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Abstract

Our laboratory treats guinea pigs with hyperbaric oxygen (HBO) as a model for investigating the
formation of nuclear cataract. Previous analyses of lens supernatants using this model have shown
an increase in disulfide (-SS-) and loss of sulfhydryl (-SH) in the lens nucleus of Oo-treated animals.
In this paper, we have used the non-invasive technique of Raman spectroscopy to confirm these
findings in intact, freshly-excised lenses. Guinea pigs were treated 3 times per week with HBO for
a total of 50 (4 months of treatment) or 85 (7 months of treatment) times to induce an increased level
of lens nuclear light scattering. Intact lenses were analyzed by Raman spectroscopy using a 514.5
nm laser and collecting the scattered light in a 90° geometry. The laser beam was focused either in
the lens nucleus or equatorial cortex. Changes in the levels of -SS- (503 cm™1) and -SH (2577
cm™1) vibrations were measured. Raman spectra were analyzed by fitting Lorentzian profiles to the
observed data in the -SS- and -SH regions. -SS- levels in the Oo-treated nucleus were found to have
increased by a factor of 2.1 (p=0.0001) and 2.5 (p=0.001) after 50 and 85 HBO treatments,
respectively, compared to age-matched controls. Based on previous biochemical analyses, the -SS-
increase was due mainly to the formation of protein disulfide (PSSP) with contribution also from
protein/thiol mixed disulfides, but not from oxidized glutathione. -SH levels in the O,-treated nucleus
decreased by 13% (p=0.007) and 35% (p=0.001) after 50 and 85 HBO treatments, respectively,
compared to age-matched controls. No significant increase in -SS- or loss of -SH was observed in
the lens cortex of the O,-treated guinea pigs. The Raman spectroscopy results rule out the possibility
that artifactual production of -SS- and loss of -SH occurred during homogenization of lenses in
previous studies. The data provide additional evidence to support a link between O, disulfide-
crosslinking of lens crystallins in the nucleus, and nuclear cataract.
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1. Introduction

The formation of lens protein disulfide (PSSP), leading to crosslinking and precipitation of
lens crystallins, is a major factor in the development of nuclear cataract (Dische and Zil,
1951; Spector, 1984; Giblin et al., 1995) . Recent studies have linked molecular oxygen (O5)
with lens nuclear opacity (Holekamp et al., 2005; Simpanya et al., 2005), and it is possible that
05, is a precursor to a more active, harmful species within the lens that can generate disulfide
(-SS-). We treat guinea pigs with hyperbaric oxygen (HBO) in order to investigate events
leading to nuclear cataract, and have used this technique to demonstrate an association between
Oo-induced lens nuclear light scattering and an increase in the level of PSSP (Giblin et al.,
1995; Simpanya et al., 2005). However, in these studies, PSSP analyses were conducted in
supernatants of lens homogenates, a procedure that can possibly lead to artifactual production
of -SS-. Thus, we considered it useful to investigate -SS- formation in isolated, intact lenses
of O,-treated guinea pigs, as we have done in the present study, using the non-invasive
technique of laser Raman spectroscopy.

Raman spectroscopy has been employed for many years to measure levels of sulfhydryl (-SH)
and -SS- in different regions of intact lenses from a variety of species (Askren et al., 1979;
Barron et al., 1988; Cai et al., 1989; DeNagel et al., 1988; East et al., 1978; Kuck et al.,
1982; Ozaki et al., 1987; Ozaki et al., 1983; Ozaki and Mizuno, 1992; Yu et al., 1985b). The
lens is ideal for this type of technique because of its unusually high concentration of both
protein (about 35%) and -SH groups (nearly 50mM), and the fact that -SH and -SS- each have
their own signature vibrational frequencies at approximately 2577 cm1 and 503 cm ™,
respectively. Raman analysis of whole lenses has contributed significantly to our understanding
of the effects of age and certain types of stresses on lens -SH/-SS- levels in different species.
Aging, clear lenses of the mouse and rat exhibit dramatic, unique oxidation of-SH to -SS-, in
contrast to the lack of substantial -SS- increase observed in aging, normal lenses of other species
such as the guinea pig, rabbit, and human [-SS- formation in the aging rodent lens has been
shown to be due to intramolecular, not intermolecular, bonding of protein -SH groups (Hum
and Augusteyn, 1987)]. In addition, use of Raman spectroscopy has demonstrated a substantial
loss of -SH and increase in -SS- in the nucleus of lenses of guinea pigs exposed to long-term
UVA light (Barron et al., 1988), while, in contrast, no increase in lens -SS- over that present
in controls, was associated with aging of the Emory mouse (DeNagel et al., 1988), or with
galactose-induced cataract in the rat (Cai et al., 1989). The present study represents the first
time that laser Raman spectroscopy has been used to investigate effects of in vivo HBO
treatment on levels of lens -SH and -SS-.

2. Materials and Methods

Male retired breeder Hartley guinea pigs, initially 17 months old, were obtained from Kuiper
Rabbit Ranch (Indianapolis, IN). The animals were held for one month prior to hyperbaric
oxygen (HBO) treatment. During this time, the lenses of the guinea pigs were examined
carefully by slit-lamp biomicroscopy, and animals with lens opacities were excluded from the
study. Procedures used to treat guinea pigs with HBO have been described in detail previously
(Simpanya et al., 2005). Each experimental animal was exposed to 2.5 atm absolute (ATA,;
22.3 psig [pounds per square inch gauge] or 51 ft. of seawater) of 100% O, for 2.5 hr periods,
three times per week on alternate days. One group of animals received a total of 50 treatments
(4 months) and the other group received 85 treatments (7 months). Age-matched control guinea
pigs were included with each group of O,-treated animals. Both 50 and 85 HBO-treatments
have been shown to produce an increased level of lens nuclear light scattering in guinea pigs,
compared to age-matched controls (Borchman et al., 2000; Simpanya et al., 2005). A two-fold
increase in lens focal length variability was observed after 70 treatments of guinea pigs with
HBO (Bantseev et al., 2004).
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Guinea pigs were euthanized with CO,, and the eyes isolated. The lens of one eye was removed
by posterior approach and immediately placed anterior side down in 3.5 ml of Hepes-buffered
Tyrode’s medium, pH 7.0, in a quartz cuvette for analysis by laser Raman spectroscopy. If the
lens of the second eye was to be analyzed, the eye was stored temporarily in Tyrode’s medium
at room temperature. All Raman measurements were conducted at room temperature. The
Raman spectra were excited with 514.5nm radiation from an argon ion laser (Model 20186,
Spectra Physics, Mountainview, CA, USA) with a final power at the sample of 120 mW. The
laser light was passed up through the lens in a vertical direction and scattered light was collected
at 90° to the incident radiation (Fig. 1). In order to allow lens fluorescence background to
dissipate, laser light was passed through each lens for about one hour prior to analysis for -SH
and -SS-.

A single grating Raman spectrometer (HR460, Instruments S.A., Inc., Edison, NJ, USA) and
aholographic notch filter (Kaiser Optical Systems, Inc., Ann Arbor, M1, USA) system equipped
with a liquid nitrogen cooled charge-coupled device (CCD) detector and associated electronics
(Instruments S.A., Inc., Edison, NJ, USA), was used to measure Raman spectra. The grating
used had 1,800 grooves/mm, the entrance slit width was 100 microns, the focal length of the
spectrometer was 640 mm, and the pixel size in the CCD detector was 25 microns. The spectral
resolution, as determined from the full width at half the maximum intensity of the Hg green
line (546.07 nm) from a spectral lamp, was 7 cm™L.

Measurements were taken from two regions of each lens — first, the very center of the lens (the
nucleus) was analyzed, and the cuvette containing the lens was then displaced to permit analysis
at the center of one side of the lens (the equatorial cortex) (Fig. 1). The analysis volume of the
focused laser beam was 0.05u I. At each of the two lens locations, data were recorded in two
spectral regions — one from 200 to 1,200 cm™1 containing the -SS- vibrational mode, and a
second region from 2,100 to 2,800 cm™1 containing the -SH vibrational mode. Data were
analyzed as recorded, and not smoothed. The total time required to make the four measurements
in each lens was 1-2 hours. Examples of Raman spectra for the guinea pig lens nucleus of the
-SS- and -SH regions, with reference peaks, for one control animal and one animal treated 85
times with HBO are shown in Fig. 2. Raman peaks present in each spectral region of interest
were resolved by fitting Lorentzian profiles (Pande et al., 2002) to the observed spectra (Fig.
3) using a non-linear least square curve-fitting procedure from a spectroscopic analysis
software program called DATLABL. For reference points for the -SS- and -SH peaks, Raman
peaks at 622 cm™1 (phenylalanine, Figs. 2A and 3B) and 2723 cm™1 (protein backbone, Figs.
2B and 3D), respectively, were used (Barron et al., 1988). The spectra were first sectioned into
the regions of interest; viz -SS- (465-530 cm™2; Fig. 3A), -SS- reference (615-630 cm™L; Fig.
3B), -SH (2500-2610 cm™2; Fig. 3C) and -SH reference (2700-2760 cm™L; Fig. 3D). After
appropriate baselines were subtracted from each of the four regions, Lorentzians were fitted
in each region. Best fits to the observed Raman spectra were obtained when a single Lorentzian
function was used for the -SS- reference peak (Fig. 3B), a sum of two Lorentzians was used
for both the -SH reference (Fig. 3D) and -SS- (Fig. 3A) regions, and a sum of three Lorentzians
was used for the -SH region (Fig. 3C). The peak positions and amplitudes of the fitted
Lorentzian functions, corresponding to -SS-, -SS- reference, -SH and -SH reference, were
determined for each of the lenses analyzed in the study. For all of the lenses analyzed, -SS-
reference, -SH and —SH reference peak positions varied within +1 cm™ of 622, 2577 and 2723
cm™1, respectively. However, the -SS- peak positions ranged from 500 to 507 cm ™1, and the -
SS- frequency has been denoted as 503 +3 cm™L. The ratios of the amplitudes for -SS-/-SS-
reference, and -SH/-SH reference were used to calculate the data of Figures 4 and 5.

IDATLAB was developed by Prof. K. Syassen, Max-Planck-Institut fluer Festkoerperforschung, Stuttgart, Germany.
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As in our previous studies (Borchman et al., 2000; Simpanya et al., 2005), increased lens
nuclear light scattering was also observed in the present study after 50 treatments of the guinea
pigs with HBO, compared to age-matched controls, and the level of scatter intensified after 85
treatments. Since this type of slit-lamp data has been shown previously (Borchman et al.,
2000; Simpanya et al., 2005), the results have not been repeated here.

Disulfide in the O,-treated nucleus increased by a factor of 2.1 (p=0.0001) and 2.5 (p=0.001)
after 50 and 85 HBO-treatments, respectively, compared to age-matched controls (Fig. 4A).
The 1.4-fold increase in -SS- occurring in the experimental nucleus after 85 HBO-treatments,
compared to 50 treatments (Fig. 4A), was significant at a level of p=0.007. In the O,-treated
cortex, there was a minimal increase in -SS-, compared to the controls (1.3 times the control
for both 50 and 85 HBO-treatments; p=0.03 and p>0.1, respectively) (Fig. 4B). There was also
aminimal increase in control nuclear and control cortical -SS- (1.2-1.3 fold; p=0.05 and p=0.02
respectively, as the guinea pigs aged from 22 to 25 months-old during the course of the study
(Figs. 4A and 4B).

Sulfhydryl levels in the O,-treated nucleus decreased by 13% (p=0.007) and 35% (p=0.001)
after 50 and 85 HBO-treatments, respectively, compared to age-matched controls (Fig. 5A).
The 25% decrease in -SH occurring in the experimental nucleus after 85 HBO-treatments,
compared to 50 treatments (Fig. 5A), was significant at a level of p=0.001. In the O,-treated
cortex, the observed slight decreases in -SH levels compared to controls, after 50 and 85 HBO-
treatments, were each not statistically significant (p>0.05) (Fig. 5B). In addition, control
nuclear and control cortical -SH levels did not change significantly (p>0.1) as the guinea pigs
aged from 22 to 25 months-old during the course of the study (Figs. 5A and B).

4. Discussion

We have confirmed by non-invasive Raman spectroscopy that an increase in lens nuclear -SS-
occurs in guinea pigs treated with HBO (Fig. 4A). These results are in agreement with those
obtained previously through biochemical analysis of lens supernatants, which showed
increases in lens nuclear PSSP and protein/thiol mixed disulfides following HBO-treatment of
guinea pigs (Giblin et al., 1995;Simpanya et al., 2005). Thus, possible artifactual production
of -SS- occurring during lens homogenization in previous studies has been ruled out. When
coupled with the reported in vivo detection of very large protein-aggregates in the lens nuclei
of HBO-treated guinea pigs (Simpanya et al., 2005), the present data link molecular O, with
disulfide-crosslinking of lens nuclear crystallins, leading to a loss of lens nuclear transparency.
Treatment of guinea pigs with HBO has been shown to produce a two-fold increase in lens
focal length viability, compared to age-matched controls (Bantseev et al., 2004). The results
help to explain the observed induction of nuclear cataracts in human patients treated with HBO
(Palmquist et al., 1984), and may also be relevant to the development of maturity-onset and
vitrectomy-induced human nuclear cataracts since these types of cataracts are also thought to
be caused by O, (Dische and Zil, 1951;Holekamp et al., 2005;0gura et al., 1991). The level
of increase of -SS- in the lens nucleus of Oo-treated guinea pigs, compared to age-matched
controls, was found to be more than two-fold (Fig. 4A). Other investigators using Raman
analysis have reported the same degree of -SS- increase in the lens nucleus of guinea pigs
exposed to a low level of UVA light for 9 months (Barron et al., 1988). In a 2003 study, we
showed with the use of biochemical analysis that chronic exposure of guinea pigs to UVA light
produced increases in lens nuclear PSSG and PSSP, as well as an increase in lens nuclear light
scattering. Thus, O, as well as UVA light appear able to induce -SS- formation and loss of
transparency in the guinea pig lens nucleus.
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Raman analysis is not able to distinguish between various types of -SS- such as PSSP, protein/
thiol mixed disulfides and oxidized glutathione (GSSG). However, since 90% of the -SH
content of the guinea pig lens nucleus is PSH (Giblin etal., 1995), it is probable that the majority
of the observed O,-induced increase in nuclear -SS- (Fig. 4A) was the result of PSSP formation.
HBO-treatment has been reported not to produce increased levels of GSSG in the lens nucleus
(Giblin et al., 1995). However, substantial amounts of protein-bound glutathione (PSSG) and
protein-bound cysteine (PSSC) do accumulate in the nucleus following HBO-treatment (Giblin
etal., 1995), and thus these compounds would have contributed to some extent to the observed
O,-induced increase in nuclear -SS- (Fig. 4A). PSSG and PSSC levels have been shown
previously not to increase further in the nucleus after reaching a maximum at 30 HBO-
treatments (Giblin et al., 1995). Thus, the significant 1.4-fold increase in -SS- occurring in the
experimental nucleus after 85 HBO-treatments, compared to 50 treatments (Fig. 4A), would
have been due entirely to PSSP formation. This finding links increased PSSP with the increase
in lens nuclear light scattering that is observed as the number of HBO treatments increases
(Borchman et al., 2000; Palmquist et al., 1984). The 2.5-fold increase in lens nuclear -SS- at
85 HBO-treatments (Fig. 4A) is actually lower than expected, based on the observed change
in nuclear -SH levels from 50 to 85 HBO-treatments (Fig. 5A). It is possible that at higher
levels of lens nuclear -SS-, Raman analysis yields lower-than-actual -SS- levels. Other
researchers have had difficulty using Raman to analyze healthy human lenses older than 58
years (Yu et al., 1985a).

Only a minimal increase in lens cortical -SS- was observed following HBO-treatment (Fig.
4B). This result is in accord with our previous biochemical data showing little or no effect of
in vivo HBO-treatment on the levels of PSSP, PSSG, PSSC and GSSG in the guinea pig lens
cortex (Giblin et al., 1995;Simpanya et al., 2005). The result also agrees with our previous in
vitro studies showing few effects of HBO on the cortex or epithelium of cultured lenses
(Padgaonkar et al., 1993;Padgaonkar et al., 1989). The guinea pig lens cortex is very well-
protected against PSSP formation since it contains a high ratio of GSH to PSH, 1:1, compared
to aratio of only 1:10 existing in the lens nucleus (Giblin et al., 1995). Thus, any PSSP forming
in the O,-treated cortex would be rapidly reduced back to PSH by action of GSH and the
glutathione redox cycle, following removal of the oxidative challenge (Giblin, 2000). We
observed a slight but only minimally significant increase in -SS- level in both the nucleus and
cortex of control guinea pigs as they aged from 22 to 25 months-old (Fig. 4A and 4B). Other
researchers have used Raman spectroscopy to show only slight increases in the levels of lens
nuclear -SS- in 3-5 year-old guinea pigs and rabbits due to normal aging (Yu et al.,
1985h;0zaki and Mizuno, 1992) The same type of result was reported for the normal lens of
a 65 year-old human, compared to a 9 year-old (Yu et al., 1985b). This is in contrast to the
aging mouse lens which shows a dramatic increase in -SS- level as a result of intramolecular
PSSP formation (Yu et al., 1985b;Hum and Augusteyn, 1987). Thus, the aging guinea pig lens
appears to be identical to the aging human lens with regard to an absence of substantial increase
in -SS- level, as long as the lens remains transparent. It has been believed for many years that
lens crystallins will not disulfide-crosslink until the level of GSH in a particular region of the
lens has reached a critically low level (Kinoshita and Merola, 1959;Giblin et al., 1979;Giblin,
2000). It is thought that when the level of GSH drops below 1mM in the lens nucleus, PSSP
formation and eventual nuclear cataract is initiated. More than 90% of -SH groups in the human
lens are oxidized to -SS- in mature nuclear cataracts (Truscott and Augusteyn, 1977;Garner
and Spector, 1980).

A substantial loss of -SH was observed in the O,-treated lens nucleus compared to age-matched
controls at both 50 and 85 treatments with HBO (Fig. 5A). Most of this loss was presumably
associated with loss of PSH due to formation of PSSP, and to some extent also to formation
of PSSG and PSSC. Previous biochemical analyses have shown substantial loss of PSH in the
lens nuclei of HBO-treated guinea pigs (Giblin et al., 1995). The lens nuclear levels of GSH
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in both control and HBO-treated guinea pigs have been reported to be low and not substantially
different from each other (Giblin et al., 1995), and thus GSH loss would not have contributed
significantly to the observed O,-induced decrease in -SH level. The extent of the lens nuclear
-SH loss observed after 85 O,-treatments, amounting to 35% (Fig. 5A), is nearly equal to that
obtained by Raman analysis of lenses of guinea pigs exposed to UVA light for 9 months
(Barron et al., 1988). We observed a slight but insignificant loss of -SH in the O,-treated lens
cortex compared to the age-matched control (Fig. 5B). Similar results were obtained previously
for biochemical analysis of PSH and GSH in the lens cortex of HBO-treated guinea pigs (Giblin
et al., 1995). Our Raman data indicate that -SH is about 1.2-fold higher in the normal guinea
pig lens nucleus compared to the cortex (Fig. 5A and B: 1.24 -SH in the control nucleus,
compared to 1.05 -SH in the control cortex). This result matches the Raman data of Yu et al.,
1985b, for the guinea pig lens. However, when results of biochemical analyses for PSH and
GSH in the guinea pig lens are considered (Giblin et al., 1995), -SH should actually be about
1.1x higher in the cortex than the nucleus, because of the nearly 25 mM GSH present in the
cortex. The reason for the discrepancy between Raman and biochemical results for lens -SH
is not known.

We observed no significant change in -SH level in either the control nucleus or cortex as the
animals aged from 22 to 25 months old (Figs. 5A and 5B). Other researchers have used Raman
spectroscopy to show a 50% loss of -SH in the guinea pig lens nucleus from age 3 weeks to
age 5 years, presumably due to a decrease in the level of GSH with normal aging (Yu et al.,
1985b). The relatively short time investigated in the current study (3 months) would not have
been sufficient to detect a significant -SH loss.

In summary, we have used the non-invasive technique of Raman spectroscopy to confirm a

substantial increase in -SS- and loss of -SH in the lens nucleus of guinea pigs treated with HBO.
Possible artifactual production of -SS- occurring during lens homogenization in previous HBO/
guinea pig studies has thus been ruled out. The results provide additional evidence to support
alink between O,, disulfide-crosslinking of lens crystallins in the nucleus, and nuclear cataract.
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Fig. 1.

Analysis of a guinea pig lens by laser Raman spectroscopy at a 90° geometry. The lens was
placed anterior side down in 3.5ml of Tyrode’s medium in a quartz cuvette. The laser beam
was passed up through the center of the lens and focused either in the nucleus or equatorial
cortex.

Exp Eye Res. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gosselin et al.

>

Raman intensity (arb. units)

Oz-treated

_8S-
rd Ref. Peak

Control

Ref. Peak
-SS5- T
/

1 1 L 1 1 Il

475 500 525 550 575 600 625

C

Raman intensity (arb. units)

Raman shift (cm™)

Oz-treated

/
-85-

_— Control

475 500 525 550
Raman shift (cm™)

Fig. 2.
Raman spectra for the guinea pig lens nucleus of the -SS- (A) and -SH (B) regions, with
reference peaks, for one control animal plus one animal treated 85 times with hyperbaric
oxygen. An enlargement of the -SS- region for control and 85 treatments is also shown (C).
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Fig. 3.
Analysis of Raman data for guinea pig lenses using Lorentzian profiles. Black lines: the
observed spectra; blue lines: individual Lorentzian profiles; red lines: fitted Lorentzian profiles.
(A). -SS- peak at 507 cm~1 (B) -SS- reference peak (phenylalanine) at 622 cm™ (C) -SH peak
at 2577 cm1 (D) -SH reference peak (protein backbone) at 2723 cm™1.
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Fig. 4.

The effect of 50 and 85 HBO-treatments of guinea pigs on the relative levels of -SS- in the
lens nucleus (A) and cortex (B), compared to age-matched controls. Isolated intact lenses were
analyzed by laser Raman spectroscopy (see Methods). Levels of -SS- (Fig. 4) and -SH (Fig.
5) were measured in the same lenses. The ages of the animals were 22 months-old at 50
treatments and 25 months-old at 85 treatments. Results are expressed as means + standard
deviation for an n of 4, using lenses from 2-4 animals.
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Fig. 5.

The effect of 50 and 85 HBO-treatments of guinea pigs on the relative levels of -SH- in the
lens nucleus (A) and cortex (B), compared to age-matched controls. Isolated intact lenses were
analyzed by laser Raman spectroscopy (see Methods). Levels of -SS- (Fig. 4) and -SH (Fig.
5) were measured in the same lenses. Ages of the animals were 22 months-old at 50 treatments
and 25 months-old at 85 treatments. Results are expressed as means + standard deviation for
an n of 4 using lenses from 2-4 animals.
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