regenerative
epithelium. (b) Ablation with fluence of 180 mJ/cm?. Stained cells and extracellular matrix are localized at the boundary between the stroma and
regenerative epithelium. (c) Ablation with fluence of 100 mj/cm?. A few stained cells appear at the boundary. (d) Control without ablation. HSP 72

is invisible.
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Fig. 3 A comparison of localizations of HSP 72 in ablation groups and control group 7 days after ablation. The arrows indicate HSP 72 expressions.
HSP 72 is stained brown. The violet stain is a counterstain produced by hematoxylin. RE and ST indicate regenerative epithelium and stroma. Scale
bar=75 um. (a) Ablation with fluence of 250 m)/cm?®. HSP 72 is localized in the stroma and at the boundary between the stroma and regenerative
epithelium. (b) Ablation with fluence of 180 m)/cm?. The intensity of staining is less than in the group A sample. (c) Ablation with fluence of 100

mJ/cm?. HSP 72 is not visible.
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Fig. 5 A comparison of localizations of TUNEL-positive cells in the control group and the group subjected to ablation with a fluence of 250 mj/cm?,
conducted 2 days after ablation. The arrows indicate TUNEL-positive cells, which are stained black. RE, ST, and EP indicate regenerative epithe-
lium, stroma, and epithelium, respectively. Scale bar=75 um. (a) Ablation with fluence of 250 mJ/cm?. Apoptosis is localized in the stroma and

regenerative epithelium. (b) Control without ablation. Apoptosis is localized in the epithelium.
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counted the numbers of positive-stained cells of HSP 72 Table 1 Summary of thickness of regenerative epithelium (um).
within four randomly selected microscopic fields in the epi-

thelium of samples in groups A to C. We also counted the total A B C
number of cells in the epithelium of each sample. We then

calculated the ratio of the number of positive-stained cells to 2 days 26.2 20.2 157
the total number of cells in the observed field. after ablation

The apoptosis was evaluated by terminal deoxyribonucle-
otidyl transferas€ TDT)-mediated deoxyuridine triphosphate
(dUTP)-digoxigenin nick end labelingTUNEL) analysis us-
ing ApopTag(S7101, Intergen Co. NEW YO)kThe TUNEL Data were acquired by averaging more than five specimens. Thickness in-
assay enabled the DNA fragmentation associated with aPOP-creases with increasing fluence and days elapsed: Group A, ablation with flu-

tosis to be detected. ence of 250 mJ/cm?; B, ablation with fluence of 180 mJ/cm?; and C, ablation
with fluence of 100 mJ/cm?.

7 days 56.7 47.5 19.2
after ablation

2.1.2  Temperature and optical emission
measurements

Excised pieces of the corneal buttons of 22 rabbit eyes wereless HSP 72 appears in the upper layer of the regenerative
placed on saline-moistened gauze to keep the samples hy€pithelium. In Fig. 2c) the sample in group Gluence of 100
drated. The schematics for the experimental arrangement aremJ/cnf) has less HSP 72 at the boundary between the stroma
shown in Fig. 1. We recently reported on the usefulness of a and the regenerative epithelium compared with the amounts
high-speed temperature measurement system using a techof HSP 72 in samples in groups A and B.
nique that allows thermal radiation to be detected with a re- ~ The results obtained 7 days after ablation are shown in Fig.
sponse time of 15.7 n&Ref. 2. Thermal radiation from the 3. The expression of HSP 72 is localized at the boundary
corneal surface during ablation was detected with a photovol- between the stroma and regenerative epitheljéig. 3a)],
taic mercury-cadmium-telluriuniHgCdTe detector that had ~ and is also observed up to a depth of a few hundred microme-
an antireflection germanium-coated window. To determine the ters in the stroma. We could only see HSP 72 in the deep
temperature of the corneal surface from the measured thermalstroma in group A. HSP 72 is less expressed in the upper layer
radiation signal, the measurement system was calibrated using?f the regenerative epithelium. FiguréoBreveals a substan-
a silicon rubber heater for the temperature standard. We thential amount of HSP 72 at the boundary between the stroma
determined the time courses of corneal surface temperature agnd regenerative epithelium and a smaller amount of HSP 72
various laser ablation fluences. Thermal doses were derivedin the upper layer of the regenerative epithelium. There is
from the measured time courses of temperature using Arrhe-little expression of HSP 72 in Fig.(§. Table 1 lists the re-
nius’s theory(Eq. 1.’ generative epithelium thicknesses. The epithelium increases in
thickness with increasing fluence and time elapsed after abla-

% —E tion.
Q=Af ex;{ ﬁ)dt, ) The dependence of the HSP 72 positive cell ratios in re-
0 generative epithelium on thermal dose and the time after ab-
whereA is the preexponential factog is the activation en- lation are summarized in Fig. 4. The ratios increase with in-

ergy, R is the universal gas constant, afdis the corneal creased thermal dose in all samples examined 2 and 7 days

surface temperature. The thermal doses were normalized usafter ablation. The ratios increase dramatically when the ther-

ing those in group A. mal dose is increased from 0.29 to 0.71. The ratios of
The laser-induced optical emission was measured, togetherpositive-stained cells are higher in samples examined 2 days

with the temperature. The time-integrated optical emission after ablation than in samples examined 7 days after the pro-

spectrum was measured with a fiber-coupled polychromator cedure. A better comparison of the expression of HSPs in the

(PMA-11 C5966011 produced by Hamamatsu Photonics Co.,

Ltd., Shizuoka, JapanThe exposure time of the polychroma-

tor was 10 ms.

i & ]
2d, group A *

3 Results g 20w B y
The appearance of HSP 72 depended on the fluence and time % 0.6 Zg 53352 !
after ablation, as Figs.(8 to 2(d) and Figs. &) to 3(c) show. H J.swpC ¢
In the control group without laser irradiati¢fig. 2(d)], HSP g 04r ] 7
72 was not detected. Figure&@Rto 2(c) reveal that HSP 72 is = 62 - i
only localized in the regenerative epithelium in all ablation ’ i
groups 2 days after ablation. HSP 72 could not be detected in 0 A ! ! ! ‘
the stroma. In Fig. @), the sample in group Afluence of 250 02 0.4 0.6 038 1 12
mJ/cnf) that was examined 2 days after ablation shows a very Thermal dose (normalized unit)

dher?.se e><|pr|<a:§5|onbof ;'SP 2 ?V?r the entlr? regene;atlve eI:)I-Fig. 4 The positive cell ratio of HSP 72 as function of thermal dose.
thelium. In Ig 2b), t_ e _Sampe In group R?fuence of 180 The bars represent standard deviations. The positive cell ratio in-
mJ/cnf) exhibits localization of HSP 72 mainly at the bound-  creases with increasing fluence; it increases dramatically from 100 to

ary between the stroma and the regenerative epithelium, while 180 mj/cm?.
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Fig. 6 A comparison of the spectra of time-integrated laser-induced optical emissions during corneal ablation by an ArF excimer laser for different
fluences. The exposure time of the polychromator was 10 ms. (a) Ablation with fluence of 250 m)/cm?. (b) Ablation with fluence of 180 mjJ/cm?.
(c) Ablation with fluence of 100 m)/cm?.

three groups might have been possible if the areas of stained In our study, HSP 72 appeared as a repair function after the
HSP 72 had been measured instead of counting the number okpithelium and a part of the stroma were ablated, and the
positive-stained cells. amount of this heat shock protein in the regenerative epithe-

Figure 5 shows the expression of TUNEL-positive cells, lium correlated with the thermal dose. There was also a posi-
which appear in the stroma and regenerative epithelium in tive correlation between the thickness of the epithelium and
group A(fluence of 250 mJ/cf 2 days after ablation. In the  the amount of HSP 72. These correlations between the amount
control group, TUNEL-positive cells could only be found in  of HSP 72, the thickness of the epithelium, and the thermal
the epithelium, mainly in the superficial epithelium. Apoptosis dose were verified by nonparametric tests and statistical
could not be found in the deep stroma in groups B dd@a  analysegno detailed data are given in this stddyhere ap-
not shown, or in the control group; it was only found in  pear to be no reports on experiments that correlate the amount
group A. of HSP 72 in the regenerative epithelium with the thermal

Figure 6 shows the time-integrated laser-induced optical dose estimated by high-speed temperature measurement. Our
emission spectra during ablation. Optical emission in this present study may help us to better understand the mechanism
study means laser-induced fluorescence and opticalpehind the expression of HSP 72.
_breakql(_)wnl.s There are I_arge differences in both the emission Beere and GreéAreported that the expression of HSP 72
intensities and spectiidigs. 6a) to 6(c)]. The spectrdFig. jnhibited the appearance of apoptosis. Because our study re-
6(a)] reveal a pronounced peak at around 580 nm, which is \egjed that both HSP 72 and apoptosis localized up to a depth
considered to have been caused by optical breakdown. Fluo-of 5 few hundred micrometers in the stroma in group A, we
rescence emissions are the most intense in Ka). #&d the could not confirm that apoptosis was inhibited. The localiza-
second most intense in Fig(k5. The spectrum for fluores-  yjon of apoptosis was also reported by Helena ét ahd their
cence is similar to that observed in previous studiesd results exhibited a tendency similar to ours. Apoptosis nor-
shows a broad peak centered at around 300 nm. mally occurs in the epithelium because the turnover is sHort.

In our study, we only observed apoptosis and HSP 72 in the

4 Discussion deep stroma at a fluence with an optical breakdown in the
HSP 72 only appeared in samples exposed to the laser, indi-Spectra measured during laser ablation. Therefore, our obser-
cating that this was caused by irradiation. Also, it mainly ap- Vations suggest that the occurrence of apoptosis and HSP 72
peared in the regenerative epithelium, not in the stroma. In in the stroma is strongly related to optical breakdown.
fact, its appearance in the deep stroma was only observed in The appearance of HSP 72 in the cornea after ArF excimer
the group A samples 7 days after ablation. This finding is laser ablation may be caused by a temperature rise in the
consistent with the previous observations reported by Ki- cornea, irradiation by UV light, or shock waves induced by
tazawa et at® and Hong et al** but the mechanism behind  optical breakdown. That is, shock waves may induce apopto-
HSP 72 being expressed in the regenerative epithelium is still sis and HSP 72 in the stroma. In fact, HSP 72 was localized
unknown. In a dermatological study, Laplante et’akeported up to a depth of a few hundred micrometers in the stroma in
on localization of HSP 72 in regenerative tissue. They found group A. This localization cannot be explained by the tem-
expressions of HSP 27, 60, 70, and 90 in the regenerativeperature rise or irradiation by UV light. As the optical pen-
epidermis of a mouse during the healing process after aetration depth of the cornea at 193 nm is less thgmani?*
wound had been made through all layers of the skin. This realistically, the temperature rise and UV irradiation may not
means that the expression of HSP 70, as a repair function,have an influence to a depth of a few hundred micrometers in
correlates with cell proliferation in regenerative tis$tie, the stroma, even if we consider thermal conduction after the
which supports our observation of HSP 72 in the regenerative temperature increases. Through experimentation, we were
epithelium. able to examine both the corneal cell-level reaction and physi-
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cal parameters directly related to the ablation mechanism for 10.

the first time.

5 Conclusion

We immunohistochemically studied the localization of HS
72 and apoptosis in the corneas of rabbits 2 and 7 days after

they had been subjected to ArF excimer laser ablation at flu- 12

ences ranging from 100 to 250 mJ/rihe intensity of HSP
72 staining 2 and 7 days after ablation increased with increas-
ing thermal dose, which resulted from high-speed temperature

measurement. The measurement of optical emission spectra™

indicated that the apoptosis and HSP 72 expressed in the

stroma were strongly related to the shock waves induced by 14.

optical breakdown. Although we need more data to study the
relation between laser ablation and cell-level reaction, we em-
phasize that there may be a fluence-dependent mechanism o
appearance of HSP 72 and apoptosis in the cornea following
ArF excimer laser ablation.
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