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Abstract
Two-photon microscopy (TPM) has come to occupy a prominent place in modern biological research
with its ability to resolve the three-dimensional distribution of molecules deep inside living tissue.
TPM can employ two different types of signals, fluorescence and second harmonic generation, to
image biological structures with subcellular resolution. Two-photon excited fluorescence imaging
is a powerful technique with which to monitor the dynamic behavior of the chemical components of
tissues, whereas second harmonic imaging provides novel ways to study their spatial organization.
Using TPM, great strides have been made towards understanding the metabolism, structure, signal
transduction and signal transmission in the eye. These include the characterization of the spatial
distribution, transport and metabolism of the endogenous retinoids, molecules essential for the
detection of light, as well as the elucidation of the architecture of the living cornea.

In this review, we present and discuss the current applications of TPM for the chemical and structural
imaging of the eye. In addition, we address what we see as the future potential of TPM for eye
research. This relatively new method of microscopy has been the subject of numerous technical
improvements in terms of the optics and indicators used — improvements that should lead to more
detailed biochemical characterizations of the eyes of live animals, and even to imaging of the human
eye in vivo.
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For several hundred years the light microscope has allowed the visualization of biological
structures and processes invisible to the naked eye, and has been instrumental in the
development of biology and medicine. The combination of microscopy with fluorescent
labeling and staining dramatically improved sensitivity, while the use of fluorescent indicators
responsive to different biochemical properties opened to scientific investigation a vast range
of features in living cells. Standard light and fluorescence microscopy however, can give only
a two-dimensional view of a specimen. So, it was with the advent of confocal microscopy that
three-dimensional (3D) resolution was achieved. The further introduction of two-photon
microscopy has improved the 3D-imaging of living tissues and has the potential to allow non-
invasive study of biochemical processes in vivo.
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In fluorescence microscopy, the excitation light is focused on a plane through the specimen,
but excitation occurs along the whole path of the light beam and not only at the plane of focus.
Ordinarily, the fluorescence collected by the detectors would include the emission from outside
the plane of focus, thereby precluding 3D resolution. In confocal fluorescence microscopy, an
adjustable pinhole aperture is placed in front of the detector(s) that serves to reject the
fluorescence originating from outside of the focal plane. By moving the plane of focus up and
down through the specimen, a 3D view of the distribution of fluorescence is obtained. With
proper optics (an objective lens of sufficiently high numerical aperture) the collected images
have subcellular resolution. Because a significant amount of fluorescence is rejected, it is
necessary to use an intense light source for excitation, such as a laser, to obtain an image within
a reasonable time. Phototoxicity and fluorophore bleaching can sometimes present a significant
problem for confocal microscopy, as the intense light is shone repeatedly through the specimen.
Since 1990 (1), two-photon excitation microscopy has revolutionized the study of biological
structure and function by exciting fluorophores in biological specimens through the
simultaneous absorption of two infrared (IR) photons (Figure 1A). This is achieved by focusing
an infrared laser beam on the specimen, so that the high concentration of photons at the focal
plane substantially increases the probability of the simultaneous absorption of two photons by
a molecule of the fluorophore. In TPM, the requirement of a high infrared light intensity
necessitates the use of a laser (1,2).

Two-photon excitation microscopy has two major advantages over conventional confocal laser
scanning microscopy (Table 1 compares the characteristics of two-photon and confocal
microscopy). First, the stimulating light beam has a high penetration depth because of the long
(IR) wavelengths of light used; second, excitation takes place only at the plane of focus, due
to the scaling of the probability of simultaneous photon absorption with the square of the local
light intensity. Focal excitation avoids the simultaneous absorption of photons outside the
imaging plane, thereby drastically reducing both phototoxicity and fluorophore bleaching. In
combination with the high penetration depth, this has allowed imaging of live tissues and even
of whole animals with high spatial resolution and over long periods of time. Moreover, because
excitation and therefore emission take place only at the focal plane, it is unnecessary to place
a pinhole aperture in front of the detector for the purpose of rejecting any scattered emitted
light. Non-descanned detection without the aperture collects significantly more of the scattered
emitted light, improving the signal-to-noise ratio several-fold and extending the imaging depth
to several hundred µm (3–5). A drawback of non-descanned detection is that its spatial
resolution is worse than that of conventional confocal microscopy. By using a descanned
detector with an aperture placed in front, TPM can achieve a spatial resolution comparable to
that of confocal microscopy (3,5), although this high resolution comes at the expense of the
signal intensity.

At present, the spectrum of the typically used laser sources for TPM ranges from approximately
700 to 1100 nm, which would excite most of the relevant fluorophores, as their absorption
spectra range from about 350 to 600 nm. The near IR and red (600–700 nm) regions are
considered to be the ‘optical window’ of cells and tissues due to the lack of efficient endogenous
one photon absorbers in this range (6). It is the presence of this ‘window,’ along with less
scattering of the longer light wavelengths that account for the deep tissue penetration of the
two-photon excitation laser beam. Two-photon excitation has made a tremendous difference
for the imaging of cellular autofluorescence, as this fluorescence derives mainly from UV-
absorbing molecules like the reduced pyridine nucleotides, NADH (reduced form of
Nicotinamide adenine dinucleotide) and NADPH (reduced form of Nicotinamide adenine
dinucleotide phosphate), and in the case of the eye in particular, the vitamin A (all-trans
retinol). For such fluorophores, two-photon excitation circumvents the high phototoxicity and
the limited penetration depth of UV light. In addition, imaging using two-photon excitation
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sidesteps the need for expensive optics optimized for UV excitation and suffers less from
chromatic aberration problems (5).

Apart from the localized excitation of fluorescence, two-photon excitation can also be used for
the localized release of “caged” compounds in living tissues and even in vivo. Such compounds
include neurotransmitters (7), intracellular transmitters like Ca2+ (8), or aqueous space tracers
like fluorescein (9), providing a powerful experimental tool for the fine manipulation of
physicochemical processes and the spatial mapping of biochemical pathways in living tissues.
In another important application, the same IR lasers can be used to elicit a second harmonic
signal from molecules such as collagen, particularly useful for imaging the structure and
organization of the extracellular matrix (10).

This review considers the applications of two-photon microscopy in vision research. The next
section presents the types of indicators that can provide contrast for two-photon imaging, while
the main section covers research advances in the biochemistry and architecture of the eye, as
well as of signal transmission in the retina. The non-invasive character of two-photon imaging
has made possible the study of biochemical reaction networks in the intact eye, without
disrupting tissue integrity. For example, it has been of special significance for the study of the
visual cycle, as this series of reactions that regenerates the visual pigment straddles two closely
apposed cell types (photoreceptors and retinal pigment epithelial cells) and maintaining an
intact tissue is imperative. In the last section we discuss emerging applications and what we
consider important challenges for two-photon microscopy in the eye. One exciting possibility
is that such non-invasive but high-resolution techniques will allow the study of the biochemical
processes in the human eye in vivo, and bring together basic and clinical research and diagnosis.

Section 1. Indicators for two-photon microscopy
The visualization of biological molecules and structures requires that they display a unique
contrast compared to background. There are two main ways for producing contrast in two-
photon microscopy, fluorescence and second harmonic generation. Because two-photon
fluorescence and second harmonic generation are based on fundamentally different
mechanisms (Figure 1), they can be used together to provide differential contrast in the imaging
of tissue structure and function. Throughout the review, we use the term “two-photon
microscopy (TPM)”, collectively referring to two-photon excitation microscopy (TPEM) and
second harmonic imaging microscopy (SHIM). A major advantage of this combinatorial
imaging approach is that it can utilize endogenous fluorophores and structures without the
addition of exogenous stains or extensive processing. Thus, the organization of the tissue can
be examined with minimal perturbation, even in vivo. In this section we give an overview of
the different indicator molecules, with an emphasis on applications relevant for the imaging
of living eye tissues with two-photon microscopy.

1-1. Fluorescent indicators
Three types of fluorophores are of use in two-photon fluorescence microscopy of cells:
endogenous fluorophores, fluorescent proteins, and exogenous fluorophores. A major class of
endogenous fluorophores is composed of the intracellular molecules centrally involved in
metabolic processes. These include NADH and NADPH, collectively referred to as NAD(P)
H, and the oxidized forms of flavoproteins (11). Most of the NAD(P)H fluorescence originates
from the mitochondria and can serve as the basis for redox fluorometry, a non-invasive optical
method for monitoring cellular respiration (Figure 1A bottom panels) (12,13). Apart from
supplying the means for the functional imaging of metabolic activity, the fluorescence from
pyridine nucleotides and flavins can also be used as contrast for morphological imaging of
living tissues. Other fluorophores of particular interest for the eye are retinol (vitamin A) and
its fatty acid esters, and lipofuscin. Lipofuscin is a complex fluorescent mixture of lipid and
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protein breakdown products that accumulates in granules of the retinal pigment epithelial cells
(14). In the eye, TPEM of endogenous fluorophores has concentrated mostly on NAD(P)H and
retinol and has been used for morphological imaging, for monitoring the metabolic state of
cells, and for following the processing of retinol (Figure 1A).

Fluorescent Proteins (FPs) are a key counterpart of TPEM for the imaging of biological
structures and dynamic biochemical processes within whole living tissues (reviewed in (15)).
FPs originate from the Green Fluorescent Protein (GFP) discovered by Shimomura et al.
(16). The chromophore of GFP is derived from the polypeptide chain through reactions
involving cyclization, dehydration, and oxidation, so the protein does not require any
exogenous cofactor to fluoresce (15). Biological applications of GFP-based fluorescent
proteins exploded after its cloning and heterologous expression, as it allowed the engineering
of proteins with a wide variety of properties. Today there are GFP variants with different
excitation and emission spectra (for example Cyan Fluorescent Protein (CFP) and Yellow
Fluorescent Protein (YFP)), as well as enhanced fluorescence (eGFP, eCFP, eYFP) (15,17).
Specially engineered variants can be selectively expressed in particular cell types, targeted to
a specific organelle, used as protein tags, or modified so that their fluorescence becomes
sensitive to pH, Ca2+ and other ions (15,18). Finally, the construction of pairs of variants that
can function as the donor and the acceptor for FRET (Fluorescence Resonance Energy
Transfer) has created virtually unlimited possibilities for the optical study of cellular
biochemistry. Clomeleon, a chloride ion sensor, is an example of a FRET-based sensor that
has been used for studies of signal transmission in the retina (19). Clomeleon was made by
fusing CFP (as the donor) and YFP (as the acceptor) via a short peptide linker. The quenching
of YFP fluorescence by Cl− results in changes of the FRET efficiency from CFP to YFP. More
generally, FRET-based sensors rely on the steep dependence of the FRET signal on the distance
between the donor and the acceptor. Such sensors can be used to monitor changes in a variety
of intracellular molecules such as cAMP, cGMP, inositol 1,4,5-trisphosphate, etc (18,20). This
is achieved by taking advantage of the conformational changes induced by such small
molecules to an appropriate protein domain fused with a FP, as these changes would affect the
distance between the donor and the acceptor. FPs appear quite promising for research in the
retina, as their expression does not appear to affect morphology or function (21,22) and they
can be efficiently excited with two-photon stimulation (2,15). They can be used to mark specific
subpopulations of cells to enable their identification in the tissue during development, or to tag
specific proteins to allow the monitoring of their trafficking, targeting and interactions within
the cell. For signaling studies, mice expressing Cl− and Ca2+ sensors in the retina under the
control of Thy-1 gene promoter (named because of its expression in thymocytes) or tetracycline
(TET) inducible promoter have been produced (19,23). Protein expression under the Thy-1
promoter labels a small populations of cells, similar to Golgi stains, and is particularly useful
for the imaging of individual neurons (22). The TET-regulated system, on the other hand,
allows the temporal and spatial control of the expression of the sensor protein (23).

In spite of the tremendous advantages of FPs, especially in terms of targeting specificity and
range of applications, a substantial amount of work is required to establish and maintain an
animal line that expresses a particular FP. Thus, small exogenous fluorescent indicators and
tracers are still indispensable tools for the study of biological structure, ionic concentrations,
enzymatic activities and membrane dynamics. For the optical monitoring of synaptic
transmission, the charged styryl dyes, such as FM 1–43 (N-(3-triethylammoniumpropyl)-4-
(4-(dibutylamino)styryl)pyridinium dibromide), have been widely used as membrane markers
(24) that become incorporated into synaptic vesicles through endocytosis. The loss of
fluorescence accompanying release of the incorporated styryl dyes to the extracellular aqueous
space serves as a measure of vesicle exocytosis and synaptic transmission.
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1-2. Second harmonic imaging microscopy (SHIM) and indicators
Structural molecules of the extracellular matrix, especially collagen, which is the most
abundant structural protein in the human body, offer another way for imaging living tissues.
Collagen and elastin emit enough fluorescence to provide contrast that in combination with
the fluorescence of NAD(P)H has allowed the imaging of different layers of human skin in
vivo with two-photon excitation microscopy (25). More importantly however, and in addition
to its fluorescence, collagen can give rise to a significant second harmonic signal (26).
Significantly, the two-photon fluorescence and second harmonic collagen signals have been
shown to correlate with the structural and mechanical properties of the collagen gel, opening
a window to its biochemical properties (27). Apart from collagen, other structural protein
assemblies, like microtubules (28) and acto-myosin complexes (29) can give rise to large
second harmonic signals. In the case of the eye, second harmonic imaging has been used to
investigate the organization of the collagen in the cornea and the sclera (30–36).

Second harmonic generation does not involve light absorption, but rather the induction of a
nonlinear polarization by the incident light that results in the production of photons at half the
wavelength (37,38) (Figure 1B). As the amplitude of the second harmonic signal is proportional
to the square of the incident light intensity, the resolution of SHIM is similar to that of TPEM.
Because it does not involve absorption of the incident photons, second harmonic imaging does
not suffer from photobleaching and phototoxicity. However, only molecules that lack a center
of symmetry can give rise to a second harmonic signal. Moreover, and unlike fluorescence,
which is emitted isotropically, the second harmonic signal is generally anisotropic. The angular
distribution of the signal depends on the size and orientation of the scattering molecules as well
as on the polarization of incident light (39). Under certain conditions, there is significant
backward propagating second harmonic signal that could potentially be used for in vivo
imaging (38).

Exogenous indicators can also be used for SHG studies with biological tissues, but they have
to give rise to a noncentrosymmetric structure. Lipophilic molecules with high polarizability
that accumulate preferentially to a membrane leaflet can be used to provide contrast for
morphological imaging (40). Moreover, as SHG has been shown to have intrinsic sensitivity
to membrane voltage, such probes can be used for optical measurements of membrane potential
as well (41,42). And by combining these probes with antibodies labeled with highly polarizable
gold particles, SHG can be used to probe the membrane potential around single molecules
(43).

Section 2. Applications of two-photon microscopy in vision research
2-1. Retinoid metabolism in the eye

One of the areas of application of two-photon microscopy in the study of biochemical processes
in the eye has been the fluorescence imaging of endogenous molecules involved in the visual
process. A key molecule among these is vitamin A (all-trans retinol), as well as its esters with
fatty acids. The major role for vitamin A in the eye is to provide the chromophore of the visual
pigment, the molecule responsible for the detection of incoming photons. The visual pigment
is composed of a chromophore, 11-cis retinal, covalently linked to a protein, opsin, and is
concentrated in the outer segment compartment of the rod and cone photoreceptors, the cells
responsible for the conversion of light to an electrical signal (Figure 2A and B) (44, 45).
Absorption of a photon isomerizes the chromophore to all-trans and results in the production
of an enzymatically active visual pigment intermediate that initiates a cascade of reactions
leading to a change in the membrane potential of the photoreceptor cell (46). The
photoisomerization of the chromophore however also results in the destruction of the visual
pigment and so its regeneration is necessary. The series of reactions that remake the visual
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pigment comprise the visual cycle, and, in the case of the rods, take place within the
photoreceptor outer segment and the adjacent retinal pigment epithelial (RPE) cells (Figure
2B; reviewed in (47–50)). First, within the outer segment of the photoreceptor cell, all-trans
retinal is released from the photoactivated pigment and reduced to all-trans retinol by retinol
dehydrogenase (51, 52). All-trans retinol is then transported to the RPE cells (53, 54) where
it is esterified by Lecithin:retinol acyltransferase (LRAT) to form retinyl ester (55, 56). The
retinyl ester is isomerized and hydrolyzed by the RPE65 protein to 11-cis retinol (57–60),
which is oxidized to 11-cis retinal (61, 62). Inside the RPE cells 11-cis retinal and retinol are
carried by cellular retinaldehyde-binding protein (CRALBP) (63, 64). 11-cis retinal produced
in the RPE cells is then transported back to the photoreceptors where it reforms the visual
pigment. The regeneration of the pigment takes a long time for rod photoreceptors, which are
responsible for vision at low light intensities. On the other hand, cone photoreceptors, which
are responsible for vision at high light intensities, regenerate their pigment much faster, perhaps
through the use of another pathway that involves the retinal Müller cells (M in Figure 2A)
(65). Although the main pathway of the visual cycle has been well characterized thus far,
questions remain about its regulation and maintenance under different light conditions, as well
as about the interaction between different components and their cellular compartmentation. As
mutations of several of the proteins involved of the cycle have been linked to hereditary
blindness and degenerative diseases of the retina (50, 66), the pathway is a potentially important
target for pharmacological and therapeutic interventions.

Microscopy is an essential tool for understanding the flow of retinoids in relation to the
underlying tissue architecture, and the fluorescence of endogenous fluorophores has been used
to monitor the biochemical reactions of the visual cycle in living cells and eyes. In isolated
photoreceptor cells, two compartments give rise to strong fluorescence signals upon excitation
with UV light: the outer segment and the adjacent mitochondria-rich ellipsoid region (67,68).
In dark-adapted photoreceptors, the outer segment fluorescence is very low, but there is a large
increase following bleaching of the visual pigment. At the same time, the ellipsoid fluorescence
shows only minor changes following light stimulation. Two-photon excitation of all-trans
retinol and NAD(P)H with 720 nm light from a Ti:Sapphire laser has been used to measure the
fluorescence emission spectra from the outer segment and the ellipsoid regions in isolated frog
rod photoreceptors, demonstrating that the outer segment fluorescence originates from all-
trans retinol, while the ellipsoid fluorescence from NAD(P)H (69). Two-photon excitation of
all-trans retinol fluorescence and fluorescence recovery after photobleaching with 720 nm light
has also been used to determine the mobility of all-trans retinol in the outer segments of isolated
rod photoreceptors, finding that all-trans retinol in rod outer segments moves freely by passive
diffusion (70). All-trans retinol does not accumulate in the outer segments of photoreceptors
in the intact living eye, as it is rapidly transported to the adjacent RPE cells (71). This rapid
removal is not understood well, especially in view of the free diffusion of retinol in the rod
outer segment. One possibility is that retinol is removed and transported by the
Interphotoreceptor Retinoid Binding Protein (IRBP) (72), a retinoid-specific lipophilic carrier
present in the interphotoreceptor matrix, and finally trapped in the RPE via esterification by
LRAT.

RPE cells are required for generation and regeneration of the visual pigment chromophore, and
are known to store retinoids. Two-photon excitation microscopy of intact living eyes has
identified specialized storage sites for retinyl esters, the retinosomes (73,74). Following
illumination that bleaches the visual pigment, retinyl esters accumulate in the retinosomes,
from where they are mobilized for the formation of 11-cis retinol. Retinosomes are abundant
in mice lacking the RPE65 isomerohydrolase protein, the enzyme that processes retinyl esters
to form 11-cis retinol (73). Compared to the photoreceptor outer segment, fluorescent retinoid
species in the RPE are quite heterogeneous, including all-trans-retinol, 11-cis-retinol, all-
trans-retinyl esters and 11-cis-retinyl esters. A combination of TPEM and chemical analysis
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by HPLC identified all-trans-retinyl esters as the major source of fluorescence in retinosomes.
The choroidal circulation provides another pathway for the supply of retinol to the RPE,
delivering it through Bruch’s membrane (Figure 2A). Impaired transport of retinol through a
thickened Bruch’s membrane may be responsible for diseases like Sorsby fundus dystrophy
that benefit from high oral doses of vitamin A (75). Retinol that is taken up from the choroidal
circulation is also esterified by LRAT. Genetically modified mice lacking LRAT are deficient
in this esterification process, and do not exhibit retinosome fluorescence (73).

Defects in the flow of retinoids may play a significant role in a variety of degenerative diseases
(75). Apart from monitoring the flow of retinoids, TPEM has also been used, albeit in a limited
fashion, to track the processing of drugs used for pharmacological interventions. Thus, the fate
of retinylamine, which has a long lasting inhibitory effect on the visual cycle that remains for
several days even after a single administration (76), can be followed. Retinylamine, a specific
blocker of 11-cis retinal synthesis, is processed by LRAT to generate N-retinylamide that
accumulates in the retinosomes (77). Such an approach is of course limited to fluorescing
compounds like N-retinylamide.

In addition to retinol and retinyl esters, the posterior pole of the eye contains several other
fluorescent substances (78). Granules containing lipofuscin, a fluorescent mixture of lipid and
protein breakdown products, accumulate with age in the retinal pigment epithelial cells (14).
A major fluorescent component of RPE lipofuscin is A2E, the product of the condensation of
two all-trans retinal molecules with phosphatidylethanolamine (79). A2E is cytotoxic (80),
and its accumulation in the RPE has been linked to diseases like Stargardt’s that arise from
defects in the processing of all-trans retinal by the photoreceptor cells (81,82). The Bruch’s
membrane and sub-RPE deposits also exhibit substantial autofluorescence. Abnormal
thickening of the Bruch’s membrane and extensive accumulation of deposits are associated
with the development of age-related macular degeneration (AMD) (83), the leading cause of
blindness in industrialized countries (84). Significant differences in the fluorescence emission
spectra of pigment epithelium, sub-RPE deposits between young and aged eyes have been
observed with confocal and two-photon microscopy (85,86), paving the road for the use of
imaging in the early diagnosis of eye pathologies.

2-2. Redox Imaging of the Cornea
The cornea has long been the subject of metabolic studies utilizing redox fluorometry (13,87,
88). Robust metabolism is essential for the maintenance of corneal transparency, which relies
on the hydration state of the stroma layer (89–91). Two-photon excitation of NAD(P)H
fluorescence can provide three-dimensional maps of the metabolic status of living rabbit cornea
with sub-cellular resolution through the entire 400 µm thickness (92). Such resolution had been
impossible to achieve with single-photon confocal microscopy (93).

2-3. Architecture of the Cornea and Lens
The stromal layer of the cornea consists of ~200 layers of collagen fibers, whose ordered
structure give the cornea its transparency (89,90). Second harmonic imaging of the sclera shows
a more disordered state of the collagen fibers, consistent with its opaqueness (30). Analysis of
second harmonic signals from the human cornea has identified three stroma layers with
different patterns of collagen fiber packing (94) that is profoundly altered in corneas from
patients with keratoconus (34,36), a disease associated with corneal thinning and conical shape
formation (30,34,36). Mechanical interactions between collagen fibers and keratocytes
(fibroblasts in the corneal stroma) play an essential role in the development of the highly
organized collagen matrix. The collagen matrix is reorganized by fibroblasts during wound
healing after corneal injury. To visualize this process in vivo, fibroblasts labeled with eGFP
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were introduced in injured rabbit corneas, and their repopulation was monitored in freshly
excised corneal tissue with TPM (95).

Although the above studies were carried out with isolated corneas, ex vivo eyes, or in vitro
cultured fibroblasts, second harmonic signals and two-photon excited fluorescence can be
obtained from corneas in vivo through epidetection. SHIM holds significant promise for linking
biochemical information on collagen structure with clinical diagnosis as it does not require any
artificial labeling of the specimen.

Another area in which the particular advantages of two-photon microscopy are moving research
forward is the structure and function of the lens (96). The lens is composed of a gradient of
fiber cells at various stages of differentiation that are responsible for its structural organization
and transparency (89). To maintain the optical transparency of the lens, it is necessary that the
fiber cells exist in a regular geometric arrangement with minimal extracellular space so as to
minimize discontinuities of refractive indices between them. In order to maintain the structural
integrity and high transparency of the fiber cells in the absence of a blood supply, an internal
circulation system exists that delivers nutrients and removes waste (96,97). The low chromatic
aberration and the avoidance of extensive photobleaching of two-photon fluorescence
microscopy have permitted the use of immunofluorescence to map with subcellular resolution
the distribution of connexin-46, a gap junction protein, across large regions of the rat lens
(98). The relationship between gap junction plaque distribution and intracellular
communication was corroborated with photoactivation of caged fluorescein by two-photon
excitation inside fiber cells. In the lens periphery, fluorescein moved radially, in an anisotropic
manner, consistent with the location of the gap junction plaques on the broad sides of the cells
in that region of the lens. Deep within the lens, fluorescein moved isotropically, consistent with
the more uniform distribution of plaques there. Thus, the gap junctions constitute a part of the
lens circulation system, and their distribution can sustain the radial movement of intracellular
solutes between center and periphery (96,98).

2-4. Functional studies of signal transmission in the retina
The retina contains mainly five types of neuronal cells (Figure 2A), all of which contribute in
a unique way to the conversion and transmission of signals. Two-photon microscopy has
specific advantages for the functional characterization of retinal neurons. First, the retina is
particularly transparent to visible and IR light, therefore the entire retina can be imaged with
fluorescence at high spatiotemporal resolution. Second, as IR light is not efficiently absorbed
by the rod and cone visual pigments, it can be used for two-photon excitation of fluorescent
indicators without stimulating the photoreceptor cells (99). Intracellular and extracellular
chemical signals can be visualized by fluorescence microscopy using the appropriate
indicators, and TPEM has been used to resolve several specific questions about the transmission
of the visual sensory signals through the retina.

In the retina, the first step of vision takes place in the outer segments of the rod and cone
photoreceptor cells (R and C in Figure 2A), with the absorption of incident light by visual
pigment molecules. In the absence of light, photoreceptor cells are partially depolarized and
maintain a high release of the neurotransmitter glutamate from the synaptic terminal. Light
absorption leads to hyperpolarization and a reduction in glutamate release. The photoreceptor
cells then need to encode the light intensity received by the outer segments as the rate of release
of glutamate-containing vesicles at the synaptic terminal. TPEM was used to characterize this
encoding for cone photoreceptors in an intact lizard retina. The glutamate-containing vesicles
at the synaptic terminals were loaded with the fluorescent tracer FM1–43, and the rate of vesicle
release was measured from the rate of FM1–43 release at various light intensities (100). These
measurements were put together with quantitative electron microscopy data, giving a vesicle
release rate of 49 per 200 ms in the dark, and dropping to 2 vesicles per 200 ms in bright light
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conditions. As cone cells operate over 4–5 log units of light intensity, these results show that
cone cells compress 10,000 fold differences in light intensity into approximately 25 fold
differences in output.

Photoreceptors form synapses with horizontal (H in Figure 2A) and bipolar (B in Figure 2A)
cells. Bipolar cells are categorized into ON and OFF subtypes, depending on whether they
hyperpolarize or depolarize, respectively, upon stimulation by glutamate from the
photoreceptor cells. The response of the ON bipolar cells is modulated by gamma-aminobutyric
acid (GABA), released by the horizontal cells upon their stimulation by glutamate. The ON
bipolar cells depolarize in response to GABA, but the mechanism had been difficult to establish
experimentally. The technical obstacles were overcome with the use of TPEM and the
ratiometric Cl− indicator Clomeleon, expressed in subpopulations of mouse ON bipolar cells.
The measurements demonstrated that in the ON bipolar cells there is an up to 20 mM higher
Cl− concentration in the dendrites than in the soma, and GABA application leads to Cl− efflux
from the dendrites, depolarizing the cell (19). TPEM is an essential tool for studying signaling
involving dendritic processes, as they are particularly fragile and difficult to target with
microelectrodes, and have to be studied in a tissue that has maintained the integrity of its
neuronal circuitry. The capacity to study dendritic signaling has also been critical for
experiments tackling the problem of motion detection, a fundamental property of visual
perception. The signals received by the bipolar cells are transmitted to the amacrine (A in
Figure 2A) and ganglion cells (G in Figure 2A) at the inner plexiform layer, where further
signal processing occurs. Euler et. al. used Ca2+ indicator dyes and TPEM in parallel with
electrical recordings to demonstrate that in starburst amacrine cells, known to be essential for
motion detection (101), it is the dendrites that respond to directional stimuli (102). Motion
detection information is further processed and integrated by direction-sensitive ganglion cells.
Two-photon Ca2+ imaging of ganglion cells showed that their dendrites are electrically
excitable, triggering action potentials that further enhance the directional sensitivity of the cells
(103).

Section 3. Future Prospects
Presently, the application of TPM in the eye has led to important breakthroughs in the
elucidation of retinoid processing in the retina and RPE, and of collagen organization in the
cornea. It has also shown tremendous potential for the understanding of visual signal
transmission in the retina. The combination of two-photon excitation with other technologies
holds great promise for the study of biochemical processes, while the non-invasive aspects of
TPM are extending into clinical research and intervention. In this section we cover some of
the potential avenues for future developments and applications.

One recent innovation is the development of photoactivatable and photoswitchable FPs (PA-
FPs) (104). These proteins exhibit a large change in their fluorescence intensity or a shift in
their excitation and emission spectrum upon absorption of light of particular wavelengths. PA-
FP can be used to tag photoreceptor outer segment proteins, so that, in combination with two-
photon photoactivation, their movements within the photoreceptor cell can be followed. This
method will open new ways to approach long-standing questions about several photoreceptor
processes, such as the targeting of phototransduction proteins and the massive light-induced
translocation of outer segment components between different cellular compartments (105).

Two-photon excitation can also expand the range of Fluorescence Correlation Spectroscopy
(FCS) applications to include the study of biochemical processes within living cells. In FCS,
a very small observation volume (~1 fL) that contains a small number of fluorescing particles
is monitored over time. The measured fluorescence fluctuates as the particles move in and out
of the observation volume, or engage in chemical reactions. For a small number of particles
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the relative amplitude of fluctuations is quite large, and by analyzing the temporal fluctuations
in fluorescence one can obtain the number of particles, their diffusion coefficients, and the
kinetic rate constants of biochemical reactions in which they participate (106,107).

Another important area is the development of three- and four-photon microscopy. In these
cases, excitation involves the simultaneous absorption of three or four photons, and would
result in significantly higher 3D resolution, as excitation scales with the third or fourth power
of the local light intensity. It will also open to exploration a host of additional pathways and
cellular processes, as it allows the excitation of tryptophan and its indolamine derivatives that
have single photon absorption maxima at less than 300 nm (108). An important hurdle that
needs to be overcome is the need of at least an order of magnitude higher average laser power
than TPM, because of the high intensities needed for efficient multi-photon absorption.

As we discussed previously, the low phototoxicity and high depth imaging of TPM are
especially advantageous for research with intact living tissues and animals. They afford the
opportunity to closely examine biochemical pathways such as the visual cycle and the response
of animals to pharmacological interventions in vivo. The cellular underpinnings of the neuronal
circuits of the retina, along with their development can now be examined in detail with TPM
in intact retinas or in vivo by marking particular cell types through the selective labeling by
fluorescent proteins or dyes (109,110). And as the eye-specific depletion of gene function is
not lethal, TPM is now coming to the forefront as a powerful tool for approaching the functional
consequences of biochemical perturbations in animal models of human eye diseases (111–
113). SHG offers an additional contrast mechanism that in combination with TPEM allows
high resolution imaging of extracelular and intracellular protein structures in living tissues
(10). Second harmonic imaging can also utilize the polarization anisotropy of the SHG signal
to probe the organization of such protein assemblies. Cell membranes, and their electrical
potential, can also be visualized with second harmonic imaging through staining with lipophilic
probes that accumulate preferentially to a membrane leaflet. Interestingly, retinal, the visual
pigment chromophore, is one such highly polarizable molecule that can be used for imaging
membrane potential (114).

Potential clinical applications of TPM are slowly emerging as well. For diagnostics, the
autofluorescence and the second harmonic signal from the cornea appear to be most promising
(115). They have already been used in animal studies for the non-invasive monitoring of corneal
surgery in real time, with the same laser used for the imaging also used for cutting the tissue
(116,117). Achieved by a multiphoton-mediated process, this kind of surgery can be highly
precise, is essentially non-invasive, and can potentially avoid some of the tissue damage
associated with other methods. Because of the relevance of the autofluorescence of the retina
and the pigment epithelium for several degenerative diseases, the in vivo two-photon excitation
microscopy of the human retina and pigment epithelium could become of tremendous
diagnostic value. It will however need to overcome two important hurdles. One is the optical
distortion caused by a human eye that results in diffusion of the focal spot (118) and reduces
the efficacy of the two-photon process. Another is the large distance between the retina and
the front of the eye, which limits the numerical aperture of the fundus ophthalmoscope for
human eyes to approximately 0.2, much lower than the numerical aperture of >1.0 typically
used for two-photon imaging of eyes in small animal models, like mouse and zebrafish (73,
109). The efficacy of two-photon excitation is dependent on the fourth power of the numerical
aperture, and hence the two-photon process is estimated to be at least ~ 600 times less efficient
for a human retina than for that of small animals. Nevertheless, due to several technical
advances (5,119–121), it is currently possible to optically compensate for some of the optical
distortions, leading to improved image quality, penetration depth, and signal intensity, and
expanding the potential applications of TPM, at least for animals. Although still beyond our
horizon, the development of a “two-photon ophthalmoscope” would make a dramatic
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difference in our ability to biochemically image the human eye in both normal and pathological
conditions and be of major value for clinical diagnosis.
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Figure 1. Two-photon imaging of structures in the mouse eye
(A) Left top panel; images of two-photon excited fluorescence originating from retinyl-esters
in RPE cells (left) and retinol in rod photoreceptor outer segments (OS). Fluorescence was
excited with 720 ~ 730 nm light from short-pulsed IR lasers. Left bottom panel; NAD(P)H in
corneal epithelial cells was imaged by two-photon excitation at 730 nm. Middle panel;
schematic diagram of two-photon excitation of fluorescence: a single molecule of the
fluorophore absorbs two-photons simultaneously to reach an excited state. After a relaxation
process, a single photon is emitted. Right panels; fluorescence emission spectrum of the RPE
cells (top) and the corneal epithelial cells (bottom). Y-axis indicates the fluorescence intensity
(arbitrary units), and X-axis represents the wavelength of light. Note the broad fluorescence
emission band. (B) Left panel; second harmonic generation image from collagen structures in
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the sclera of an intact mouse eye. Illumination with 880 nm light from a short-pulsed IR laser.
Middle panel; the process of second harmonic generation does not involve molecular
excitation. A single photon is produced from the interaction of two photons with a
noncentrosymmetric structure and without any energy loss. Right panel; the spectrum of the
second harmonic signal from the sclera. Y-axis indicates the intensity of second harmonic
signal (arbitrary units), and X-axis represents the wavelength of light. Note the narrow band
of the second harmonic signal peaking at 440 nm exactly half the wavelength of the incident
light.
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Figure 2. Architecture of the retina and the visual cycle
(A) Retina and surrounding structures. The retina is composed mainly of five types of neurons
along with Müller glial cells (M) (123). A sixth type of neuron, the interplexiform cell that
appears to carry information from the inner to the outer plexiform layer (124) is not shown.
Rod (R) and cone (C) photoreceptors receive the light stimulus and convert it to an electrical
signal. In the outer plexiform layer, photoreceptors form synapses with and pass the signal on
to bipolar (B) cells. Bipolar cells pass on the signal to ganglion cells (G) either directly or
through the amacrine cells (A), in the inner plexiform layer. The ganglion cell axons form the
optic nerve that carries the signal to the brain. This vertical signal transmission is modulated
through lateral connections by the horizontal (H) and amacrine (A) cells, which result in
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substantial visual signal processing within the retina. (B) Regeneration of 11-cis retinal through
the visual cycle. Light isomerizes the rhodopsin retinyl chromophore into an all-trans
configuration. The chromophore is released and reduced in the rod outer segment to form all-
trans retinol. All-trans retinol is transported to the retinal pigment epithelial cells, where it is
esterified by LRAT. All-trans retinyl esters are stored in the retinosomes, and/or utilized for
production of 11-cis retinol through enzymatic hydrolysis and isomerization. Oxidation of 11-
cis retinol to retinal, the subsequent transport to rod outer segments, and binding to opsin,
complete the cycle.
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Table 1
Comparison of two-photon and confocal microscopy
Each feature was compared qualitatively, because the quantifiable values, such as imaging depth and resolution, differ
depending on the application and the tissue type. More comprehensive comparisons can be found in (5,122).

Features: Two-photon microscopy: Confocal microscopy:

Imaging depth Several hundred µm Less than TPM.

Spatial resolution Lower than that of confocal microscopy.
Resolution can be improved using a pinhole,
however, at the expense of S/N ratio.

High

S/N ratio High. Better than confocal microscopy if
Non-Descanned Detection is used.

Good

Excitation/Emissi on separation Wide (e.g. In the case of eGFP, 900 –1000 nm
excitation produces 510 nm peak emission)

Close (e.g. In the case of eGFP, 488 nm excitation
produces 510 nm peak emission)

Excitation crosstalk in the presence of multiple
fluorophores

Difficult to preferentially excite a single
fluorophore with two-photon stimulation

Can reduce crosstalk by using different laser lines to
preferentially excite particular fluorophores

Imaging of UV absorbing fluorophores Deep tissue imaging is possible with infrared
excitation because of less scattering and less
absorption.

Imaging is possible with UV lasers, though with limited
imaging depth. UV light is cytotoxic and subject to
significant absorption and scattering within specimens.

Photobleaching and phototoxicity Limited to the focal point Through the whole light path of the laser in the specimen

Imaging contrast Fluorescence, second harmonic generation
The IR beam can be used for single-photon
reflection and transmission.

Fluorescence, reflection, transmission

Lasers IR pulsed (fs and ps) lasers. These lasers are
more expensive and might require routine
maintenance. Fully automated, widely
tunable lasers are commercially available.

Visible to UV range of CW (continuous wave) lasers. In
general, the lasers for confocal microscopy are less
expensive than the IR lasers used for TPM.
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