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PURPOSE. Noninvasive two-photon imaging of a living mammalian eye can reveal details of
molecular processes in the retina and RPE. Retinyl esters and all-trans-retinal condensation
products are two types of retinoid fluorophores present in these tissues. We measured the
content of these two types of retinoids in monkey and human eyes to validate the potential of
two-photon imaging for monitoring retinoid changes in human eyes.

METHODS. Two-photon microscopy (TPM) was used to visualize excised retina from monkey
eyes. Retinoid composition and content in human and monkey eyes were quantified by HPLC
and mass spectrometry (MS).

RESULTS. Clear images of inner and outer segments of rods and cones were obtained in primate
eyes at different eccentricities. Fluorescence spectra from outer segments revealed a
maximum emission at 480 nm indicative of retinols and their esters. In cynomolgus monkey
and human retinal extracts, retinyl esters existed predominantly in the 11-cis configuration
along with notable levels of 11-cis-retinol, a characteristic of cone-enriched retinas. Average
amounts of di-retinoid-pyridinium-ethanolamine (A2E) in primate and human eyes were 160
and 225 pmol/eye, respectively.

CONCLUSIONS. These data show that human retina contains sufficient amounts of retinoids for
two-photon excitation imaging. Greater amounts of 11-cis-retinyl esters relative to rodent
retinas contribute to the fluorescence signal from both monkey and human eyes. These
observations indicate that TPM imaging found effective in mice could detect early age- and
disease-related changes in human retina.

Keywords: rod photoreceptors, cone photoreceptors, retinoid cycle, two-photon microscopy,
primate retina

Imaging of cellular processes at subcellular resolution in vivo
is a critically needed approach to understand the origin of

pathological processes in living tissues.1 In many cases, various
imaging techniques can provide a superior alternative for
evaluating the effects of drug therapy, improving diagnostics, or
guiding surgical procedures. One of the emerging visualization
techniques is multi-photon (especially two-photon, 2P) excita-
tion fluorescence. Although this is a new imaging modality, the
discovery of its underlying physical principles dates back to the
development of quantum physics. The theory of 2P absorption
was first predicted by Maria Goeppert-Mayer2 in her 1931
doctoral dissertation, and observed experimentally 30 years
later by 2P excited fluorescence of CaF2:Eu2þ crystals.3,4 Since
that time, steady progress in laser and optics technologies has
paved the way for practical development of new imaging
capabilities that capitalize on 2P absorption.5

The eye is an excellent organ for imaging by a multiphoton
excitation approach, due to the variable transparency of sclera,
cornea, lens, and retina to near infrared (IR) light.6,7 However,
the potential risk of light-induced tissue damage requires

minimization of the laser beam energy that could compromise

the quality of the imaging signal.6–9 To overcome this

shortcoming, several technical innovations have been intro-

duced. These include adaptive optics used to correct for optical

aberrations introduced by the cornea and lens, tunable lasers

that deliver pulses shorter than 100 fs in parallel with advanced

dispersion compensation, highly sensitive low-noise detectors,
and application of sophisticated software algorithms for image

alignment, recovery, and correction for body movements (e.g.,

eye movements, heartbeat, and breathing).6,7,10 With these

advances, it has become feasible to image cellular processes of

rod/cone photoreceptor and RPE cells as well as other eye cell

types on a routine basis.6,7,11–19 Of special interest is the study

of Hunter et al.,7 who found that two-photon ophthalmoscopy

(2PO) images of the macaque cone mosaic were formed by a
signal derived from cone inner segments. Recently, TPM was

used to elucidate the flow of molecular events in the retina

following light-induced damage to photoreceptor cells in

mice.20
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The eye is also very special for another reason. Our vision
depends on vitamin A (all-trans-retinol), a fluorescent isopre-
noid that is a precursor for many other related chromo-
phores.21 All-trans-retinol and its fatty acid esters are particu-
larly useful for imaging because of their characteristic intrinsic
fluorescence.22 Retinol fluorescence is highly sensitive to
solvents. Its quantum yield varies from 0.07 in cyclohexane,23

0.027 in hexane,24,25 0.016 in 3-methylpentane/triethyl-
amine,26 and 0.011 in ethanol27 to 0.015 in isopropanol.28

This sensitivity to the environment could be very useful when
combined with analytical methods to distinguish different
biochemical/cellular processes in the retina. Vitamin A is a
conjugated polyene compound with several naturally and
artificially generated isomers. These isomers are also fluores-
cent with quantum yields in 3-methylpentane-methylcyclo-
hexane of 0.006 and 0.007 for 9- and 11-cis isomers,
respectively.22 Interestingly, in contrast to alcohols, retinal
aldehydes exhibit far less fluorescence.29 Another important
group of retinal chromophores are retinal condensation
products, which are much more fluorescent than retinols, or
any other metabolic product of retinoids.30 During natural
aging, condensation products such as di-retinoid-pyridinium-
ethanolamine (A2E) and compounds of similar chemical nature
and their oxidized derivatives accumulate within RPE contrib-
uting to increased fluorescence of this cell layer.31,32 Fundus
fluorescence of human eye increases significantly with age, has
a broad emission between 500 and 750 nm,33 and resembles
A2E fluorescence of human RPE in culture.34 At 488-nm
excitation, Bruch’s membrane and sub-RPE deposits in normal
eyes exhibited enhanced fluorescence in eyes of donors with
AMD.35 Other all-trans-retinal conjugation products and A2E
are considered as biomarkers for elevated levels of potentially
toxic retinoids that accelerate the development of retinal
degenerative diseases such as Stargardt disease and AMD.36,37

In more recent studies, Schweitzer et al.38 used time-resolved
autofluorescence measurements recorded simultaneously in 16
spectral channels (445–605 nm) on fundus samples from a
donor with significant extramacular drusen. These authors
detected a bright fluorescence from RPE lipofuscin with a
maximum at 510 nm and a lifetime of 385 ps. This
fluorescence declined at longer wavelengths but was still
substantial at 600 nm. These investigators also characterized
different types of drusen39; most that did not contain
lipofuscin and exhibited fluorescence with a maximum at
470 nm and lifetime of 1785 ps. Other researchers have
observed the absence of elevated levels of A2E in the
macula.31,40 It was also proposed that A2E and other
precursors of lipofuscin have a photoreceptor-derived origin
as a result of continuous transport of free 11-cis-retinal to visual
pigments.41 However, recent imaging of retinal degeneration
after an intense bleach in a Stargardt disease–mouse model
clearly demonstrated that condensation products are formed in
photoreceptors, but only as a result of rhodopsin bleaching
and not 11-cis-retinal transport.20 These aberrant fluorophores,
that exhibit different spectral characteristics than retinols, are
also readily detectible by 2PO imaging with a new class of
femtosecond pulsed lasers with an extended tuning range.9

Both NADH and NADPH display fluorescent spectral proper-
ties similar to retinoids,42,43 and can contribute to the
fluorescence signal in native tissue.11 Thus, vitamin A–derived
retinoids and dinucleotides are natural fluorophores with
absorption spectra that respond to multiphoton excitation,
bypassing the filter-like properties of the cornea and lens.

In recent years, we took advantage of 2PO to visualize
cellular structures successfully in the eyes of mouse models in
vitro and in vivo. These studies revealed previously unknown
molecular processes that accompany visual chromophore
regeneration and the pathology of light-induced retinal

damage.44 However, the real question is if these processes
occur in human eyes and whether TPM can be used to
diagnose human retinal pathology. Therefore, the next logical
step is to develop the knowledge and instrumentation that will
allow imaging primate and human retinal tissue. However,
anatomical differences as well as disparities in retinal
organization and retinoid composition observed between
murine and human eye could constitute major challenges in
achieving this goal. Here, we report the molecular components
responsible for the endogenous fluorescence signal and
provide 2PO images of monkey retina, the closest surrogate
to human retina that disclose discrete features of cone cell
organization in the macula region.

METHODS

Animals

All animal procedures and experiments were approved by Case
Western Reserve University and conformed to recommenda-
tions of the Association of Research for Vision and Ophthal-
mology. Freshly enucleated eyes of cynomolgus monkey
(Macaca fascicularis) were obtained from Ricerca Biosciences
(Painesville, OH, USA).

Human Eyes

Deidentified human eyes were obtained from the Cleveland
Eye Bank (CEB) following a preapproved protocol. Only eyes
from individuals who had no known eye disease were
employed for the experiments described below. We coordi-
nated closely with the CEB to reduce the time between death
and tissue availability for experimentation. Eyes scheduled for
HPLC and MS analyses were placed at �808C within 9 hours
post mortem.

Retinal Tissue Preparation for TPM Imaging

Six freshly enucleated eyes from a 4-year-old cynomolgus

monkeys (Macaca fascicularis) were obtained from Ricerca
Biosciences. Immediately after enucleation, eyes were placed
in a 08C 1 3 PBS solution composed of 9.5 mM sodium
phosphate, 137 mM NaCl, and 2.7 mM KCl, pH 7.4. To obtain
clean cuts before dissection, each whole eyeball was sub-
merged for 10 minutes in a room temperature fixative prepared
by mixing 20 mL of 10% paraformaldehyde with 25 mL of
deionized water and 5 mL of 10 3 PBS (95 mM sodium
phosphate, 1.37 mM NaCl, and 27 mM KCl, pH 7.4) to get a
total of 50 mL. After detaching the cornea and lens, the
vitreous was carefully removed and the eye cup was cut into
four clover leaf-shaped portions. When needed, the retina was
gently lifted from the RPE. For imaging of fixed retina, a
secondary 10- to 20-minute fixation step was applied with the
solution described above. Before imaging, the retina was
placed on filter paper and transferred onto the bottom of a
glass-bottom dish (MatTek Corp., Ashland, MA, USA) with a
minimal volume of PBS. A small piece of folded aluminum foil
was placed on top of the filter paper to keep the retina
submerged and in contact with the glass.

2PO Imaging

To obtain images formed by intrinsic fluorophores present in
retinal neuronal cells, we used a laser scanning confocal
microscope (Leica TCS SP2 or Leica TCS SP5; Leica Micro-
systems, Inc., Wetzlar Germany) each equipped with an
inverted stand (Leica MIRE2; Leica Microsystems, Inc.); a fs
laser (Chameleon; Coherent, Inc., Santa Clara, CA, USA)
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delivering 140 fs pulses at 730 nm; a band-pass filter HQ 465/
160 (Chroma Technology, Corp., Bellows Falls, VT, USA); and a
photomultiplier tube detector in a nondescanned configura-
tion. Laser light was focused on the sample with a HCX PL APO
CS 40.0 3 1.25 oil objective and the induced fluorescence was
collected by the same lens after separating the excitation light
with a dichroic mirror. For imaging photoreceptors, light
entered the retina from its outer segment side, and for imaging
the ganglion cell layer, light entered the sample from the nerve
fiber layer side. Spectral characterization was performed
without a dichroic mirror or band-pass filter. Spectral data
were obtained with internal detectors (Leica Microsystems,
Inc.) in the descanned configuration. In this setup, light
emitted from the sample was collected by the photomultiplier
tube detector after passing through a prism which split the
light into a spectrum ranging from 400 to 750 nm.
Fluorescence of the acquired raw images was quantified by
statistical analyses with commercial confocal software (Leica
Confocal Software version 2.6. SigmaPlot; Systat Software, San
Jose, CA, USA).

Analysis of Retinoid Composition in Human and
Monkey Eye

All procedures involving eye handling and retinoid extraction
were done under dim red light. Immediately before HPLC
analyses, eyes were thawed on wet ice and the cornea, lens
and vitreous were removed, leaving the remaining eye cup
intact for visual inspection before biopsies were taken in the
central and peripheral parts of the RPE/retina. Retina and RPE
were combined to obtain accurate quantification of retinoids.
Macular tissue was excised with a 5-mm circular trephine
centered on the fovea. Temporal, nasal, inferior, and superior
regions of retinal and RPE tissues were excised with the
trephine centered at least 10 mm from the fovea and the
nearest edge of a neighboring punch. The sample was briefly
sonicated and homogenized in 5 mL of 67 mM phosphate
buffer, pH 7.4, in 50% methanol (vol/vol) and then divided
into two equal portions. Hydrophobic retinoids were
extracted with 4 mL of hexane following a 20-minute
incubation with 40 mM hydroxylamine at room temperature,
whereas retinal conjugates, including A2E, were extracted
twice with 4 mL of chloroform. For MS-based quantification,
the homogenate was supplemented with 500 pmol of
deuterated A2E (10D-A2E) as an internal standard, prior to
organic solvent extraction. To facilitate efficient phase
separation, samples were centrifuged at 10,000g for 10
minutes. Organic solvents were collected and subsequently
dried down in a vacuum concentrator (SpeedVac; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Prior to HPLC
separation, samples were redissolved in 400 lL of hexane (for
nonpolar retinoids) or acetonitrile (for A2E analyses). Retinyl
esters, retinal oximes, and retinols were separated on a
normal phase silica column (Agilent-Si, 5 lm, 4.6 3 250 mm;
Agilent Technologies, Santa Clara, CA, USA) in a stepwise
gradient of ethyl acetate in hexane (0.5% for 15 minutes, 6%
up to 60 minutes) at a flow rate of 1.4 mL/minute. Separation
of retinoids was monitored by their absorbance at 325 nm.
Individual compounds were identified by their characteristic
UV/Vis spectra and quantified based on standard curves
obtained for the corresponding synthetic standards. For A2E
analysis, the organic extract was injected onto a C18 reverse-
phase HPLC column (5 lm, 250 3 4.6; Phenomenex,
Torrance, CA, USA) and analyzed in a linear gradient of
acetonitrile/isopropanol (50%, vol/vol) in water from 80% to
100%. All solvents contained 0.1% formic acid (vol/vol). The
gradient was developed over 30 minutes at flow rate of 1 mL/
minute. MS-based detection and quantification of A2E was

performed with an LXQ linear ion trap mass spectrometer
(Thermo Fisher Scientific, Inc.) equipped with an atmospher-
ic pressure chemical ionization source. Parameters of
ionization and detection were optimized with a synthetic
A2E standard to achieve the highest possible sensitivity.
Levels of A2E in the analyzed samples were quantified based
on the linear relationship between the ion intensity peak area
corresponding to A2E and the corresponding deuterated
internal standard.

RESULTS

Characterization of Photoreceptor Cells in Fresh
Primate Retina

To characterize photoreceptor cells in primate eye, we first
compared two-photon microscopy images of fresh (Fig. 1A)
and fixed (Fig. 1B) retina at different z-axis (the long axis of
photoreceptor cells) locations. Both fixed and unfixed retina
displayed similar features, including the level of fluorescence
and arrangement of photoreceptors. Notable characteristics
were: (1) the tips of fluorescent portions of cone outer
segments were smaller in diameter than rod outer segments;
(2) cone outer segments were surrounded by a 2- to 5-lm wide
ring of nonfluorescent matrix; (3) the diameter of rod cells was
virtually unchanged between the inner and outer segments;
and (4) cone inner segments evidenced a markedly increased
diameter of up to 6 lm more than that of the outer segments.
One major difference between the two preparations was that
photoreceptors in unfixed retina were bent by contacting the
coverslip glass during imaging with an inverted microscope.
Additionally, fixed photoreceptors were slightly more rigid
which allowed us to obtain crisp z-axis sections of individual
photoreceptors (Fig. 1B).

Visualization of Ganglion Cell Layer

To image the ganglion cell layer without any staining or
extrinsic fluorophores, we relied on the contrast between the
nuclei which are free of fluorophores and the brighter cell
bodies (Fig. 2). The first TPM z-axis section shows the
arrangement of the nerve fiber layer (Fig. 2A). Consecutive
sections along the z-axis (Figs. 2A–F) show individual cells in
the ganglion cell layer coming in and out of focus.

Fluorescence of Inner and Outer Segments

Brighter cone inner segments were clearly defined against the
darker rod inner segments at deeper depths, reaching a
maximum brightness at 50 to 60 lm away from the tips of rod
outer segments (Figs. 3A, 3B). Fluorescence spectra from outer
and inner segments (Fig. 3C) nearly overlapped showing
maxima at 480 nm characteristic of retinol and its esters. The
small shoulder seen in the inner segment spectrum with a
maximum at 456 nm could indicate a contribution of NAD(P)H
to the fluorescence signal.45 Cone to cone spacing was
measured at 1, 6, and 10 mm away from the fovea and
corresponded to distances of 7.4 6 0.5 lm, 12.8 6 2 lm, and
18.3 6 3 lm, respectively (Fig. 4), in agreement with a
previous report.46 Interestingly, after prolonged TPM imaging,
photoreceptors exposed to imaging light exhibited greater
fluorescence of their inner segments (Fig. 5A). This contrasts
with the typically observed fluorophore bleaching and
accompanying reduction in fluorescence when imaging retinal
sections. However, it is consistent with the previously
observed increase in fluorescence emission in response to
bleaching of photoreceptors in the eye of a living primate.7

Two-Photon Imaging of the Primate Eye IOVS j July 2014 j Vol. 55 j No. 7 j 4440

Downloaded from iovs.arvojournals.org on 10/30/2019



Notably, this increase was more pronounced in cone compared
with rod inner segments (Fig. 5B).

Intrinsic Fluorophores Present in Human and

Monkey Retina

Noninvasive visualization of retina by 2PO depends on natural
fluorophores present in photoreceptor and RPE cells. To
provide an analytical evaluation of these compounds in
monkey and human eye, we determined the composition of
retinoid- and nicotinamide adenine dinucleotide-based chro-
mophores in their corresponding retina extracts.

Aside from readily detectable retinals, HPLC separation of
vitamin A metabolites extracted from monkey and human eyes
revealed a major pool of retinyl esters predominantly in the 11-

cis configuration along with noticeable levels of 11-cis-retinol
characteristic of cone-dominant retinas and retinas that contain
cone-enriched regions (Figs. 6A–C). Distribution of these
vitamin A metabolites within the retina was not uniform. The
macula region exhibited a much higher amount of all of the
quantified retinoids than peripheral regions of the retina (Fig.
6C). Levels of 11-cis and all-trans-retinals were elevated up to 6-
fold, whereas the amount of fluorescent retinyl esters was 2
times higher. In addition to the components of the visual cycle,
these eyes contained high levels of retinal condensation
products. The average amount of A2E quantified in six monkey
samples was 160 pmol/eye, comparable with values obtained
for human tissue (Figs. 6D, 6E).47

Aside from retinoid-based chromophores, other major
components that contribute to cell autofluorescence are

FIGURE 1. Intrinsic fluorophores in 4-year-old cynomolgus monkey retina allow visualization of rod and cone photoreceptors by TPM. (A) Two-
photon microscopy images of fresh, unfixed retina, taken at different z-axis locations. The z-axis locations relative to the tips of outer segments are
indicated in each image; the top image was 2 lm away from the tips of the outer segments, whereas the bottom image was 19 lm away from the tips
of the outer segments. (B) En face images of fixed retina taken at z–axis locations indicated with white arrows in the bottom panel are shown in
two upper panels. A yellow arrow points to an outer segment in the upper panel (see upper white arrow in bottom panel) and to the inner
segment of the same photoreceptor in the middle panel. A z-axis section assembled from the series of z-stack images is shown in the bottom panel.
Two white arrows point to the same cone cell as the yellow arrows in the right upper and middle panels. Scale bars: 19 lm.
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NADH and NADPH excited in the 320 to 360 nm range. To
estimate the potential contribution of nicotinamide adenine
dinucleotides to the fluorescence signal, we assessed the levels
of these coenzymes in monkey retina extracts by using LC/MS.
Although we found 3 nmols of NADþ per retina on average in
the tested samples, we could not detect either of its reduced
forms, NADH or NADPH. This result could be explained by a
natural excess of NADþ over NADH or NADPH and/or a
selective oxidative environment of the cell extracts that
facilitated a decrease in NADH concentration.

DISCUSSION

Infrared excitation light that nondestructively penetrates deep
into tissues while maintaining a tightly focused laser beam
enables imaging the cellular organization of the retina in fine
detail. In this report, we show that naturally fluorescent
retinoids provide sufficient contrast to discriminate anatomical
features of the primate eye. A series of TPM images taken of
fresh, unfixed retina along the z-axis revealed the structures of
inner and outer segments of both rods and cones which could
be well discriminated from each other by their difference in
size. Moreover, an entire cone could be visualized (Fig. 1).
Considering the absorption and scattering of both excitation
and fluorescence light, one might expect in our imaging
configuration a decrease in the detected fluorescent signal of
inner versus outer segments. Though, we observed this trend
for rod photoreceptor cells, it was reversed in some cone cells.
Even though we could see bright fluorescence from cone outer
segments, the fluorescence from cone inner segments was
even further increased. Although our results confirmed
previously reported increased fluorescence of the inner
segments in dissected primate retina,7 the fluorescence from

outer segments was much greater in our experimental setup.
This difference could result from differences in the light
pathway. In contrast to the previous study where light entered
retina from the ganglion cell layer, in our experimental setup
light penetrated the retina from the photoreceptor side,
without obstruction from other retinal layers. Another
contributing factor might be that in the previous study,
photoreceptors were attached to the RPE, which provides a
metabolic clearance path for all-trans-retinol.21 In agreement
with our results, the relatively uniform fluorescence along the
inner and outer segments was previously observed in isolated
mouse rod cells.48

The fluorescence spectra from photoreceptor cells exhib-
ited a maximum around 480 nm indicative of all-trans-retinol.
However, the relatively broad maximum suggested the
presence of multiple fluorophores that contributed to this
fluorescence which was further indicated by the slight
shoulder around 456 nm in the emission spectra (Fig. 3C).
The highest amount of retinoids was found in the central
region (Fig. 6C). This observation correlates with the highest
RPE65 activity and the protein levels needed for production of
11-cis-isomers that were seen in the central part of the
macaque eye.49 Especially prominent were 11-cis-retinyl esters.
Neither of these 11-cis chromophores are abundant in mouse
eyes; however, they contribute to the fluorescence signal from
monkey and human retinas.50,51 Adding both cis and trans

isomers we had on average ~4 pmol per mm2 of retinal area.
This compares well with previously reported ~4 pmol per
mm2 of retinal area content of retinyl esters in WT mice.52

Altogether, the current data are consistent with high levels of
11-cis-retinyl esters observed in cone-dominant retinas and in
retinas that contain cone-enriched regions.53,54 It should be
noted that the total amount of retinoids found in the human
eye qualitatively agrees with previous measurements of

FIGURE 2. Two-photon microscopy XY sections of 4-year-old cynomolgus monkey retinal tissues along the eye optical axis (z-axis). The nerve fiber
layer (A) is at the arbitrary z-axis location equal to 0 lm and the ganglion cell layer (F) is at 25 lm; z-axis locations of (B), (C), (D), and (E) are: 10.5,
14, 17.5, and 21 lm, respectively. Depth indications and scale bars representing 20 lm are included in each panel.
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retinoids in 28 donor human eyes.55 Approximately half of
these retinoids were in the form of retinyl esters and half as
postmortem bleached all-trans and unbleached 11-cis-retinal
(Fig. 6C).55 The average amount of A2E found in primate eye
was ~0.2 pmol per mm2 of retinal area, comparable with
previously reported ~0.3 pmol per mm2 of retinal area in 6-
month-old WT mice.56

Although we could not detect significant levels of NAD(P)H,
its contribution to the overall fluorescence signal cannot be
excluded. Emission fluorescence spectra of these dinucleotides
are comparable with those of retinoids,57 and because these
water soluble compounds reside in an aqueous phase, their
fluorescence is more susceptible to quenching than that of
membrane-bound retinoids. Moreover, NAD(P)H levels decline

FIGURE 3. Changes in 2PO induced fluorescence along the outer and inner segments of 4-year-old cynomolgus monkey retinas. (A) Two-photon
microscopy XY sections at z-axis locations indicated next to the images. Scale bars: 20 lm. (B) Mean pixel values for three cones (red) and three
rods (black) along the z-axis from the tip of the outer segment (distance¼ 0), toward the inner nuclear layer. (C) Fluorescence spectra from outer
segments (black circles) and inner segments (white circles). The fluorescence from inner segments is shifted toward a shorter wavelength, with a
shoulder (arrow) at 456 nm indicative of a plausible NADPH contribution.45

FIGURE 4. Comparison of TPM images of the inner segment layer at different distances from the fovea in 4-year-old cynomolgus monkey retina.
Cone-to-cone distances were calculated to be: at 1 mm (A), 7.4 6 0.5 lm; at 6 mm (B), 12.8 6 2 lm; and at 10 mm (C), 18.3 6 3 lm. Scale bars: 15
lm.
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rapidly in isolated tissues to those below detection.58 Even
though we did not detect significant levels of NAD(P)H in
examined retinal extracts, a contribution of NAD(P)H to the
recorded fluorescence cannot be totally excluded. These
conclusions are consistent with the substantially reduced
fluorescence in mouse eyes lacking retinoids (lecithin-retinol
acyl transferase knockout mice).9,10,20,44 Thus, retinoids
(retinol and esters, and condensation products of retinal) are
the main fluorophores of the eye and the contributions from
NADPH (NADH) or flavonoid adenine dinucleotides (FADH2)
are much lower.

Infrared light also provided images of the ganglion cell and
nerve fiber layers (Fig. 2) obtained through the nerve fiber
layer and without any exogenous staining. In previous work,
we had shown two-photon images of photoreceptors obtained
through the anterior segment.7 Together, these findings
indicate the possibility that this modality could be useful in
counting ganglion cells during the progression of glaucoma.
Such noninvasive techniques could have a tremendous impact
on testing and developing the next generation of antiglaucoma
drugs. However, these images are currently less bright than
those obtained from imaging of photoreceptors/RPE and the
identities of the endogenous fluorophores are yet unknown.

Rods and cones are unevenly distributed in the primate eye
with the highest concentration of cones in the fovea.59 Two-
photon microscopy can be used to map these differences in
cone cell distribution within retina. Figure 4 demonstrates that
imaging different sectors of the retina can provide information
about the local density and health of these cells as it relates, for
example, to the aging process and AMD. However, this analysis
should be done in parallel with that of rods because rods are
affected earliest in both aging and AMD.60–63

The increase in fluorescence emission from the retina in
living primate eye after bleaching with IR light was previously
observed.7 Furthermore, this increased emission originated
from the inner segments. Here, we also observed that
fluorescence in the area exposed to IR light at 730 nm for a
prolonged period was on average 53% greater than in the
region unexposed to this light (Fig. 5). These results indicate
that at least photoisomerization of visual pigments, the first
step of the retinoid cycle, still took place in our retinal
preparation, and that 730-nm light can bleach both cone and
rod pigments.

Visualization of dynamic changes in photoreceptor fluores-
cence, in response to illumination and the previously reported
capability to identify retinosomes and condensation products
in RPE,9,10 indicate that TPM imaging has the potential to
detect and monitor early molecular changes caused by AMD
and defects in retinoid metabolism. Recently, among different
types of drusen,64 the presence of reticular pseudodrusen (also
called reticular drusen) appear to most closely correlate with
the progression toward AMD. In one recent study, 40 out of
118 eyes of patients with reticular pseudodrusen progressed to
late AMD.65 These subretinal deposits also were associated
with a decrease in choroidal thickness and shortened
photoreceptor cells.66,67 Two-photon microscopy, with its
characteristic high resolution in the z-axis (along photorecep-
tors), use of tunable lasers, and the capability to differentiate
among different intrinsic fluorophores, offers a methodology
to learn about reticular pseudodrusen. Thus, TPM can be used
to analyze reticular pseudodrusen formation at the earliest
stages, differentiate among different types, pinpoint their exact
locations, and provide information about their spectral
properties. Indeed, all the above indicate the capability of
TPM to assess the efficacy of pharmacological treatments for
various malfunctions of retinoid metabolism as well as the
progression of retinal degeneration. The application of
multiphoton excitation (MPE) not only complements, but far
exceeds the capabilities of optical coherence tomography
(OCT) or scanning laser ophthalmoscopy. Multiphoton excita-
tion can image fluorophores at wavelengths not accessible by
these more conventional eye imaging techniques. Thus, MPE
imaging can detect and quantify retinoids involved in the visual
cycle and their potentially toxic condensation products,
making it the best current method to follow progression of
retinal pathology in a non-invasive and reproducible manner.
These capabilities also make TPM a very exciting tool for the
development of new therapeutics, because it can dramatically
shorten the time needed to follow the progression of retinal
disorders, both in animal models and humans.

It is becoming increasingly clear that formation of reticular
pseudodrusen is closely correlated with clinical progression
toward AMD.68–70 Knowledge about the molecular basis of
their formation is scant, but essential for the development of
rational drug therapies. Improved imaging techniques are
needed to increase the rate of discovery, and 2PO imaging
could be such a key imaging procedure. Perhaps the most

FIGURE 5. Fluorescence from the inner segments of a 4-year-old cynomolgus monkey retina is increased after prolonged TPM imaging. (A) Two-
photon microscopy image of inner segments. The center square shows the increased fluorescence of an area outlined in yellow that was exposed to
(bleached by) IR light at 730 nm. This fluorescence was on average 53% greater than in the peripheral region outlined in green that was not exposed
to the IR light. Scale bar: 20 lm. (B) Plots of mean fluorescence of rods and cones before and after bleaching with the IR light.
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promising variant of 2PO for in vivo measurements is the
incorporation of fluorescence lifetime imaging.38

In summary, TPM provides a powerful research and
diagnostic tool to visualize the neural retina and RPE. Obtained
images provide valuable information regarding the organiza-
tion, structure, and function of a variety of retinal cell types,
including difficult to study, because of the lack of small
laboratory animal models, cone photoreceptors. Our current
work features the capability of TPM methodology to safely
image the monkey eye in vivo, as well as its potential for use in
humans. Perhaps simultaneous imaging with other modalities
such as obtaining cross-sectional, large field views with OCT
and focusing on cellular details with TPM imaging, will identify
discrete cellular features of the retina that display endogenous
signals.
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FIGURE 6. Retinoid composition and distribution in human and monkey eyes. (A) High-performance liquid chromatogram showing representative
separation of retinoids extracted from macaque eye. The labeled chromatographic peaks correspond to: (1) 11-cis-retinyl esters; (2) all-trans-retinyl
esters; (3) 11-cis-retinal oxime (syn); (4) all-trans-retinal oxime (syn); (5) 11-cis-retinol; and (6) all-trans-retinol. (B) Quantification of the main
retinoids in 4-year-old cynomolgus monkey eyes (n¼6). Bars represent SDs of the mean. (C) Retinoid distribution in human eyes (n¼4). Regions of
the eye (retina/RPE punches) are designated as follows (~8% each of the area): T, temporal; S, superior; M, macula; I, inferior; and N, nasal. Bars

labeled 1–6 correspond to retinoids listed in (A). (D) Quantification of A2E in monkey eye extracts (n¼6). Top panel represents an HPLC separation
of A2E extracted from a monkey eye. Bottom panel shows the averaged MS spectrum of peaks that eluted between 10.5 and 12.5 minutes in the top

panel. The two predominant peaks correspond to the parent ions for A2E (m/z¼ 592.5) and the deuterated internal standard (m/z¼ 602.5). (E)
Quantification of the total pool of A2E in human and macaque eyes. In (B, C, E), bars represent SDs.
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