Visualising UV-A light-induced damage to plasma membranes of eye lens
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Abstract

An eye lens is constantly exposed to the solar UV radiation, which is considered the most important
external source of age-related changes to eye lens constituents. The accumulation of modifications of
proteins and lipids with age can eventually lead to the development of progressive lens opacifications,
such as cataracts. Though the impact of solar UV radiation on the structure and function of proteins
is actively studied, little is known about the effect of photodamage on plasma membranes of lens
cells. In this work we exploit Fluorescence Lifetime Imaging Microscopy (FLIM), together with
microviscosity-sensitive fluorophores termed molecular rotors, to study the changes in viscosity of
plasma membranes of porcine eye lens resulting from two different types of photodamage: Type I
(electron transfer) and Type II (singlet oxygen) reactions. We demonstrate that these two types of
photodamage result in clearly distinct changes in viscosity — a decrease in the case of Type I damage
and an increase in the case of Type II processes. Finally, to simulate age-related changes that occur
in vivo, we expose an intact eye lens to UV-A light under anaerobic conditions. The observed decrease
in viscosity within plasma membranes is consistent with the ability of eye lens constituents to
sensitize Type I photodamage under natural irradiation conditions. These changes are likely to alter
the transport of metabolites and predispose the whole tissue to the development of pathological
processes such as cataracts.
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Introduction

The eye lens has a unique structure, mainly consisting of organelle-free long fibre cells packed
in an onion-like construction [1]. This structure is necessary to support the main functions of an eye
lens, the transmittance and focusing of visible light onto the retina. To minimize scattering and
increase the acuity of vision, the lens cells are tightly packed, with small intercellular space and thin
plasma membranes, which are smaller than the wavelength of transmitted light. In avascular tissue of
eye lens the transport of metabolites proceeds via plasma membranes, hence, any defects in their
structures could induce the development of disorders, including some types of cataracts [1].

The absence of organelles in eye lens cells has important consequences, leading to no protein
[2] and lipid [3] turnover during a lifespan of an individual. All eye lens constituents accumulate
various modifications with age, and this manifests itself in an increased light scattering, yellow
coloration and lens stiffness. A formation of a barrier preventing metabolite exchange between central
and peripheral areas of lens was reported [4,5], which predisposes the lens nucleus to oxidative stress
and, hence, cataract formation [6]. Though significant age-related changes in lipid content of human
lens cell membranes were reported [7,8], a mechanism for the diffusion barrier formation is still
unclear. An investigation of age- and oxidation damage-related changes in plasma membranes could
shed light on the mechanisms of eye lens aging and the formation of cataracts.

The most important external source of damage to proteins and lipids of eye lens is UV-A
radiation (315-400 nm) [9,10], the most intense part of the solar UV radiation reaching the Earth’s
surface. In a human lens this light could be absorbed by endogenous chromophores, mainly
kynurenine (KN) and its derivatives [11,12]. Though KNs exhibit low yields of reactive triplet states
[13,14], they could nevertheless still induce damage to proteins via direct one-electron oxidation
(Type 1) [15,16] or via the formation of singlet oxygen (Type II) [17,18] and its subsequent reactions
with surrounding molecules. It should be noted that an eye lens is the tissue with extremely low
presence of oxygen, at the level below 2 uM (or PO, < 2 mmHg) in the lens nucleus [19] (¢f PO2 38
mmHg, ca. 5% of atmospheric pressure in the aqueous humor around lens [19], and near atmospheric
pressure in epithelial skin cells). In a tissue with such a low oxygen content, Type I reactions may be
expected to dominate. Proteins are currently considered to be the major targets for photodamage due
to their abundance, however, a possibility of Type I processes (intracellular or intramembrane),
leading to plasma membrane damage, has not yet been explored.

In our previous work we have shown that Fluorescence Lifetime Imaging Microscopy (FLIM)
together with small fluorescent molecules sensitive to local microviscosity, the so-called ‘molecular
rotors’, is a powerful non-destructive approach to study the properties of plasma membranes of eye
lens cells [20]. The advantage of a lifetime-based approach is its independence of the sensor
concentration, unlike in fluorescence intensity-based methods. In our pilot study of porcine eye lens
membranes, we discovered that they exhibited extremely high viscosities and high degree of lipid
self-organization, as compared to several other cell types studied to date [21-24]. These high
viscosities, consistent with lipids present in pure liquid ordered (L,) phase, originate from the high
cholesterol and sphingomyelin content within plasma membranes of eye lens [25, 26]. It seems likely
that any damage to these well-organized membranes may significantly alter their structure and,
therefore, may affect their functionality.

Here we use FLIM in combination with a charged BODIPY-based molecular rotor to
investigate the consequences and dynamics of different types of photodamage (Type I and Type II)
on the plasma membrane viscosity in porcine eye lens cells. We induce photodamage in a microscopy
experiment in a spatially resolved manner [27-29] and visualise affected tissues in direct comparison



with neighbouring non-affected areas. To simulate all possible types of photodamage originating
from intrinsic porcine eye lens chromophores under natural ageing conditions we photolyse the whole
eye lens under anaerobic conditions using 355 nm irradiation. Subsequent analysis of viscosities in
lens slices indicate a viscosity decrease under these conditions, consistent with Type I reactions. Our
data demonstrate the versatility of FLIM-molecular rotor approach to study the impact of different
sources of photodamage to these unique tissues on the cellular level.

Experimental section
Materials

The synthesis of BODIPY rotors B3++ [24], B6++ [30], B10++ [31] and B10 [21] was reported
previously. Kynurenic acid from Sigma-Aldrich (purity > 98%) was used as received. All solvents
used were spectroscopic grade. Toluene, methanol and DMSO were obtained from Sigma-Aldrich,
glycerol was obtained from Alfa-Aesar, alpha-tocopherol from FluoroChem-UK, deuterated water
from Goss Scientific Ltd.

Preparation of eye lens slices

Enucleated porcine eyes were obtained from the abattoir near Bedford, UK, within one hour
after animal’s death and stored on ice for less than 2 hours. The extracted lenses were weighed and
measured, and either immediately frozen or subjected to the 355 nm photolysis as a whole lens (vide
infra) and consequently frozen. All lenses were stored at -80 °C until used in experiments, typically
2-6 days after extraction. Slices of lenses with thickness of 14 um from equatorial area were obtained
by cryotome slicing (OTF cryostat, Bright Instrument Company Ltd, UK) and mounted onto
microscope slides (SuperFrost Plus, Thermo Fisher Scientific, Germany). The total number of used
animal lenses was N = 24; the age of animals was around 6 months.

UV-A photolysis of the whole eye lenses

Whole eye lenses were placed in 1x1 cm quartz cells with 2 ml of artificial aqueous humor
(AAH), a solution similar to the aqueous humor in the anterior chamber of the eye. The AAH was
made from NaCl 130 mM; KCl 5 mM; MgCl 0.5 mM; CaCl, 1 mM; NaHCO3 10 mM; glucose 5
mM; buffered with 10 mM HEPES. The anaerobic conditions were achieved by intensive bubbling
of nitrogen through the solution 30 min prior to and during the photolysis. For aerobic conditions, the
lens was placed in cell for 30 min with air equilibrated AAH. The whole lenses were photolyzed for
30 min at 355 nm (Nd:YAG, Surelite 1, Photonic Solutions, pulse duration 5 ns, pulse energy 3 mlJ,
10 Hz, beam diameter 8 mm). Control lenses were kept in deaerated AAH for one hour, without UV-
A radiation. Three lenses were used for each type of experiments, including controls.

Incubation of eye lens slices with fluorescent dyes

Phosphate buffered saline (PBS) from Invitrogen was used in all experiments. Each fluorescent
dye was dissolved in DMSO at the concentration of 3 mM and stored at -20 °C. PBS solutions of a
dye at 10 uM were prepared immediately before staining of eye lens slices by adding of 0.2 ul of
DMSO stock solution in 60 pl of PBS; the resulting total concentration of DMSO was 0.3% by
volume. Each eye lens slice was stained with 8 pl of a 10 uM PBS dye solution for 10 minutes. After
the removal of the excess of PBS with a gentle application of a filter paper, the lens slices were
covered by a cover slip and sealed with non-fluorescent lacquer to avoid the drying of tissue slices
during the data acquisition. In our experiments we used lenses from young animals that have no



differences in lipid composition between the cortex and the nuclear regions of the lens [32]. Thus,
frames for the acquisition of fluorescent time-resolved signal were chosen randomly in a slice.

Measurement of singlet oxygen quantum yields

The BODIPY fluorophores’ ability to photosensitize singlet oxygen was quantified in air-
saturated toluene, methanol and a 70% glycerol / 30% methanol mixture (v/v%). Additional
measurements were performed in oxygen-saturated toluene and methanol. Quantum yields of singlet
oxygen production, @a, in toluene and methanol were obtained by comparing the magnitude of the
BODIPY -sensitized time-resolved singlet oxygen phosphorescence signal to the signal sensitized by
phenalenone, which was used as the standard and dissolved in the same solvent as the BODIPY
fluorophore. The singlet oxygen quantum yields of phenalenone are ga = 0.92 + 0.03 in both methanol
and toluene [33]. Phenalenone in methanol was used as a standard for experiments in methanol-
glycerol mixtures with the correction of signal intensities for differences in the efficiency of light
collection due to a change in the solvent refractive index (a factor of n?). Moreover, using the
empirical correlation between the solvent refractive index and the solvent-dependent rate constant for
singlet oxygen radiative decay, the signal intensities were likewise corrected [34]. For all
measurements, the oxygen phosphorescence signal was recorded using different excitation powers,
and the integrated signal intensities were plotted against the excitation power. The quantum yield was
calculated using the following equation [34]:
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where ¢4 and ¢4 are singlet oxygen quantum yields of the sample and the standard, respectively,
7 and 7, are the lifetimes of singlet oxygen, ks and ks are the slopes of the intensity vs. power plots,
and Ay and A, are the absorbances obtained by integrating the product of the absorption spectrum and
the normalized laser spectrum. The absorbances of sample and standard were measured using a
Shimazu UV3600 spectrometer and were set to approximately 0.1. The excitation was performed
using a Tsunami 3941 Ti:Sapphire femtosecond laser (Spectra Physics), which was pumped by a
Millenia V Nd:VO4 laser (Spectra Physics). The output pulses were amplified by a Spitfire
regenerative amplifier (Spectra Physics), which increases the pulse energy by a factor of 10 and
reduces the pulsing frequency to 1 kHz. The regenerative amplifier was pumped by an Evolution
Nd:YLF laser (Spectra Physics). The output of the Spitfire amplifier was frequency doubled using a
B-barium borate (BBO) crystal. The resulting 380 nm wavelength was used for exciting the samples
and the standard. As previously described [35] the time-resolved singlet oxygen phosphorescence at
1275 nm was recorded using a cooled PMT sensitive in the near-IR that was operated in a photon
counting mode. In all experiments a 1 cm quartz cuvettes were used.

Fluorescence imaging

Multiphoton fluorescence imaging of eye lens slices stained with various dyes was performed
using a confocal laser-scanning microscope Leica TCS SP5 II (Leica Microsystem Ltd, Germany).
Room temperature imaging was carried out with a x100 (N.A. 1.0) HCX PL APO CS oil immersion
objective lens with a correction collar (11506279, Leica Microsystem Ltd, Germany). Samples were
excited at 930 nm with a Ti:Sapphire pulsed laser source (680-1080 nm, 80 MHz, 140 fs, Chameleon
Vision II, Coherent Inc., Germany) and the emission intensity was recorded at 490-700 nm for all
dyes.



Fluorescence lifetime imaging (FLIM)

FLIM images of 512x512 pixels were obtained using a Leica TCS SP5 1II inverted scanning
confocal microscope coupled with a TCSPC module SPC830 (Becker&Hickl, Germany) and internal
FLIM detector PMH-100 (Becker&Hickl, Germany), synchronised to a Ti:Sapphire pulsed laser
source (680-1080 nm, 80 MHz, 140 fs, Chameleon Vision II, Coherent Inc., Germany).

Excitation was performed at 930 nm for all BODIPY-based rotors and the emission was
captured at two wavelength ranges to check for possible dye aggregation: 500-580 nm (monomers)
and 590-670 nm (aggregates). The laser power was maintained at < 80 mV before entering the
microscope to avoid cell damage. The acquisition time was varied in the range 200-500 s depending
on the emission intensity from each dye.

FLIM data was analysed in SPCImage v.8.3 software (Becker&Hickl, Germany) using a model
of incomplete biexponential decay with offset values fixed to zero. Maximum Likelihood Entropy
(MLE) was used as a fitting algorithm, particularly suitable for low-intensity signals [36]. The binning
of pixels (rectangular bin 3, 7x7 pixels) was used for all data to produce a typical peak count in the
decay maximum in the range 100-200 counts per pixel (which is deemed sufficient for the MLE
analysis); thresholding was adjusted from sample to sample to remove pixels of low intensity from
the analysis. A pseudocolour scale was assigned to each fluorescence lifetime, amplitude and the
goodness of fit (%) values (red for small values and blue for large values) to provide corresponding
lifetime maps. The lifetimes and deviations presented in the text are the mean values and standard
deviations calculated from averaged histograms (4-6 for each experiment and plotted based on the
total amount of pixels around 300 000).

Results and discussion
Choice of molecular rotor

BODIPY-based molecular rotors are hydrophobic molecules, which easily stain plasma
membranes in 2D cell culture [21, 37], however, their use in 3D culture, such as spheroids or tissue
slices is more challenging due to poor aqueous solubility and resulting accessibility issues [20, 38,
39]. To address the issue of poor aqueous solubility, a series of dyes with charged groups and
decreasing length of the aliphatic tail were synthesised in our group [20, 24, 30, 31] (see Chart S1 of
Supporting Information, SI, for chemical structures). Previously, we found that only one of these
molecules, BC3+, efficiently penetrated the unusually rigid membranes of eye lens cells without
aggregation [20], however, this dye produced insufficiently bright images that required long
accumulation times. We now optimised the staining protocol to minimize the time between the
medium preparation and tissue immersion, from tens of minutes to tens of seconds. Under these
optimized conditions we confirmed that all available rotors do not show aggregation (Section S1 of
SI). The rotor B6++ (see Chart 1 for chemical structure), gave the brightest signal at these conditions
(Figure S2 of SI) and was chosen as the main dye for the present work.



B6++ KNA

Chart 1. Molecular structures of fluorescent molecular rotor B6++ and an intrinsic photosensitiser
found in human eye in trace amounts, KNA.

Our FLIM data have shown that following excitation all BODIPY-based molecular rotors
exhibit a two-component excited state decay within eye lens membranes. Similarly to our previous
studies, [20, 40] biexponential decay could be assigned to two different orientations of rotors, typical
for systems with high degree of lipid ordering, such as liquid-ordered (L,) or gel-phases [40]. The
shorter component (t1 = 0.97 = 0.09 ns) could be assigned to molecules localised in the lipid
headgroup region of membrane and the longest component (t2 = 4.22 + 0.20 ns) to those within the
tail region of lipid bilayer (lifetimes in parenthesis are data for B6++). The longer-lived component
should accurately represent the viscosity and the diffusivity within such membranes [20, 40]. The
direct comparison of viscosities obtained in this study to our previous work using B3+ in given in
Section S2 of SI.

Type-II photodamage

To record FLIM images of viscosity distribution in membranes of eye lenses, we used
multiphoton excitation at 930 nm from Ti:Sapphire laser of B6++. Unexpectedly, we found that
relatively high powers and long acquisition times needed to achieve high signal/noise images lead to
a significant increase of fluorescence intensity and lifetime from the membranes within the irradiated
area, Figure 1. A typical time-resolved decay trace recorded from a plasma membrane location before
and after irradiation are shown as grey and blue curves, respectively, Figure 1E. The analysis of the
FLIM data shows that 930 nm irradiation leads to an increase in both the amplitude (A2) and the
lifetime (12) of the long decay component, consistent with the increased viscosity of the irradiated
area (Figures 1F-1H).
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Figure 1. (A, C) Intensity and (B, D) FLIM images of porcine eye lens stained with 10 uM B6++
following (A, B) 930 nm irradiation or (C, D) in the presence of 3 mM KNA following 710 nm
irradiation. The central frame was irradiated for 1400 sec at 2.0 mW power at the wavelength
indicated, the whole image acquisition time was 300 sec at 0.45 mW. Scale bars are 10 um. (E-H)
FLIM analysis of the data. (E) Averaged time-resolved decays recorded for B6++ from randomly
selected plasma membrane locations (see Section S1 of SI for additional details). Distributions of 11
(F), 72 (G) and A> (H) obtained from biexponential fits of FLIM data. No irradiation (grey lines), 930
nm irradiation (red lines) and 710 nm irradiation in the presence of KNA (blue lines). Independent
biological experiments were performed in triplicate, two image frames were analysed per experiment.
Full size images are presented in Figure S6 of SI.

While this increase of viscosity was unexpected, we note that a large viscosity increase in model
and plasma membranes was previously reported because of singlet oxygen mediated Type II
photoreactions [27-29]. To collect evidence for Type II photoreactions taking place in our present
samples, we carried out three control experiments.

In the first experiment, the eye lens slices were stained with B6++ in heavy water (D20). In
D70, the solvent-mediated lifetime of singlet oxygen increases from 3.5 to 69 us [41, 42]. In turn, the
yield of kinetically competing Type II photodamage should increase in D2O. Conversely, H/D isotope
effects typically have no influence on electron transfer reactions and a significant slowdown is
expected in the case of hydrogen atom transfer (both these processes are Type I photooxidation
reactions) [43]. We expect a significant exchange of H,O to DO within the tissue in these
experiments. Accordingly, a larger increase in fluorescence intensity (Figure S7 of SI) and
fluorescence lifetime (12, Figure 2C) were observed upon irradiation of eye lens slices incubated in
D0 compared to H>O. This lends evidence that the changes in B6++ fluorescence were, indeed, due
to singlet oxygen reactions.

In the second experiment, we added 10 uM of a-tocopherol as an efficient quencher of singlet
oxygen with the rate constants of between 5 x 107 to 7 x 10® M's™! depending on solvent [41] in the
staining solution together with B6++. We noted a slight distortion of eye lens membranes upon o-
tocopherol inclusion (Figure S8 of SI) followed by an increase of their viscosity (light blue curve,
Figure 2D). However, the photolysis at 930 nm resulted in only a minor change of lens viscosity. It
is known that a-tocopherol can also trap radicals, albeit with lower rates, e.g. 6 x 10> M 57! with
hydroperoxide in phospholipid bilayers [44]. Our results imply the efficient quenching of reactive
species by a-tocopherol, again, lending support for Type II reactions taking place.

In the third experiment, FLIM images were recorded with eye lens slices stained with B6++
and sodium azide (NaN3), an efficient quencher of both singlet oxygen and triplet excited states that
are generally the precursors in the photosensitized production of singlet oxygen [41]. Our experiments
were performed at a NaN3 concentration high enough to mitigate singlet oxygen reactivity in the
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cellular environment (10-40 mM) [28]. After exposure of samples with/without NaN3 to the same
dose of irradiation at 930 nm, we confirmed that 10 mM NaN3 significantly reduces the photodamage
and presence of 40 mM NaN3 almost completely inhibits it, as shown by mild or insignificant increase
of 12 value after photolysis, Figure 2E.

Taken together, these three experiments imply that the mechanism of observed photodamage
contains an appreciable component of Type II chemistry involving singlet oxygen.
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Figure 2. Intensity (A) and FLIM (B) images of porcine eye lens stained with 10 uM B6++ and 3
mM Asc following 930 nm irradiation. The central frame was irradiated for 1400 sec (at 2.0 mW
power), the whole image acquisition time was 300 sec (at 0.45 mW). Scale bars are 10 um. (C-F)
Distributions of 12 obtained from biexponential fits of FLIM data. Before (solid grey) and after
(dashed grey lines) photolysis at 930 nm in the absence and presence of (C) DO (red lines), (D) 10
uM of a-tocopherol (blue lines), (E) 10 mM (green lines) and 40 mM (olive lines) NaNj3, (F) 3 mM
Asc (orange) and 3 mM GSH (violet). Independent biological experiments were performed in
duplicate, two image frames were analysed per experiment.

Origin and prevention of Type II photodamage

Viscosity increases during Type II photooxidation reactions were previously studied in giant
unilamelar vesicles, GUVs, constructed from the unsaturated lipid, 1,2-dioleoyl-sn-glycero-3-
phophocholine (DOPC), containing porphyrin-based photosensitiser [29]. This increase was in



agreement with earlier reports of an increase in intracellular viscosity upon singlet-oxygen induced
oxidation in live cells, also containing porphyrin-based photosensitisers [27, 28]. In the case of eye
lens cells, our data above indicate that, upon 930 nm irradiation, a similar viscosity increase is taking
place, however, the source of singlet oxygen is less clear.

The porcine eye lens has a significant absorption in the UV-A region (Figure S5 of SI) but this
absorption is not assigned to any particular endogenous chromophore(s). Extrapolation of data
reported for human and other animal lenses [11, 12, 45, 46] allows to assume the contributions from
KNs and NAD(P)H as the main UV-A absorbing metabolites. These molecules are mostly
photochemically inert, but, under UV-A irradiation, KNs are able to generate triplet states [12, 13],
while NAD(P)H can photoionize [47] with low yields. Though proteins could also contribute to this
absorption [48], their photochemistry under UV-A light is currently unknown.

BODIPY-based dyes were reported to have negligible singlet oxygen quantum yields, unless
modified with heavy atom substituents, such as iodine or, to a lesser extent, bromine [49, 50]. Our
own experiments (Section S3 of SI), indicate that B10, one of close analogues of B6++, has quantum
yields of singlet oxygen production of less than 1% in all organic solvents studied, both viscous and
non-viscous, Table S1 of SI. At the same time, there are reports of cell damage and death upon
multiphoton irradiation of cell cultures at 800-900 nm [51, 52]. Therefore, the photodamage seen
upon 930 nm irradiation could be due to multiphoton induced reactions of the BODIPY excited state
rotor or from endogenous chromophores. It should also be noted that the photodegradation products
of endogenous chromophores may be more efficient generators of singlet oxygen. Due to the nature
of our setup (coverslip-sealed tissue sections), B6++ has to be added to the sample prior to irradiation
and so it is impossible to test whether the photodamage still occurs in the absence of the dye.
Irrespective of the source of the singlet oxygen, our experiments indicate that, similar to model
unsaturated membranes [29] and to cultured mammalian cells [27, 28], Type II reactions appear to
result in an increase of a lipid membrane viscosity, even in an extremely rigid environment of eye
lens plasma membranes.

It should be noted that 1> value increases gradually over exposure and within the irradiated
frame only, leaving the area outside irradiation frame unaffected. It is known that singlet oxygen
reacts with unsaturated lipids via double bonds forming hydrophilic hydroxyperoxide units [53, 54].
No evidence for significant diffusion of singlet oxygen (or its products) outside an irradiated frame
seen here is consistent with previous observations with limited propagation of singlet oxygen damage
in the case of GUVs suspended in aqueous solution [29] and lipid droplets in oil-in-water emulsions
[55]. However, in the case of GUVs, irradiation of a small part of a vesicle caused the whole vesicle
to equilibrate to a higher viscosity value. We do not see such diffusion of oxidised species across eye
lens cells, presumably due to a higher viscosity of these membranes (1000 cP [20]) compared to that
of DOPC GUVs, ca. 170 cP [29].

The eye lenses of mammals contain high concentrations of natural antioxidants, such as
ascorbate (Asc) and glutathione (GSH), at levels of few mM [11, 56]. To test whether these
antioxidants are able to inhibit Type II photodamage, the eye lens slices were stained with additional
Asc or GSH, at 3 mM, close to physiological concentrations. Indeed, the presence of antioxidants
reduced an increase of 1> during photolysis (Figure 2B) and this protective effect was more
pronounced in the case of Asc. Both Asc and GSH are reported to be relatively weak quenchers of
singlet oxygen (approx. 2x10° M!s™! in D,O [41, 57]). Asc is also known as an effective quencher of
triplet states of KN and its derivatives, with rate constants (1-2) x 10° M!s™! [15, 58, 59], and GSH
is known as a scavenger of free radicals [60, 61]. However, the rate constants of different reactions



could be significantly affected by the complex environment of eye lens tissue. The combination of
quenching reactions may contribute to the observed prevention of Type II damage.

Asreported in [19], the eye lens is almost oxygen-free tissue. However, the intralenticular levels
of O2 may increase in epithelial and cortical cells, the most exposed to the outer layer of a lens, due
to an age-related damage to mitochondria, as reported for mice and rat lenses [62,63]. Though human
lenses are significantly different from rodent lenses by composition [25, 26] and structure [1], some
contribution from Type II reactions to the total damage to plasma membranes in aged and cataractous
human lenses could not be excluded.

Type I photodamage

Next, we stained the porcine eye lens with an effective photosensitizer, kynurenic acid (KNA,
see Chart 1 for chemical structure), which is present in trace amounts in healthy human (but not
porcine) eye lenses and at elevated quantities in cataractous lenses [64]. As an intrinsic eye lens
component, we expected good permeability of this molecule across plasma membranes with
homogeneous distribution within intracellular space. Unfortunately, the location of this molecule
within eye lens slice could not be detected, due to an extremely low quantum yield of fluorescence,
ca. 1% [65].

We expect two photon excitation at 710 nm to produce triplet states of KNA, which has a
sufficient linear absorption at 355 nm [65]. An example of FLIM image obtained after 710 nm
irradiation of the eye lens slice stained with 3 mM KNA and 10 uM B6++ is given in Figure 1C (see
Figure S6 of SI for the full-size image). No visual changes in the structure of plasma membranes were
detected, while drastic change of the intracellular space morphology was seen, showing the formation
of granular inclusions stained with B6++.

The analysis of FLIM data in cellular membranes revealed a shift of 12 distribution to shorter
values (Figure 1G) with an increase of its amplitude (A2, Figure 1H). The lower values of 12 seen
upon 710 nm photolysis are in contrast with the larger 1> values seen upon 930 nm irradiation, which
we assigned to Type II photodamage. Despite the shortening of 12, we observed an increase of
fluorescence intensity from irradiated area (Figure 1C), which is primarily due to the increase of A
(Figure 1F). This is likely due to the relocation of the dye from the bilayer surface (the location giving
rise to the short component 11) to the tail region locations within the plasma membrane (characterised
by the long component t2).

KNA exhibits a high triplet state yield (82% [65]) independent of viscosity [66], and the triplet
state is able to react not only with oxygen [17, 18] with rate constant 2.3x10° M s™! [15], but also
with amino acid residues of tryptophan and tyrosine with rate constants 2.5x10° M s™! and 0.8x10°
M s [15, 67], respectively, leading to the formation of corresponding radicals [15, 67, 68]. Due to
high concentrations of proteins in an eye lens (up to 400 mg/ml [69]) and lower concentration of
oxygen, even under air-saturated conditions, we expect the main reactions of KNA triplet state to be
with proteins and not with oxygen, (see Section S4 of SI for additional details). Thus, these reactions
are expected to initiate Type I photodamage. The viscosity decrease detected upon 710 nm irradiation
above is also in line with the data seen as a result of Type I photodamage in model DOPC-based
GUVs, upon radical generation by a known mixed Type I/Type II sensitiser Methylene Blue [29].

To confirm that a decrease in 12 value is due to KNA-mediated radical reactions, we carried out
two control measurements, Figure S9. In the first experiment (Figure S9 of SI, right) a KNA-
incubated eye lens section was exposed to a dose of radiation at 930 nm, analogously to our
experiments on Type II photodamage (Figure 1A). In the second experiment the eye lens slice stained
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with B6++, without KNA, was irradiated at 710 nm (Figure S7 of SI, left). In both experiments we
observed a significant increase of both the fluorescence intensity and the 12 values from membranes
in the irradiated area, which closely matched the data for Type II photodamage (Figures 1A, S6, S9
of SI).

The first control experiment shows the prevalence of Type II photodamage with the excitation
at 930 nm, which was expected as KNA does not absorb one or two photon light of this wavelength
[65]. Additionally, this data confirms that KNA does not inhibit Type II damage generated by 930
nm irradiation. The second control experiment demonstrated that the Type II photodamage can be
initiated at 710 nm, as well as at 930 nm, and the direction of viscosity change is the opposite to the
one observed upon 710 nm excitation in the presence of KNA. This indicates that 710 nm irradiation
initiates different photoreactions in the presence and the absence of KNA. It also seems likely that
Type 1I reactions are still contributing to the observed viscosity change upon 710 nm irradiation in
the presence of KNA. Thus, the reduction of viscosity in these experiments can be underestimated,
as it may be partially masked by Type II-mediated increase that is occurring simultaneously, (see SI
for a comment). It is interesting to note that such simultaneous activation of both types of damage
appears to result in a narrowing of 1> distribution (red curve) as compared to the non-irradiated values
(grey curve). This agrees with previous results on model membrane systems, where a narrow
histogram of B10 lifetime (t2) was obtained upon the photolysis of Methylene Blue in DOPC, which
is expected to initiate both types of photodamage, Type I and Type II [29].

The long lifetime component (t2) exhibits monotonic changes with exposure dose in both cases
of photodamage (Figure S10 of SI), reaching values of t2(Type I) = 4.14 + 0.17 ns and 12(Type II) =
4.54 +0.22 ns. Though Type I photodamage leads to relatively small changes in the 1> value, a distinct
difference between two types of damage could be clearly seen. Both Type I and II damages lead to
visible increase of A; value (Figure 1) that could be interpreted as a relocation of B6++ from the outer
surface of membrane to the tail region of the lipid bilayer. This may originate from higher solubility
of hydrophobic B6++ within damaged membrane.

Radical reactions of KNA with amino acids and proteins were recently studied in detail, [16,
68, 70-72] however, there is no data regarding reactions of photoexcited KNA with lipids. It is
important to note that the oxidation of KNA" by residual oxygen leads to the formation of superoxide
anion 02" [68, 71], which is typically considered as a precursor of other reactive oxygen species like
hydrogen peroxide and hydroxyl radical [57]. The recombination reactions between tryptophanyl and
tyrosyl radicals within protein globule result in the cross-linking of lens proteins [15,16]. It could be
expected that under UV-A light KNA directly reacts with proteins from the intracellular space and,
to a lesser extent, with membrane proteins. Subsequent radical reactions damage the most vulnerable
cell constituents, including the unsaturated bonds of membrane lipids. The exact mechanisms of
membrane damage in Type I reactions are not completely clear at present. It seems likely that radicals
formed in the primary reactions of triplet state quenching by tryptophan and tyrosine residues of
proteins are participating in a variety of reactions with surrounding proteins and unsaturated lipids
from membranes. A formation of pores was previously reported [54, 73, 74] and we and others have
previously reported an increase in membrane fluidity under Type I photodamage [29, 75]. It is likely
that a cleavage of unsaturated bonds due to hydrogen abstraction increases the heterogeneity of
membrane and lowers its viscosity. A cross-linking between lipids or between lipids and proteins
may also contribute to the membrane heterogeneity, although we expect that the formation of cross-
linked species should increase the viscosity [76].

Another interesting result is the change in the morphology of intracellular space upon Type |
photodamage, namely the formation of granular inclusions stained with B6++, Figure 1C, 1D (for
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high resolution intensity and FLIM images see Figures S6D1 and S6D2 of SI). The relocation of
mainly hydrophobic B6++ molecule from membranes to the intracellular space indicates a
hydrophobic character of these structures. At the same time, the long lifetime of the rotor (that
exceeds that expected from lipid membranes, Figures SO6E-S6H of SI) indicates that it may be tightly
bound. Our data cannot identify the content of these granules, but their location within intracellular
milieu points out an inclusion of lens proteins. The proteins are known to lose water solubility upon
aggregation and cross-linking [77-79], which is the major outcome of KNA-mediated damage to
proteins via Type I radical reactions [15, 16]. Therefore, KNA induced Type I reactions may initiate
the formation of these granules. Water insoluble protein aggregates likely contain hydrophobic
domains, which could be suitable for binding of our rotor, which otherwise has a very poor solubility
in an aqueous environment. If our assignment is correct, this is the first direct observation of protein
aggregation within eye lens (ex vivo) under UV-A radiation.

The simulation of age-related photodamage to plasma membranes

In the living organism the eye lens is essentially an oxygen-free tissue [19] and it follows that
any physiologically relevant studies of photodamage should be performed under anaerobic conditions
and, ideally, in an intact lens. However, photolysis under aerobic conditions could provide additional
mechanistic information about possible mechanisms for photoreactions taking place within tissue
under UV-A irradiation and/or simulate the conditions of an eye trauma accompanied by an influx of
oxygen.

We used the whole porcine eye lenses to study the effects of UV-A irradiation, simulating a
natural light exposure-triggered ageing process. In these experiments a freshly harvested lens was
placed in a quartz cuvette filled with the artificial aqueous humor (AAH), a liquid similar to that
surrounding a lens in the living eye, and irradiated the sample by pulsed laser excitation at 355 nm
under anaerobic or aerobic conditions (see Experimental section for details). In a control experiment
another eye lens was kept at identical anaerobic conditions but without UV-A irradiation.

Characteristic FLIM images of thus treated and sliced tissues stained with B6++ are shown in
Figure 3. Identical biexponential decays of B6++ within plasma membranes and a full coincidence
of averaged histograms for control and untreated lenses (Figure 3G) indicates that the structure and
properties of plasma membranes were unaffected by the prolonged stay of eye lens in AAH under
anaerobic conditions.

UV-A irradiation leads to drastic changes in the fluorescence decays of B6++ in eye lens tissue,
Figure 3G. Analysis of the FLIM data shows that UV-A photolysis leads to minor variations in ti
values (Figure 3H) but significant lowering of the 12 values, indicative of lower viscosity (Figure 31).
Homogeneous distributions of 12 values over FLIM images (Figures 3D-3F) indicate no selectivity
of photoinduced processes to different parts of cell membranes. The significant reduction in 12 values
correlates well with changes seen in the case of Type I photodamage to eye lens membranes in this
work and in model GUV membranes composed of DOPC [29].

Conversely, a slight increase of 12 values was seen under air-saturated conditions, Figure 3.
This effect could be interpreted as a combined action of Type I and II photoreactions with a
prevalence of Type Il reactions in the total damage of plasma membrane. This indicates that at least
a part of intrinsic eye lens chromophores form triplet states, which could be quenched by dissolved
oxygen, leading to the formation of singlet oxygen. We note that these changes occurred in the
absence of B6++ and hence any damage was generated solely by the endogenous chromophores of
the lens.
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However, significant contribution of the Type I damage is seen even in the presence of oxygen.
Under anaerobic conditions oxygen is not available and so the triplet states generated by 355 nm
photolysis must react with surrounding tissue components initiating Type I damage to membranes
via cascades of radical reactions. It should be noted that NAP(D)H is able to undergo two-photon
ionization under UV-A light [80]. Though the probability of this process under natural conditions is
very small, the photoionization leads to the formation of hydrated electron, a highly reactive species,
which can oxidize surrounding molecules non-selectively.

Our results shed light on mechanisms of photoinduced processes in aerobic and anaerobic
conditions within the eye lens and could be useful for the interpretation of age-related changes in the
properties of plasma membranes of human eye lenses. However, it should be noted that the
photoinduced changes observed in this work were recorded under conditions of an overloaded
protection system. We used UV-A radiation intensities significantly higher than those expected to
occur naturally and, thus, various processes, which normally should be supressed by main eye lens
antioxidants present in the tissue (e.g. Asc and GSH) could not be effectively scavenged.

Other processes, such as slow thermal reactions initiated by photoinduced processes cannot be
seen in our simple simulation experiment. For example, it was reported that UV-A photolysis of KN
and lens proteins in the presence of Asc and subsequent incubation of irradiated samples under dark
conditions during 3-7 days results in the formation of advanced glycation end products, which absorb
UV-A light and contribute to the development of cataract [81]. However, these slow modification
processes, that naturally take place on the timescales from several months to decades are difficult to
simulate under laboratory conditions.

UV-A / air
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Figure 3. Fluorescence intensity (A-C) and FLIM (D-F) images of porcine eye lens stained with 10
uM B6++, following 355 nm irradiation of the whole lenses for 30 min (at 3 mJ/pulse, 10 Hz) under
(A, D) anaerobic or (C, F) aerobic conditions; (B, E) control eye lens exposed to anaerobic conditions
without UV-A light. Scale bars are 10 um. (G-I) FLIM analysis of the data. (G) Averaged time-
resolved decays recorded for B6++ from randomly selected plasma membrane locations.
Distributions of 11 (H) and 12 (I) from biexponential fits of FLIM data. No irradiation (grey dashed
lines), control lens after staining under anaerobic conditions (light grey lines), 355 nm irradiation
under anaerobic (red lines) and aerobic (blue lines) conditions. Independent biological experiments
were performed in triplicate, four image frames were recorded per experiment.

Finally, we should mention that the lipid composition of plasma membranes of human eye
lenses significantly differs from porcine samples, mainly by higher content of cholesterol and
dihydro-sphingomyelins present in human lens membranes [25, 26, 32]. The composition of
intracellular milieu is also somewhat different, for proteins [69] and metabolites [12, 46]. However,
our results clearly show that changes in viscosity upon Type I and II damage to porcine eye lens
membranes correlate well with changes observed within the model DOPC membranes [29], which
are much less ordered and exhibit lower viscosity as compared to porcine lens membranes. Therefore,
in the case of a human lens we could expect the same changes in viscosity in response to different
photodamage types, although the extent of changes may vary from the values reported in this work.

Conclusions

In this work, we demonstrated that our approach, a combination of FLIM and molecular rotors,
could be used to successfully quantify dynamic changes in viscosity within plasma membranes of
eye lens under various types of photodamage. Type Il photodamage results in significant increase of
membrane viscosity that is expected to affect the transport of metabolites within this avascular tissue.
Though intrinsic antioxidants Asc, GSH and a-tocopherol could prevent this photodamage to an
extent, the maintenance of anaerobic conditions within the eye lens is critically important to avoid
Type Il reactions within the tissue.

In this work we studied the reactions initiated by multiphoton irradiation of KNA directly
within the eye lens tissue, rather than in a diluted solution in vitro, for the first time. We demonstrated
that irradiation of KNA within eye lens at 710 nm leads to Type I reactions, resulting in the damage
to both intracellular proteins and lipid membranes. The evidence for the former was in the formation
of hydrophobic substructures within intracellular milieu of eye lens cells; the latter was manifested
by the lowering of the bilayer viscosity. For plasma membranes this outcome likely originates from
radical induced cleavage of unsaturated bonds in lipids. Since KNA is known as a sensitizer of protein
cross-linking, it seems reasonable to assume an additional contribution from cross-linking between
lipids and proteins (trans-membrane and intracellular), however, more detailed studies at the
molecular level are required to understand the nature of viscosity lowering in Type I photoreactions.
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In our simulation of UV-A induced damage to the whole eye lens, we found that under
anaerobic conditions the intrinsic eye lens constituents are able to generate damage to membranes
with the lowering of membrane viscosity, which is characteristic of Type I photodamage. Due to a
large variety of intrinsic chromophores susceptible to the UV-A light present within the eye lens, it
is impossible to assign this effect to a particular chromophore or a reaction. Small increase of
membrane viscosity during the photolysis under aerobic conditions was also seen, which probably
could be attributed to a combined action of Type I and Type II reactions. Due to a very low oxygen
pressure in an intact eye lens, Type Il reactions are unlikely to prevail under normal conditions, apart
from in an eye trauma.

It seems likely that Type I reactions are effectively inhibited in a healthy lens under natural
conditions by intrinsic antioxidants. However, the impact of Type I reactions may be significantly
increased with age and subsequent weakening of the protection system of an individual.
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Figure captions

Figure 1. (A, C) Intensity and (B, D) FLIM images of porcine eye lens stained with 10 uM B6++
following (A, B) 930 nm irradiation or (C, D) in the presence of 3 mM KNA following 710 nm
irradiation. The central frame was irradiated for 1400 sec at 2.0 mW power at the wavelength
indicated, the whole image acquisition time was 300 sec at 0.45 mW. Scale bars are 10 um. (E-H)
FLIM analysis of the data. (E) Averaged time-resolved decays recorded for B6++ from randomly
selected plasma membrane locations (see Section S1 of SI for additional details). Distributions of i
(F), 12 (G) and A2 (H) obtained from biexponential fits of FLIM data. No irradiation (grey lines), 930
nm irradiation (red lines) and 710 nm irradiation in the presence of KNA (blue lines). Independent
biological experiments were performed in triplicate, two image frames were analysed per experiment.
Full size images are presented in Figure S6 of SI.

Figure 2. Intensity (A) and FLIM (B) images of porcine eye lens stained with 10 uM B6++ and 3
mM Asc following 930 nm irradiation. The central frame was irradiated for 1400 sec (at 2.0 mW
power), the whole image acquisition time was 300 sec (at 0.45 mW). Scale bars are 10 um. (C-F)
Distributions of 12 obtained from biexponential fits of FLIM data. Before (solid grey) and after
(dashed grey lines) photolysis at 930 nm in the absence and presence of (C) DO (red lines), (D) 10
uM of a-tocopherol (blue lines), (E) 10 mM (green lines) and 40 mM (olive lines) NaNj3, (F) 3 mM
Asc (orange) and 3 mM GSH (violet). Independent biological experiments were performed in
duplicate, two image frames were analysed per experiment.

Figure 3. Fluorescence intensity (A-C) and FLIM (D-F) images of porcine eye lens stained with 10
uM B6++, following 355 nm irradiation of the whole lenses for 30 min (at 3 mJ/pulse, 10 Hz) under
(A, D) anaerobic or (C, F) aerobic conditions; (B, E) control eye lens exposed to anaerobic conditions
without UV-A light. Scale bars are 10 um. (G-I) FLIM analysis of the data. (G) Averaged time-
resolved decays recorded for B6++ from randomly selected plasma membrane locations.
Distributions of 11 (H) and 12 (I) from biexponential fits of FLIM data. No irradiation (grey dashed
lines), control lens after staining under anaerobic conditions (light grey lines), 355 nm irradiation
under anaerobic (red lines) and aerobic (blue lines) conditions. Independent biological experiments
were performed in triplicate, four image frames were recorded per experiment.
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