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Noninvasive imaging of visual system components in vivo is critical for understanding the causal
mechanisms of retinal diseases and for developing therapies for their treatment. However,
ultraviolet light needed to excite endogenous fluorophores that participate in metabolic processes
of the retina is highly attenuated by the anterior segment of the human eye. In contrast, 2-photon
excitation fluorescence imaging with pulsed infrared light overcomes this obstacle. Reducing
retinal exposure to laser radiation remains a major barrier in advancing this technology to studies
in humans. To increase fluorescence intensity and reduce the requisite laser power, we modulated
ultrashort laser pulses with high-order dispersion compensation and applied sensorless adaptive
optics and custom image recovery software and observed an over 300% increase in fluorescence
of endogenous retinal fluorophores when laser pulses were shortened from 75 fs to 20 fs. No
functional or structural changes to the retina were detected after exposure to 2-photon excitation
imaging light with 20-fs pulses. Moreover, wide bandwidth associated with short pulses enables
excitation of multiple fluorophores with different absorption spectra and thus can provide
information about their relative changes and intracellular distribution. These data constitute a
substantial advancement for safe 2-photon fluorescence imaging of the human eye.

Introduction

Noninvasive assessment of physiological processes needed to sustain vision in humans is essential for
detecting the earliest signs of progressive eye diseases, developing new therapeutics, and evaluating their
efficacy. Typically, assessment of retinal health is accomplished through electrophysiological recordings
and psychophysical tests in conjunction with fundus photography, scanning laser ophthalmoscopy (SLO),
or optical coherence tomography (OCT) imaging (1-6). These techniques are well suited to measure the
extent of retinal damage, though degeneration must be severe enough to reliably detect changes in the
retina (7). Recently, OCT was applied to measure changes in the optical path through photoreceptor outer
segments after visual stimulation (8, 9). However, available methodologies remain inadequate for detecting
deviations at the cellular level in the retina that lead to degeneration. In addition, early evaluation of retinal
health is critical for developing innovative treatments that preserve sight. To effect the management and
outcome of currently incurable blinding diseases caused by genetic alternations, aging, or environmental
insults, a new methodology is needed to visualize the retina safely at subcellular resolution and to assess the
efficacy of pharmacological agents, grafted progenitor cells, and gene replacement.

Fortunately, the retina of the intact eye is generally accessible to optical methodology. Moreover, ret-
inoid fluorophores that sustain vision provide an opportunity to investigate biochemical events related to
retinal health (10). Over the last 2 decades, progress towards understanding the chemistry and biology of
vision at the molecular level has been substantial (11-15). Activation of visual pigments in rod and cone
photoreceptor cells is initiated by photoisomerization of the visual chromophore, 11-cis-retinylidene, to
its all-trans configuration (10, 16). Regeneration of this 11-cis isomer, a derivative of vitamin A that is
needed to maintain vision, occurs through a multistep process known as the retinoid visual cycle, located
in photoreceptors, the retinal pigment epithelium (RPE), and possibly Miiller cells (17). Additionally,
byproducts of the retinoid visual cycle including N-retinylidene-N-retinylethanolamine (A2E) and other
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retinal condensation products, are components of lipofuscin, which accumulates in the RPE with age
and overaccumulates in disease states (18). Defects in various steps of the retinoid visual cycle have been
linked to blinding diseases (17), and measuring its byproducts can provide an early indication of retinal
health as well as a means to assess different therapies.

Two-photon excitation (TPE) fluorescence (TPEF) imaging of the eye with infrared (IR) light pro-
vides an opportunity for monitoring the retinoid visual cycle in subcellular detail. Because light scattering
decreases at longer wavelengths, the IR light beam is less impacted by inhomogeneities of the ocular tissue;
thus, it can maintain its shape throughout the approximately 250-um thickness of the retina, in contrast
to visible light. For retinal tissue, the photon transport mean free path at 400 nm can be estimated to be
less than 40% of that at 780 nm (19). Moreover, 2-photon absorption is proportional to the square of the
excitation light intensity (20), and 2-photon absorption cross sections are very small, on the order of 10~
cm*'s per photon. Therefore, TPE occurs only around the focal volume, thus minimizing out-of-focus noise
(21). Furthermore, the direct transmission through the anterior segment of the human eye is relatively low
for wavelengths shorter than 400 nm, but it increases substantially for light wavelengths used in TPEF (22).
Because fluorophores participating in the retinoid visual cycle have maximal absorptions at less than 400
nm when excited with a traditional 1-photon process (23), TPEF with IR light has the further potential for
safely imaging and measuring changes in retinoids to assess retinal health in humans.

Equations indicating that the efficiency of generating TPEF is inversely proportional to the pulse
duration and pulse repetition frequency (PRF) were derived in the 1990s (20); however, a reduced laser
pulse duration is associated with an increased spectral bandwidth and concomitant dispersion and
phase distortions introduced by the tissue and optical components of the imaging system, and previ-
ous efforts based on reducing PRF did not succeed in achieving scanning speeds, image size, or laser
power levels appropriate for noninvasive imaging of the retina. Positive dispersion results in longer
wavelengths arriving faster than shorter wavelengths, thus stretching laser pulses in the time domain at
the imaged sample. Typically, a short laser pulse duration at the sample can be restored by introducing
negative dispersion or dispersion pre-compensation, through incorporating a prism pair or a grating
pair (24). For very short pulses, however, higher order dispersion terms (higher than second-order
group delay dispersion or GDD) become significant, such that these precompensation methods often
render unsatisfactory results, especially when applied in a complex microscope setup. Thus, more
advanced dispersion compensation methods are required.

Performing noninvasive imaging of unstained tissue also is impacted by low quantum yields and absor-
bance spectra of endogenous fluorophores, light scattering, and wave-front distortion caused by the tissue
layers between the tissue of interest and the objective, and limited-access window or numerical aperture
(NA), which in the human eye is equal to 0.2. Subcellular images of endogenous retinoids in the retina have
been obtained in mice and primates (25, 26). However, to achieve safe imaging in humans, laser light suf-
ficient for visualizing cellular and biochemical components must be reduced. Significant progress has been
made toward this goal by (a) improving the excitation beam focus by incorporating adaptive optics, and (b)
registering and averaging low signal-to-noise TPEF images obtained with low laser power (27-33). TPEF
also is inversely proportional to the pulse duration of the excitation light; thus, a laser delivering shorter
pulses could have a major impact on lowering the laser energy required for imaging (20). TPEF imaging of
the retina in vivo has not yet been achieved with laser pulses shorter than 45 fs. Side-by-side comparisons
of TPE efficiency of endogenous fluorophores with different laser pulse durations and bandwidths in the fs
range also are lacking, even for in vitro systems.

Here, we compared 75-fs, 32-fs, and 20-fs laser pulses for imaging areas of retina larger than 1 X 1 mm
in mice with well-defined genetic defects that cause degenerative retinal diseases in humans. The duration
of short laser pulses was preserved at the sample plane by using a custom spatial light modulator (SLM)
and a diffraction grating-based dispersion compensation system. The mean fluorescence from the RPE of
mouse models of human retinal pathology probed with 20-fs laser pulses was approximately 3 times greater
than that measured with 75-fs laser pulses with the same average power and center wavelength. Moreover,
using a diverse set of structural, functional, and biochemical measurements we did not detect any changes
to the structure nor functionality of retina after TPEF imaging. The findings reported here reveal important
progress towards safe TPEF imaging of fundamental biochemical events contributing to vision and health
of the human eye.
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Figure 1. Noninvasive TPEF imaging of mouse retina. (A) Depiction of the experimental setup that includes a disper-
sion compensation system, adaptive optics, an electro-optic modulator (EOM) and 3 lasers: (i) a tunable-wavelength
and -pulse-duration laser capable of delivering 20-fs pulses; (ii) a laser with a fixed pulse duration at 75 fs and a
tunable wavelength, and (iii) a laser with a fixed pulse duration at 32 fs and fixed wavelength at 740 nm. Two black,
dual arrowheads indicate switching locations between the lasers. The 75-fs laser is equipped with a prism pair-based
dispersion compensation unit (DC). Light beams from 20-fs and 32-fs lasers are routed through a diffraction grating
and spatial light modulator-based (SLM-based), custom-built diffraction compensation system. (B) Calculated tem-
poral profiles of 32-fs Gaussian-shaped pulses: black represents bandwidth limited, and red represents pulse impacted
by third-order dispersion (calculated for the amount of NBK7 glass generating a GDD equivalent to that of the optical
setup). (C) Mean TPEF from a paper target, as a function of excitation power, acquired with 75-fs and 32-fs lasers.
Solid circles represent measured data points; solid lines represent the linear data fit with slopes equal to 1.9. (D) TPEF
images of mouse RPE obtained with 740-nm excitation with both 75-fs and 32-fs pulses after optimization of disper-
sion compensation. Ex vivo (left column) and in vivo (right column); images of the RPE obtained with 75-fs laser in the
upper row, images obtained with 32-fs laser are shown in the bottom row. Ex vivo images were obtained with 6.3 mW,
in vivo images were obtained with 7.5 mW; image acquisition time was 2.6 seconds. Ratios of mean pixel gray value of
TPEF images of the RPE in Rpe65~- mice obtained with a 32-fs laser to that obtained with a 75-fs laser were equal to
2.9 ex vivo and 2.2 in vivo. Scale bars: 50 um ex vivo (left column); 200 pum in vivo (right column).

Results

To obtain images of retinoid visual cycle components within the retinas of living animals using low laser
power, several critical factors required both innovation and optimization. To minimize pulse duration at the
sample, high-order dispersion compensation was integrated with the laser delivering pulses as short as 20 fs.
Sensorless adaptive optics were incorporated to improve spatial focusing of the laser beam. Postprocessing
of the data included registration and averaging of single-frame images to further reduce laser light exposure
needed to obtain informative images.

Configuration of the dispersion compensation system. GDD introduced by the microscope arrangement
without dispersion compensation was estimated to be 27,000 fs2. This estimate was determined by mea-
suring an autocorrelation function (ACF) at the objective focal plane and at the entry to the electro-optic
modulator (EOM) (Figure 1A). A dispersion compensation unit integrated with the Vision S laser sufficed
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Figure 2. Impact of pulse duration on TPEF of native retinal fluorophores. (A) Spectra of laser light with different
pulse durations as measured in the sample plane. (B) Two-photon excitation spectra from the RPE of Abca4”- Rdh8-
(Dko) and Rpe65~- mice. Plotted are mean gray pixel values from areas equivalent to at least 10 RPE cells. (C) Images
of RPE in Rpe65~/- (left panels) and in Dko (right panels) mice. Durations of laser pulses are indicated in each image.
Small green-colored dots indicated with yellow arrows are retinosomes. To avoid saturation of the detector when
imaging retinosomes, both the gain and laser power were kept low. Thus, retinosomes are only faintly visible in images
obtained with 35-fs light as compared with images obtained with 20-fs light. Scale bars: 50 um. Images of Rpe65~-
were obtained with 5.5 mW, and images of Dko were obtained with 4.9 mW, and image acquisition time was 2.6 sec-
onds. (D) RPE fluorescence measured as mean gray pixel values of the raw images obtained with laser light pulses at
18 fs, 20 fs, 25 fs, and 35 fs durations. Data were analyzed as mean gray pixel values from areas equivalent to at least
10 RPE cells. Solid, filled symbols represent measured data points, dashed lines represent results of modeling. Dotted
cyan line represents fit to 1/pulse duration (1/7). Data are shown as means + SD, n = 3.

for 75-fs pulses (as confirmed by measuring a 70-fs pulse duration at the sample plane with an autocorrela-
tor), but a more elaborate scheme was required for ultrashort pulses. The first attempt to compensate for the
dispersion associated with short laser pulses involved the use of a chirped mirror-based dispersion com-
pensator (Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.121555DS1). Tuning the amount of negative dispersion was achieved by changing
the number of laser light bounces between pairs of chirped mirrors, and monitoring ACF at the sample
plane (34). Each bounce introduced a negative GDD of approximately 700 fs?>. Contrary to expectation,
the TPEF signal obtained with this dispersion compensation and a 32-fs laser was nearly the same as that
obtained with a 75-fs laser, possibly reflecting the presence of high-order dispersion terms, especially third-
order dispersion (TOD). To confirm the impact of TOD on pulse distortions, a numerical simulation of the
pulse temporal profile was performed in the presence of TOD only (see supplemental methods). In this cal-
culation, the GDD was assumed perfectly precompensated and that pulse broadening was a result of TOD
(no impact of chirped mirrors on TOD was assumed). The 32-fs pulse impacted by TOD had a reduced
peak power and was elongated in the time domain as compared with a 32-fs Gaussian transform-limited
pulse (Figure 1B), consistent with the reduction in TPEF. Moreover, the presence of TOD was visible in the
envelope of the ACF as side-lobes around the central peak (Supplemental Figure 1B). Thus, even perfect
compensation of GDD was insufficient for a 32-fs laser with full width, half maximum (FWHM) spectral
bandwidths larger than approximately 20 nm, as the higher order dispersion terms introduced a substan-
tial phase distortion. Therefore, to compensate for higher order dispersion terms, a customized diffraction
grating and spatial light modulator-based (SLM-based) multiphoton intrapulse interference phase system
(MIIPS) (35) were introduced. The MIIPS operation required collection of second harmonic (SH) signals
from the nonlinear crystal placed at the focal plane of the microscope objective, while spectral components
of the pulse were phase shifted by the SLM. Thus, the phases of the spectral components of the pulse were
iteratively adjusted to cancel out the phase shifts introduced by dispersive media. Optimal configurations
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A Figure 3. Increase in TPEF from the RPE of 2-month-old
Rpe657- mice illuminated with 20-fs pulsed light. (A) Rep-
resentative images of the RPE in the intact ex vivo mouse
eye. Laser pulse durations are indicated in each image. White
arrows point to retinosomes. Dashed lines outline the loca-
tions where fluorescence intensity profiles were measured.
Scale bars: 50 um. Images were obtained in 2.6 seconds with
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of the SLM (so-called masks) were measured for each objective and the required laser wavelengths. These
masks then were used for measurements of ACF and after replacing the SH crystal with a sample for imag-
ing. The FWHM pulse duration was 33 fs for the 32-fs laser, and 21 fs for the 20-fs laser (Supplemental
Figure 2); moreover, no side-lobes were detected in the ACF. Thus, it was confirmed that using a custom
MIIPS preserved the duration of short laser pulses at the sample plane.

The impact of reducing pulse duration on TPEF was first evaluated using a paper target that absorbs
745-nm light through 2-photon absorption, and then emits visible light (Figure 1C). A series of TPEF imag-
es was obtained from the same region of the sample by employing both 32- and 75-fs lasers with variable
laser powers. The linear fit through the data had a slope of 1.9 on a log-log plot, confirming TPE by both
lasers. The mean gray pixel value used as a measure of TPEF was 2.8 times higher for images obtained with
a 32-fs laser pulse compared with those obtained with a 75-fs pulse. The increase in TPEF measured for the
same laser power was then determined in Rpe65 /'~ mice. Mean fluorescence from the RPE of those mice
probed with 32-fs laser pulses was 2.9 times greater than that from 75-fs laser pulses measured ex vivo, and
2.2 times greater when measured in vivo with the same average power and center wavelength (Figure 1D).

Impact of the bandwidth of ultrashort laser pulses on TPEF of native retinal fluorophores. Considering the
positive results obtained with the fixed-pulse-duration 32-fs laser and the uncertainty about the potential
of very short, wide-bandwidth pulses on improving the efficiency and quality of TPEF imaging of endog-
enous fluorophores, a laser with an adjustable bandwidth and pulse duration (identified as 20 fs in Figure
1A) was incorporated into the microscope system. Not every combination of pulse bandwidth and center
wavelength within the tuning range was achievable. Spectra of 18-, 20-, 25-, and 35-fs pulses were measured
at the sample plane (Figure 2A), and FWHM spectral bandwidths of these pulses were 70, 65, 50, and 28
nm, respectively. The & was not the same for these pulses; the 18-fs pulse had a broad maximum around
768 nm, the 20-fs pulse had a broad maximum around 790 nm, the 25-fs pulse at 796 nm, and the 35-fs
pulse at 799 nm. The average laser power delivered to the sample for each of these conditions was the same.

Excitation spectra from the RPE were then measured in 2 mouse models of retinal pathology with a
75-fs tunable laser (Figure 2B). TPE spectra were measured in Rpe65’'~ mice. The spectra showed a rela-
tively monotonic decline of the fluorescence signal for excitation wavelengths longer than 730 nm, and
almost no fluorescence for wavelengths longer than 800 nm. In contrast, fluorescence from Abca4 '~ Rdh8~'~
(Dko) mice varied within 20% from 730 nm to 840 nm and had a maximum at 840 nm. Images of Dko
and Rpe65~ mouse retinas obtained with the same laser power reveal an increased fluorescence in images
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Figure 4. Increase in TPEF from the RPE of 2-month-old Abca4”/- Rdh8-
mice illuminated with 20-fs pulsed light. (A) Representative images of
the RPE in the intact ex vivo eye. Images were obtained in 2.6 seconds
with 5.5 mW. Laser pulse durations are indicated in each image. Dashed
lines outline the locations where the fluorescence intensity profile was
o LS measured. Scale bars: 50 um. (B) TPEF intensity profile from locations
B along the dashed lines shown in A. Measured fluorescence is plotted on
Ratio=3.4  Ratio=3.4 the left vertical axis and the ratio of the fluorescence excited with 20-fs
light to that excited with 75-fs light is plotted on right vertical axis. (C)
TPEF as a function of excitation power. Solid circles represent measured
data points, solid lines represent the linear data fit. Slopes of the lines are
2.11 for 75 fs and 2.05 for 20 fs.
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acquired with shorter pulses (Figure 2C). Imaging conditions were chosen to avoid saturation of the pixels,
which was more difficult to achieve in Rpe65 '~ mice for all pulse durations because of the bright fluores-
cence associated with enlarged retinosomes located near the RPE cell membranes (indicated by yellow
arrows in Figure 2C) (36). TPEF as a function of excitation pulse duration showed a steady decrease with
increasing pulse durations in Rpe65~~ mice (Figure 2D), whereas TPEF from Dko mice saturated around
20 fs. The difference in the dependence of TPEF on excitation pulse duration between the 2 types of mice
can be attributed to differences between their excitation spectra and the fact that spectra of pulses with
wider bandwidths (shorter pulse durations) were shifted toward blue (Figure 2A). Therefore, fluorophores
in these mouse models might react in different ways to increasing the excitation bandwidth. Thus, the 1/7
dependence of TPEF on pulse duration is altered when the excitation bandwidth exceeds the width of the
2-photon absorption band or when spectral bandwidths of progressively shorter pulses spread across irregu-
larities in the excitation spectrum (37-39). To confirm this supposition, the ratio of TPEF excited with
pulses of 25 fs, 20 fs, and 18 fs to the TPEF excited with 35-fs pulses was numerically modeled by using the
measured pulse and excitation spectra shown in Figure 2, A and B and a previously described method (39).
The modeling results confirmed the experimental result, i.e., a steeper TPEF increase in Rpe65~~ mice than
in Dko mice in response to reducing the pulse duration (Figure 2D).

TPEF from retinosomes in the RPE of Rpe65~~ mice excited with 20-fs pulsed light. Rpe65~~ mice represent
a model of Leber congenital amaurosis (LCA) (17), a congenital human blinding disease. The impact
of short pulses on TPEF imaging of the RPE in these mice was analyzed in detail (Figure 3). Fluores-
cence from retinosomes containing retinyl esters dominates RPE fluorescence. Under imaging conditions
in which retinosomes do not saturate the detector, interior portions of RPE cells appear black (Figure 3A).
Linear fluorescence profile traces through a section of the RPE revealed that the dynamic range of images
is close to 250 gray pixel values, whereas the maximum dynamic range of the images throughout this study
is 255 gray pixel values (Figure 3B). This observation indicates that the fluorescence signal from the bright-
est retinosomes might have been higher than that represented by their gray pixel values. With maximum
fluorescence originating from retinosomes, and almost no fluorescence emanating from outside, the ratio
of TPEF excited with 20-fs laser pulses to that excited with 75-fs varied from 2 to 3.4 between different
retinosomes. This difference could indicate some heterogeneity in the composition of retinosomes, and
possibly a nearly saturated signal in some. Fluorescence emission spectra from the RPE of these mice were
the same whether probed with 20-fs or 75-fs light (Figure 3C), confirming that in both cases the image was
formed by fluorescence generated from the same fluorophores.
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Figure 5. Impact of reducing pulse duration on TPEF from the retinas
of 6-week-old Abca4/- Rdh8/- mice 3 days after initiation of photore-
ceptor-damaging stress. (A) Images of the RPE in the intact ex vivo eye.
(B) Photoreceptor layer in the intact ex vivo eye. White arrows indicate
macrophages; yellow arrows indicate enlarged photoreceptors (44).
Dashed lines outline the locations where fluorescence intensity profile
was measured. Images were obtained in 2.6 seconds with 4.4 mW. Scale
bars (A and B): 50 um. (C) TPEF intensity profile from locations along the
dashed lines shown in B. Measured fluorescence is plotted on the left
vertical axis and the ratios of fluorescence excited with 20-fs light to that
excited with 75-fs light are plotted on right vertical axis.
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Impact of short pulses on TPEF from the RPE and retina of Dko mice. Dko mice are an animal model of
human Stargardt disease that exhibit many features of age-related macular degeneration (AMD) (40-43).
Here, the potential of reducing laser power needed for imaging the RPE of these mice was evaluated. TPEF
images of the RPE of Dko mice obtained with a 20-fs laser were brighter than those obtained with a 75-fs
laser at the same center wavelength and laser power (Figure 4A). The ratio of mean gray pixel values gener-
ated by 20-fs and 75-fs light was on average 4.2, with a standard deviation of +£0.3. The dynamic range of
these images was 170. As expected, fluorescence from the RPE of these mice was more uniformly distrib-
uted than in Rpe65 /- mice. The increase in fluorescence in response to short-pulse excitation also was evalu-
ated by analyzing the fluorescence intensity profile along the linear traces. This revealed a fluorescence
increase from bright granules equal to 3.4, slightly smaller than from the surrounding areas (Figure 4B).
Fluorophores in the RPE of these mice responded to longer wavelengths of light than did Rpe65~ mice,
so TPEF signals in response to excitation with different levels of laser power were measured and plotted
on a log-log scale. The slope of the linear fit through the data points was 2.1 for both 75-fs and 20-fs pulse
durations (Figure 4C), confirming TPE.

Enlarged photoreceptors and the presence of macrophages are early signs of a degenerating retina and
were visualized in this study after inducing photoreceptor damage in Dko mice (44). Images of the retina
in Dko mice obtained with 20-fs laser pulses were brighter than those obtained with 75-fs laser pulses; the
corresponding ratio of mean gray pixel values was 3.2 for the RPE and 3.8 for photoreceptors (Figure 5, A
and B). Fluorescence intensity profiles revealed outlines of individual photoreceptors with diameters vary-
ing from 3 to 5 um, consistent with a previous report (44) (Figure 5C). The ratio of fluorescence obtained
with 20-fs laser pulses to that with 75-fs pulses varied for different photoreceptors, ranging from 2.2 to 3.8,
possibly indicating different fluorophore content related to different stages of degeneration.

TPEF imaging of the retina in vivo with short laser pulses. The ratio of mean pixel values of retinal fluores-
cence obtained with 25-fs laser pulses to that with 75-fs pulses measured in live Dko mouse eyes was equal
to 2.8 at 2, 3, and 4 days after induction of photoreceptor damage (Figure 6, A—C). An increase in bright-
ness of the RPE in Rpe65~~ mice (Figure 6D) was also evident in images obtained in vivo. This increase was
smaller than that obtained ex vivo in these mice, as well as that found in Dko mice. This difference could
arise from the fact that fluorescence from Rpe65~~ mice has a maximum around 490 nm, whereas fluores-
cence from Dko mice has a maximum around 590 nm. Also, during in vivo measurements, fluorescence
from the RPE travels through the photoreceptor layer, and a portion of it could be absorbed by the chromo-
phores located in rod and cone photoreceptor cells. Moreover, with 75-fs excitation, there are areas devoid
of fluorescence, which causes the mean pixel value of images obtained with 75-fs light pulses to be affected
less by the secondary fluorescence absorption by chromophores present in photoreceptors.

Even though mouse rod photoreceptor outer segments are more challenging to image than human
because their diameter is 1.1 um as compared with 2 um in humans, individual rod photoreceptor outer
segments were visualized in vivo in 2-month-old mice expressing human rhodopsin—green fluorescent
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A Figure 6. Impact of reduced pulse duration on in vivo TPEF
imaging of the RPE and photoreceptor layers. In vivo imag-
es of the retina in 6-week-old Abca4”- Rdh8”- mice, on (A)
day 2, (B) day 3, and (C) day 4 after inducing photoreceptor-
damaging stress. Ratio of fluorescence excited with 20-fs
light to that excited with 75-fs light was 2.8 on days 2, 3, and
4, White arrows indicate macrophages. (D) In vivo images of
the retina in 1-year-old Rpe65~~ mice. Ratio of fluorescence
excited with 20-fs light to that excited with 75-fs light was
1.7. Pulse durations are indicated in each image. Images were
obtained with 6-10 mW in 2.6 seconds. Average laser power
was kept at the same level for both images in A-D. Scale
bars: 200 um.

fusion protein (GFP) in photoreceptor outer segments after alignment of just 10 imaging frames (Sup-
plemental Figure 3).

Towards TPEF imaging in humans: adaptive-optics 2-photon retinal imaging. Reducing laser pulse duration
improves the efficiency of TPEF and offers the potential for application in humans. To obtain in vivo imag-
es of mouse RPE with minimal laser power of 1 mW (Figure 7), we employed (a) 20-fs laser pulses with
dispersion compensation, (b) sensorless adaptive optics to optimize light focusing in the sample, and (c)
image registration and averaging. Though fluorescent light was detected even in single frames, no biologi-
cal structures were visible. Thus, up to 100 frames were collected with 75-fs, 32-fs, and 20-fs lasers. Clear
images of individual RPE cells emerged after the averaging and registration of 100 single frames obtained
with both 20-fs and 32-fs lasers (27). But only obscure traces of the RPE were visualized with the 75-fs laser.
Moreover, clear images of individual RPE cells were already visible after registration and averaging of 40
frames obtained with the 2 ultrashort-pulsing lasers. Furthermore, no damage to the retina or RPE was
detected after repetitive TPEF imaging.

Considering that TPEF can provide 3D volume images of the retina, allowing the study of the ganglion
cells and the interactions between retinal neurons and the RPE, we obtained Z-stack images of the retina,
revealing interplay between photoreceptor outer segments and the RPE (Figure 8 and Supplemental Videos
1, 2, and 3). Even though 3D volumes of the entire retina cannot be obtained within safety limits, the 3D
volumes of portions of the retina such as the interface between photoreceptors and RPE are within reach.

Fluorescence lifetime imaging with short laser pulses. An additional advantage of using wide-bandwidth
pulses is the ability to simultaneously excite fluorophores with different absorption spectra and to deter-
mine their subcellular distribution based on the differences in fluorescence lifetimes. Fluorescence lifetime
imaging (FLIM) of the RPE in Rpe65 '~ mice, which owing to the blockade of the retinoid cycle overac-
cumulate retinyl esters in the RPE and do not accumulate other retinoid-derived products (23), revealed
one type of fluorescent granules with average fluorescence lifetime with a well-defined maximum around
2.5 ns (Figure 9A). In contrast, FLIM of RPE in Abca4””’*" mice, which have a mutation in the ABCA4
transporter, displayed fluorescent granules with distinctly different average fluorescence lifetimes, ranging
from 0.4 to 3.7 ns (Figure 9A). Abca4””’™ mice comprise a new animal model that recapitulates many of
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A Figure 7. Improvement of in vivo TPEF

75 fs, 740 nm 32 fs, 740 nm images with decreased pulse durations.
(A-C) Large images show the average of 100
images after registration. Each inset shows
the average of 40 images. Images were col-
lected with a pulse duration of 75 fs, 32 fs,
and 20 fs, using an average laser power of
(A) 1mWw, (B) 0.9 mW, and (C) 1 mW. Scale
bars: 200 pum. (D) Graph shows the improve-
ment in image quality as progressively

25 more images are included in the averaged

20 fs. 790 nm image. For the shorter pulse durations (30
: 20 fs and 20 fs), the amount of improvement

15 in image quality quickly decreases as more

images are included in the averaged image,
indicating that fewer images need to be
collected to achieve high-quality averaged
images. SNR, signal-to-noise ratio; NV,
normalized variance.

o w5

20 40 60 80 100
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Improvement in SNR/NV (%)

the important features of Stargardt disease in humans. The complex L541P;A1038V (PV) allele (2 mis-
sense changes, P and V, on the same allele) of ABCA4 dramatically accelerates the initiation of the human
retinopathy compared with other mutants in the ABCA4 gene (45—47). Average fluorescence lifetimes from
granules, distributed around the cell borders in Abca4””’*V mice, shown in red in Figure 9A, ranged from
2.7 to 3.7 ns, probed with either 20-fs or 75-fs pulses. However, these granules appeared larger in images
obtained with 20-fs as compared with those obtained with 75-fs pulses, or sometimes were not visible when
imaging with 75-fs pulses. Furthermore, there were more pixels with the average fluorescence lifetime of 2
to 3.7 ns in images obtained with 20-fs as compared with 75-fs pulses (Figure 9B).

TPEF imaging with 20-fs pulses did not induce deterioration of the structure and function of the retina. To evalu-
ate the impact of TPEF imaging on the structure and function of the retina we performed a variety of tests
in mice that were either not exposed to light (NL), were exposed to bright white light (WL) as described in
supplemental methods, or were exposed to TPEF imaging light with 20-fs pulses at 790 nm, 1.2 mW for
the duration of 100 frames (IR). These IR conditions were more severe than those that suffice to obtain
informative TPEF images, namely 40 frames and 1 mW (Figure 7, insets and panel D).

No impact of TPEF imaging on retinal structure was detected by SLO, OCT, and histology measure-
ments. SLO imaging of the mouse fundus in vivo revealed that there were no statistical differences in the
quantity of autofluorescent (AF) spots between mice exposed and not exposed to TPEF imaging in either
of the tested mice: BALB/cJ (Figure 10A), albino Dko (Figure 10B), and pigmented Dko (Figure 10C). In
contrast, there were significantly more AF spots in mice exposed to bright WL, in all 3 genotypes, even in
BALB/cJ mice, which are much less sensitive to light-induced retinal damage. An increase in AF spots fol-
lowing exposure to light is indicative of macrophage infiltration and is associated with retinal degeneration
(44, 48). Retinal morphology was assessed by OCT imaging in vivo (Figure 10) and by histology of enucle-
ated eyes (Supplemental Figure 4). In BALB/cJ, albino Dko, and pigmented Dko there were no statistical
differences in the thickness of outer nuclear layer (ONL), or nuclei count between mice exposed to NL and
IR conditions. However, ONL thicknesses and nuclei counts were significantly reduced in albino Dko and
pigmented Dko mice that were exposed to WL, but not in BALB/cJ mice, which are less prone to light-
induced retinal damage than Dko mice.

In healthy retina, contents of visual pigment rhodopsin and 11-cis-retinal are maximal after dark adap-
tation (49), and reflect functioning retinoid visual cycle, photoreceptor cells, and the RPE (17). Thus, to
assess the impact of TPEF imaging at the molecular level, we measured rhodopsin and 11-cis-retinal levels
in dark-adapted mouse eyes. We did not observe any differences in the amounts of rhodopsin and 11-cis-
retinal between mice exposed (IR) and not exposed to TPEF imaging (NL) in either of the tested mice:
BALB/cJ (Supplemental Figure 5A), albino Dko (Supplemental Figure 5B), and pigmented Dko (Supple-
mental Figure 5C). However, there was significant damage to the retinoid visual cycle components in mice
exposed to bright WL, even in BALB/cJ mice. Furthermore, there was no statistical difference in retinal
function between mice exposed to either NL or IR conditions as assessed by electroretinogram (ERG)
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A Figure 8. Arrangement of retinal cells in the intact mouse eye as
visualized by 2-photon excitation fluorescence (TPEF) imaging with
20-fs laser pulses. Shown are 3D reconstructions of TPEF images,
derived from Z-stacks of the retina and RPE in 2.5-month-old mice:
(A) BALB/c) mouse, (B) Abca4”- Rdh8”/- mouse, (C) BALB/c) mouse,
50 hours after intravitreal injection of rhodamine-tagged peanut
agglutinin (PNA) and (D) BALB/c) mouse, 50 hours after intravitreal
injection of fluorescein-tagged PNA (see supplemental methods).
Images were obtained with 20-fs laser pulses and a 1.0 numerical
aperture (NA) objective. Green frames indicate sections in the X-Z
plane, red frames indicate sections in the Y-Z plane and blue frames
indicate sections in the X-Y plane. In each section the RPE is at the
top of the 3D image, at Z = 0 um. Cone outer segment sheaths are
indicated with red arrows, cone inner segments with yellow arrows,
cone pedicles with white arrows, and the ganglion cell layer with yel-
low arrowheads.

measurements (50). Whereas both a-wave and b-wave scotopic ERG amplitudes were significantly reduced
in both albino Dko and pigmented Dko mice, no significant difference was observed in BALB/cJ mice that
were exposed to WL (Figure 11).

To assess the degree of stress to the retina at the cellular level following exposure to light, we performed
immunohistochemistry to observe any changes in glial fibrillary acidic protein (GFAP) as a measure of
Miiller cell gliosis (51), and the tight junction protein zonula occludens-1 (ZO-1) to evaluate the integrity
and shape of RPE cells (52). Gliosis was not detected in mice exposed to either NL or IR conditions (Sup-
plemental Figure 6). However, after exposure to WL we observed mild gliosis in BALB/cJ mice (Supple-
mental Figure 6A) and severe gliosis in albino and pigmented Dko mice (Supplemental Figure 6, B and C).
Furthermore, the arrangement and integrity of RPE cells were not altered in either of the mouse models
after exposure to TPEF imaging conditions (Supplemental Figure 7).

Discussion

Ophthalmology and the visual sciences have been revolutionized by the development of imaging techniques
such as SLO (3, 53, 54) and OCT (2, 55-57), which improved the detection of certain pathological conditions
associated with retinal diseases (1, 58). In parallel with innovations in imaging, experimental therapies also
have advanced (59-61). As gene transfer techniques and genetic manipulations evolve along with the implan-
tation of progenitor cells, high-resolution imaging techniques together with physiological measurements will
become essential for evaluating the efficacy of these treatment options. Among the next generation of imaging
modalities, TPEF is one of the most promising because it can, with or without artificial fluorescent markers,
track light-induced changes in the eye by recording signals from native retinoids, endogenous fluorescent mol-
ecules that are essential components of visual processing. Sustaining the eye’s ability to sense light requires the
continuous replenishment of retinoids, and their normal processing reflects the health of the retina. However,
retinoids also can form toxic condensation products that accumulate in the retina with age and in many retinal
diseases (62, 63). Because retinoids are chemically unstable upon UV/Vis illumination, and because the front
of the human eye does not transmit light up to 400 nm, TPEF-based imaging offers the opportunity to visual-
ize different stages of retinoid processing and thus detect certain forms of retinal degeneration at their earliest
stages as well as to determine the efficacy of therapies aimed at preventing or resolving these defects.
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A Rpe65~"- Abca4 PPV Figure 9. Fluorescence lifetime imaging (FLIM) with 2-photon

; excitation with wide-bandwidth pulses reflects differences in
subcellular distribution of endogenous fluorophores in the RPE of
dual-knockin (Abca4?"/?") mice. (A) Images of the RPE in Rpe657/~
and Abca4”?" mice were obtained without staining or artificial dye.
The colors are based on the average fluorescence lifetime for each
pixel. Scale bars: 25 um. Color scale shown on the right is the same
for all images. (B) Histograms of average fluorescence lifetimes
for each pixel of images shown in A revealed overlapping maxima
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Several problems need to be overcome before this new methodology can be safely adapted for human
use. Increasing the signal while using lower laser energy to avoid potential toxicity during imaging is a
major needed advance. Aside from using highly sensitive detectors and improved laser beam focusing
achieved with customized objectives and adaptive optics (25), we demonstrated that the TPEF signal can
be maximized by optimizing laser pulse duration.

Here we present, for the first time to our knowledge, low laser exposure, noninvasive TPEF imaging
of the retina in vivo, resulting from the application of ultrashort laser pulses coupled with high-order dis-
persion compensation. A reduced laser pulse duration is associated with an increased spectral bandwidth;
thus, dispersion introduced by optical components of the imaging system (64) results in stretching laser
pulses in the time domain at the imaged sample. This physical process results in stretching laser pulses in
the time domain at the imaged sample. Here, to achieve temporal focusing at the retina, phases of the spec-
tral components of laser light were individually altered by the SLM after spatial splitting and diffraction by
a diffraction grating. After characterizing the dispersion associated with the system, a customized MIIPS
(35) was incorporated to restore a short pulse duration at the sample plane. This was confirmed by measur-
ing 20-fs pulses on the outputs of the laser and the microscope objective. In live mouse eyes an approxi-
mately 3-fold increase in TPEF was obtained with 20-fs laser pulses as compared with that obtained with
75-fs pulses (Figure 6). In view of translating this technology towards imaging the human eye, where eye
dimensions can vary considerably between individuals, we estimated that 16-fs Fourier transform-limited
pulses became 22 fs if the same MIIPS mask was used for eyes differing by =5 mm from the 24-mm axial
length (65), considering that dispersion of the vitreous humor is close to that of water (66, 67). As expected,
longer pulses spread less than shorter pulses. For very short pulses, MIIPS masks can be generated based on
different path lengths in water and dimension of the subject eye.

Two-photon FLIM has been used to visualize exogenous fluorophores in living mice (68). An addi-
tional advantage of using wide-bandwidth pulses is the ability to visualize the subcellular distribution
of endogenous fluorophores, markers of the health of retinal biochemical processes, based on FLIM
(Figure 8) (69). Retinyl esters are not excited efficiently with 790-nm or longer wavelengths, whereas
retinal condensation products are optimally excited with 780- to 850-nm light (Figure 2B). Moreover,
when imaging RPE in vivo, eye tissue motion artifacts make determination of the relative localization
of different fluorophores difficult. Thus, FLIM with wide-bandwidth laser pulses, such as that shown in
Figure 2A, could detect the distribution of both types of retinoids in vivo.

Recent advances in TPEF imaging resulted in elucidation of a succession of steps leading to retinal
degeneration following bright light exposure (44). However, only very low laser power can be used to trans-
late these advances safely to obtain TPEF images of human retina. Unfortunately, reduction in laser power
also reduces the signal-to-noise ratio of collected images, making it difficult to visualize structural details.
Here, image registration and averaging methods applied to TPEF images of the endogenous fluorophores
in living animals were combined with sensorless adaptive optics and reduced laser pulse durations to show
that information about the subcellular distribution of vitamin A metabolites can be obtained with laser
power below 1 mW. As the pulse duration was reduced from 75 fs to 32 fs and 20 fs, the structure of the
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Figure 10. No impact of TPEF
80 imaging light on retinal struc-
ture was detected by SLO and
OCT. BALB/c) mice, n = 5 for
each group (A), albino Abca4”
Rdh8- (Dko) mice, n = 4-5 for
each group (B), and pigmented
Dko mice, n =5 for each group
(C) were either exposed to
photoreceptor-damaging white
light (WL), not exposed to light
(NL), or exposed to TPEF imag-
100 ing light (IR). Representative
SLO images are shown in the
80 left column, yellow arrowheads
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RPE mosaic became increasingly visible. Moreover, fewer images had to be collected to obtain informa-
tion-rich data, further reducing the exposure to laser light.

Considering the TPE spectra of retinal fluorophores (Figure 2), doubling the improvement in TPEF can-
not be achieved by further reducing the pulse duration to 10 fs, because this would increase the pulse spectral
bandwidth to approximately 100 nm (37), thereby placing a substantial portion of the excitation pulse spectral
components outside the excitation bandwidth of certain retinoid derivatives (Figure 2). Improved efficiency
of TPE by reducing the PRF and concomitantly increasing the pulse peak energy density can be achieved
by either cavity damping or pulse picking (70), or with the use of regenerative amplifiers (71). However, with
considerably reduced PRF, as provided by regenerative amplifiers, the number of pulses per pixel could become
1 or lower; thus, the signal variation from pixel to pixel could be related to differences in the quantity of pulses
+ 100%, overshadowing the image contrast provided by differences in fluorophore distribution. Theer et al.
addressed this problem by synchronizing the regenerative amplifiers with the clock of the imaging system. But
even with these modifications, the maximum X-Y size of imaged tissue was only 200 pm by 200 um. Moreover,
with the considerable reduction in PRF, the energy density per pulse increased by more than 10° times, raising
concern about the safety of imaging the retina in vivo (72). Lower energy density and fast image acquisition
rates over a limited 100 X 100 um area of an artificial sample were achieved by combining wavefront, sensor-
less adaptive optics with wide-field 2-photon microscopy (73). However, both a larger imaging area and the
ability to excite native fluorophores are critical to quantify and track lesions in retinal processes (27). Karpf et
al. employed 500-ps pulses with 1,064-nm center wavelength at 400-kHz PRF and a commercial microscope
equipped with 0.8-NA objective (74). They obtained images of Convalaria majalis stained with acridine orange
at sufficient 5 ps/pixel imaging speed. However, they needed to use 135 mW of average power to achieve good
quality images. A longer wavelength such as 1,064 nm could allow imaging of retinal structures by 3-photon
excitation (75). To apply their approach towards noninvasive imaging of the retina would require their pulse
duration to be reduced approximately 1,000 times. In addition, this approach must be carefully evaluated for
safety because with substantial reduction of the PRF, each pulse would carry proportionally more energy.
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Figure 11. Retinal function was not affected by exposure to
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Previously, 2-photon images of the retina were not achieved within the safety limits prescribed by the
American National Standard for Safe Use of Lasers, ANSI Z136.1 — 2014. Moreover, potentially deleteri-
ous changes occurred to the retina following exposure to pulsed IR light at just 75% of light levels permis-
sible by current safety standards (76). In our present study, informative images of mouse RPE in vivo were
obtained in 50 seconds with 1 mW of average power. Considering the differences in NAs between human
and mouse eyes (0.22 vs. 0.49) (77), in vivo images presented here were obtained with less than 30% of the
maximum permissible exposure limit (see supplemental methods). The use of 20-fs pulses also needed to
be evaluated for the safety of single pulses. We calculated the maximum permissible average light power
per single pulse limit and obtained a value of 680 mW (72), well above the average power used in this study.
Furthermore, our pulse peak power, approximately 588 W, assuming a Gaussian pulse and 1 mW of aver-
age power, was well below the critical power thresholds for self-focusing (78, 79) and plasma formation cal-
culated for 20-fs pulses: 1.5 MW and 159 kW, respectively (76). Therefore, the work reported here provides
a foundation for obtaining informative 2-photon microscopy images with laser exposures below damage
thresholds per current safety standards. Furthermore, using a variety of tests, including in vivo imaging,
ERG measurements, histology, immunohistochemistry, and the quantification of visual pigment and visual
chromophore, no deleterious changes to the structure and function of the retina occurred after exposure
to 20-fs, 790-nm TPE imaging light. However, the impact of reducing PRF and pulse duration on retinal
safety needs further evaluation before this technology can be applied to humans.

In conclusion, we demonstrate noninvasive TPEF imaging of the retina in vivo for the first time to
our knowledge, resulting from the application of ultrashort laser pulses coupled with high-order disper-
sion compensation. By introducing a laser delivering 20-fs pulses with precise dispersion compensation, a
greater than 3-fold increase in TPEF of endogenous retinal fluorophores was achieved as compared with
a 75-fs pulsing laser at the same average power and center wavelength. Moreover, clear subcellular images
of the RPE in live mouse models were achieved with 790-nm and 1-mW laser light in less than 60 seconds
with a field of view larger than 1 mm x 1 mm. Application of 20-fs pulses allows informative images to
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be obtained of tissue layers deep within the posterior segment of the eye, namely the RPE, with minimal
laser power. Furthermore, wide bandwidth of short pulses enables excitation of multiple fluorophores with
different absorption spectra and thus can provide information about their relative changes in intracellular
content and distribution, reflecting the metabolic status of the retina. This work represents important prog-
ress towards safe, noninvasive imaging of biochemical processes in the human retina applicable to the study
of retinal health, disease, and therapeutic intervention.

Methods

Mice. All mice were housed in the Animal Resource Center at the School of Medicine, Case Western
Reserve University, where they were maintained on a normal mouse chow diet under complete darkness
for at least 24 hours before procedures or in a 12-hour light (~10 lux)/12-hour dark cyclic environment.
Before indicated procedures, mice were anesthetized with an intraperitoneal (i.p.) injection with a solu-
tion of ketamine (20 mg/ml) and xylazine (1.75 mg/ml) diluted with 10 mM sodium phosphate, pH 7.2,
containing 100 mM NaCl, at a dose of 0.10-0.13 ml/25 g body weight. Before imaging, mouse pupils
were dilated with 1.0% tropicamide ophthalmic solution (Akron, Inc.). Male and female 1- to 3-month-old
BALB/cJ mice were obtained from The Jackson Laboratory. Abca4™'~ Rdh8~'~ (Dko) mice were generated
and genotyped as previously described (80) and mixed sexes of 1- to 2-month-old mice were used for the
present study. Albino Dko and Rpe65~~ mice were generated as previously described and mixed sexes of 1-
to 12-month-old mice were used for the present study (23, 81, 82). Human opsin—green fluorescent protein
(GFP) fusion knockin ArhoG/hrhoG mice were albinos and were generated as previously described (23, 81,
82); 2-month-old mice were used in this study. Dual-knockin, Abca4”"’*" mice, were generated as previously
described (45); 2-month-old mice were used in this study.

A 2-photon system for imaging the retina in vivo with reduced laser power. To increase the TPEF signal and
to minimize laser light exposure needed to obtain informative images of the retina, an adaptive-optics
2-photon imaging system was redesigned and equipped with new light sources delivering short laser pulses
and a dispersion compensation system capable of compensating for higher order dispersion. After passing
through a dispersion compensation system, laser light was attenuated in a controlled, variable manner
by using an EOM. Ocular aberrations were corrected with a custom, sensorless adaptive-optics system
(25), employing a software algorithm based on image quality metric feedback as outlined in supplemental
methods. The horizontal scanning beam operated at a 400- to 700-Hz line frequency that, together with
vertical beam scanning, spanned 512 by 512 pixels at 1.3 seconds per frame. To minimize sample exposure
to laser light while detection was in the idle state, the EOM switched off the excitation beam for half of
the period of the horizontal scan and at the turn of each vertical and horizontal scan, yielding a 30% duty
cycle. To deliver TPE light to the retina and to collect the emanating fluorescence, a 0.25-NA 10X objective
(Leica Microsystems Inc.) with an NA close to the human NA (83), equal to approximately 0.2 for a pupil
diameter of 6 mm, was used for imaging the eye ex vivo, whereas a custom periscope objective designed for
noninvasive imaging of the retina was employed in live mice (77). For ex vivo imaging, enucleated, intact
mouse eyes were submerged in phosphate-buffered saline (PBS) composed of 9.5 mM sodium phosphate,
137 mM NaCl and 2.7 mM KClI, pH 7.4, and the eye surface was submerged approximately 3—4 mm below
the surface of the solution. For in vivo imaging, an anesthetized mouse was surrounded by a heating pad
and placed on a mechanical stage with its eye covered with GenTeal gel and a thin 3.2 mm diameter, 0
diopter contact lens (Cantor and Nissel) to avoid drying the cornea. To evaluate the impact of pulse dura-
tion on the efficiency of TPE a pulsed laser beam was introduced from (a) a wavelength-tunable, Vision S
laser (Coherent) that delivered 75-fs pulses; (b) an Integral Element laser (Spectra Physics), which produced
32-fs pulses at 740 nm; and (c) a wavelength- and pulse duration—tunable Vitara T laser (Coherent) that
provided pulses as short as 20 fs. All 3 lasers operated at an 80 MHz PRF. To ensure accurate compari-
son of TPE efficiencies in living animals between differing pulse durations, a switching mechanism was
implemented that required less than 30 seconds to change from a laser delivering 75-fs excitation to those
delivering either 20-fs or 32-fs excitation pulses. However, a considerably longer switching time was needed
to change between the Integral Element (32 fs) and Vitara T lasers, because of substantial differences in the
spectra of these 2 lasers and the resulting differences in the components of the dispersion compensation
system. Dispersion compensation based on a prism pair, commercially available at Coherent and integrated
with Vision S, restored a 75-fs pulse duration at the sample. However, 32-fs and 20-fs pulses required a more
advanced method. A dispersion compensation of 740-nm, 32-fs light was initially attempted with a system

insight.jci.org  https://doi.org/10.1172/jci.insight.121555 14


https://doi.org/10.1172/jci.insight.121555

. TECHNICAL ADVANCE

insight.jci.org

based on chirped mirrors (Supplemental Figure 1) but failed to produce satisfactory results. To precom-
pensate for all dispersion terms, a custom diffraction grating and SLM-based MIIPS system (Biophotonics
Solutions Inc.) (35) was incorporated. A critical design parameter for this custom MIIPS was 27,000 fs? of
GDD in the 2-photon microscope including adaptive optics, EOM, and custom objectives.

Pulse durations were calculated based on measurements of the ACF using a Carpe autocorrelator
(APE). The autocorrelator consisted of a Michelson interferometer with a variable length of one of its
arms and 2 photodetectors, internal and external. A pulse duration measurement was possible at 2 loca-
tions, first where the main autocorrelator body (internal detector) was placed, and second, at the position
of the external detector where the imaged sample was located.

Laser power measurements were performed with a power meter PM 100D (Thorlabs), with EOM oper-
ating at either a 30% duty cycle for imaging or a 100% duty cycle for fluorescence measurements as a func-
tion of laser power and comparison of TPE at different pulse durations.

Excitation light spectra were measured with a USB4000 spectrometer (Ocean Optics).

FLIM. To obtain FLIM data, the photon counting signal from the nondescanned detector (Figure 1)
was used. A trigger diode, placed just after the beamsplitter located in front of the EOM, provided synchro-
nization signal between the laser pulses and the PicoHarp 300, the time-correlated single-photon counting
module (PicoQuant). Photon counting was set to achieve maximum of 1,000 counts per pixel.

Statistics. Data from at least 3 independent experiments are presented as means + standard deviations
(SD). Analysis of variance (ANOVA) with Bonferroni’s post hoc testing was used to determine differences
between treatments. P < 0.05 was considered significant.

Study approval. Studies in animals were reviewed and approved by the Case Western Reserve University,
School of Medicine Institutional Animal Care and Use Committee, located in Cleveland, Ohio. All ani-
mal procedures conformed to both the recommendations of the American Veterinary Medical Association
Panel on Euthanasia and the Association for Research in Vision and Ophthalmology (Assurance number
A-3145-01).

Data availability. The authors declare that all data supporting the findings of this study are available
within the paper and supplemental information.
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