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Abstract

Multiphoton microscopy, relying on the simultaneous
absorption of two or more photons by a fluorophore,
has come to occupy a prominent place in modern
biomedical research with its ability to allow real-time
observation of a single cell and molecules in intact tis-
sues. Multiphoton microscopy exhibits nonlinear optical
contrast properties, which can make it possible to pro-
vide an exceptionally large depth penetration with less
phototoxicity. This system becomes more and more
an inspiring tool for a non-invasive imaging system to
realize “optical biopsy” and to examine the functions of
living cells. In this review, we briefly present the physi-
cal principles and properties of multiphoton microscopy
as well as the current applications in biological fields.
In addition, we address what we see as the future po-
tential of multiphoton microscopy for gastroenterologic
research.
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INTRODUCTION

A remarkable evolution of biological science has in-
duced the need to visualize cells in an intact whole or-
ganism. To date, most applications using microscopy are
limited to fixed cells or excised tissues. However, charac-
terization of morphological features and establishment
of cell function of native tissues is important for the
diagnosis of disease in the early stage and has improved
understanding of the associated pathophysiological pro-
cesses. Therefore, the need for real-time observation of
cells and their subcellular components in intact tissues is
of great interest and imaging techniques have been de-
veloped to pursue this goal.

One of these techniques is fluorescence imaging.
Although the combination of microscopy with fluores-
cent labeling has improved sensitivity, this approach pro-
vides only a two-dimensional view of samples. The use
of confocal microscopy allows for the observation of
subcellular material with three-dimensional resolution.
However, confocal microscopy is limited by the effective
imaging depth of typically less than 100 pm and pho-
totoxicity, which is caused by using a short wavelength
laser!".

Recent advances in nonlinear optical processes of
multiphoton microscopy compensate single photon-
linear microscopy technologies such as confocal micros-
copy by the capacity for deeper tissue penetration with
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clear images and the reduction of direct ultraviolet dam-
agem. Thus, multiphoton microscopy has been applied to
various parts of the imaging task and has now become
the technique of choice for subcellular observations of
thick tissues and in living animals”.

In addition, endoscopists often want to know the
relationship between the gross endoscopic findings and
the microscopic diagnosis during routine endoscopy.
Although a mucosal biopsy is the standard method for
histopathological diagnosis of an abnormal mucosal le-
sion, this approach is limited by sampling error, bleeding
risk and the time lag for results. Therefore, endoscopists
would like to have the ability to directly observe and
promptly identify pathology of cellular and/or subcel-
lular structures without biopsy. Multiphoton microscopy
has the full potential to achieve this goal because it can
provide thin optical sections from thick specimens.

In this article, the principles of multiphoton micros-
copy and its applications in bioscience are reviewed, as
well as the prospects for clinical use.

MULTIPHOTON MICROSCOPY

Eatly in the development of quantum mechanics, the
theoretical concept was first proposed by Géppert-May-
er in 1931. Multiphoton excitation is based on the prob-
ability that fluorophore molecules are excited by multiple
low energy photons that can arrive “simultaneously” at
the fluorophore and interact with it. The fluorophore
molecule absorbs the sum of the energy from each pho-
ton, and an electron in the fluorophore is transferred to
the excited state, which can induce an electronic transi-
tion similar to a single high-energy photonm. Soon after,
the molecule in the excited state falls back to the ground
state with emission of fluorescence, which has most, but
not all, of the initial energy, owing to non-radiative re-
laxation (Figure 1).

Because the energy of a photon is inversely propor-
tional to its wavelength (L), the emitted fluorescence is
a longer wavelength than the exciting light. However,
in the case of multiphoton excitation, the fluorophore
molecule almost simultaneously absorbs the energy
from multiple photons, each of which contributes a part
of the total energy required to induce the fluorescent
emission. Thus, the emitted fluorescent photon has a
shorter wavelength than each of the photons involved in
excitation. For this reason, multiphoton microscopy can
induce fluorescence equal to the energy of single photon
excitation microscopy by low energy photons.

However, multiphoton excitation requires enormously
high light intensities that, if continous, would almost
instantly vaporize the specimen. Therefore, to generate
enough fluorescence practical for multi-photon microsco-
Py, a pulsed laser source is needed. In other words, using
a laser that produces extremely brief pulses (femtosecond
laser, about 1075) at a high repetition rate, thus generating
high instantaneous energy but low average energym.

Multiphoton microscopy exhibits nonlinear opti-
cal contrast properties that are predicated upon second
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Figure 1 Multiphoton excitation. A: Single-photon excitation. Individual
photons of high-energy blue light (wavelength, A = 480 nm) excite fluorophores
in the sample. After an electron in the fluorophore is transferred to the excited
state (blue arrow), it loses energy rapidly owing to non-radiative relaxation
(dashed arrow). Subsequently, fluorescence emission (yellow curved arrow) oc-
curs at a longer wavelength than the excitation light as the electron falls back to
the ground state (green arrow); B: Two-photon excitation. Two infrared photons
(A =780 nm) are absorbed simultaneously (red arrows) to excite the fluoro-
phore and light is emitted in the same manner as for single-photon excitation
(green arrow) with emission of fluorescein.

and third-order nonlinear interactions between light and
particlesm. The nonlinear optical effects are proportional
to the square or cube of the fundamental light intensity;
this gives multiphoton microscopy the intrinsic charac-
teristics of 3-dimensional images. This is because the
photon density is high at the focal point, and it falls off
steeply from the focal pointm. This eliminates out-of-
focus contributions and allows multiphoton microscopy
to obtain high resolution images from the scattered
photons of the fluorophore emission used to produce
the image. In addition, photobleaching is restricted to a
narrow region around the plane of focus.

To date, the most widely used imaging modalities as-
sociated with multiphoton microscopy are multiphoton
excitation with fluorescence, second harmonic genera-
tion, multiphoton fluorescence lifetime imaging micros-
copy, and spectral lifetime imaging microscopy'. For
example, with two-photon microscopy, a fluorophore
molecule is excited by the nearly simultaneous absorp-
tion of two photons, each twice the wavelength required
for a single photon excitation™. A molecule of fluores-
cein can be excited by two photons of near-infrared light
(A = 780 nm), each of which has approximately half
the energy of a single blue photon (A = 480 nm), and
then emit a photon of green light, in the same manner
as for standard (one-photon) excitation with blue lightm.
According to nonlinear excitation, fluorescent emis-
sion from fluorophore molecules is proportional to the
square of the excitation intensity. This intensity-squared
dependence of two-photon microscopy provides “optical
sectioning” capability, without using an adjustable pin-
hole aperture in front of the detector to reject out-of-
focus fluorescence like confocal microscopym.

Multiphoton microscopy has several advantages
over confocal microscopy. Most of all, the use of long
excitation wavelengths has major advantages. Since light
scattering declines rapidly with an increasing wavelength,
deeper penetration can be achieved by using a longer
wavelength of light than with single-photon confocal
microscopy. In addition to an increase in the penetration
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Confocal microscopy Two-photon microscopy

Excitation wavelength Short (ultraviolet light) Long (infra-red light)

Tissue imaging depth  About 50-100 pm About 400-1000 pm

Spatial resolution nm (3D-resolution nm (3D-resolution with
with pinhole aperture ) inherent optical sectioning)

Photodamage and High Low

photobleaching

depth, a longer wavelength of light, such as infrared light
(700-1000 nm) used for multiphoton microscopy, has
much less energy than confocal microscopy, and there-
fore causes negligible photodamage and phototoxicity to
cells and tissues. Cells and molecules deep inside living
tissues can be observed for long periods of time. More-
over, because excitation and emission take place only
at the focal plane, multiphoton microscopy reduces the
photobleaching outside of the focal plane, unlike confo-
cal microscopy. Therefore, it results in high fluorescence
collection efficiency and thus greater signal intensity at
any given tissue depth.

Table 1 details comparative differences in excitation
wavelength, tissue imaging depth, resolution and photo
damage/bleaching between two-photon microscopy and
confocal microscopy.

BIOLOGICAL APPLICATIONS

Multiphoton microscopy is a powerful tool for visual-
izing cellular and subcellular events within living tissue
with its inherent “optical sectioning” capability, deeper
penetration and minimal phototoxicity and photobleach-
ing. Multiphoton microscopy can capture whole organ-
isms or embryos on a large scale. Though transparent
organisms such as the zebra fish and drosophila are
ideal candidates for such studies, the development of
the hamster embryo model has allowed for observations
over long periods of time, for several days'"”.

In addition to morphological studies, multiphoton
microscopy can be used for dynamic and functional
cellular imaging with the development of vatious fluo-
rescent probes. For example, two-photon microscopy
of the calcium sensitive fluorophore allows for the col-
lection of subcellular spatial and temporal information
on (Ca”") ion entry through voltage-gated channels or
release from intracellular stores within a single myocyte
at depths of up to 200 um below the epicardial surface.
Therefore, two-photon microscopy is well suited to
determine the functional state of donor cells following
intracardiac transplantation[“]

Neuroscientists use multiphoton microscopy for the
observation of neuronal plastic changes within brain
slices, measuring ionized-calcium dynamics deep in brain
tissues'”. The dendritic spines, which are a major func-
tional component of the nervous system associated with
learning and memory activated by chemical and electrical
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transmission mechanisms, are very tiny structures. Since
neurons are very sensitive to phototoxicity and brain tis-
sue is highly scattered, it has been difficult to visualize

. L . 13,14
these dynamic processes in live tissues!>'Y

. However,
multiphoton microscopy overcomes these obstacles by
using long wavelength light and providing high resolu-
tion deep imaging without causing injury to the living
material™. Tt allows visualization of fine structures of
the brain in the head and neck area, including unique
signaling and dynamic motility of the dendritic spines
300-400 pm into the brain tissue!*'".

Multiphoton microscopy enables imaging of dynam-
ic and heterogeneous immune processes at the cellular
and molecular levels deep within intact organs of living
animals. Due to the depth of penetration and minimal
photodamage, multiphoton microscopy permits six-
dimensional (x, y, z, time, intensity, wavelength) imaging
of intact lymphoid organs and can be used to observe
naive lymphocytes for hours without loss of viability or
rnotility“g]. Dynamic movements and cellular interactions
of viable T- and B-cells can be revealed, as well as the
antigen presenting cells in the 7 vivo settingp’w].

Multiphoton microscopy is also a preferred imaging
technique for cancer research, for example in studies on

20,21 .
B2 Tumor micro-

angiogenesis and metastasis 7z vivo
invasion and metastasis involves complex interactions
between cells and extracellular matrix proteins, most
notably collagenm]. Due to the ability of imaging more
deeply in tissues with less toxicity, multiphoton micros-
copy facilitates imaging of tumor-stroma interactions
and thus facilitates improved understanding of the pro-
cesses of cell migration, metastasis, and tumot progres-
sion with direct observation 7 vivo™

Gastrointestinal endoscopists have to rely on visual
inspection for the diagnosis of disease. Therefore, multi-
photon excitation imaging may be helpful in the diagno-
sis and offer additional diagnostic benefit. Indeed, a pilot
study of multiphoton microscopy to diagnose gastric
cancer has been reported recently™. The results of the
study showed that multiphoton microscopy can be used
to diagnose gastric cancer by optical biopsy. Multipho-
ton microscopy has proved to be a promising tool for
real-time histological diagnosis. Recent developments in
imaging technology now make this possible.

Multiphoton microscopy also has the ability to pen-
etrate deeper inside the tissue and excite endogenous
autofluorescence molecules such as intracellular nicotin-
amide adenine dinucleotide phosphate (reduced form),
flavin, melanin and lipofuscin, instead of using fluores-
cent dyes which must be used for 7# vivo confocal laser
microscopy””. It provides the ability to detect cellular
and subcellular details of the gastrointestinal mucosa
without fixation or staining. Multiphoton imaging of
intact human gastrointestinal mucosa ex vivo provides
improved cellular detail compared to confocal imaging,
without the need for fluorescent dyes.

Suitable indicators for two-photon microscopy are
required in order to get a clearer image. Recently, our col-
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Two photons (IR)

Cancer

Figure 2 Images of normal tissue (above) and cancer tissue (below)
treated with AG2. Normal tissues were incubated in artificial cerebrospinal fluid
(ACSF) for 4 h, and cancer tissues were incubated in ACSF for 4 h, after which
AG2 uptake was monitored. Right-side images are bright-field images, left-
side images are pseudocolored two-photon microscopy (TPM) images obtained
after incubation with AG2 for 4 h. The TPM images were obtained at a depth of
100 um by collecting the two-photon excited fluorescence spectra in the range
of 520-620 nm on excitation with fs pulses at 780 nm. IR: Infrared.

laborators have developed many new two-photon tracers.
One tracer, a hydrogen probe, AH2, which emits fluo-
rescence at pH < 4 can be used to obtain images of live
esophageal tissue from the mucosal surface to 100 pm
in depth. Emitted fluorescence of the hydrogen probe
in reflux esophagitis tissue was stronger than that in
control tissue. Multiphoton-emitted fluorescence of low
esophageal tissue of the reflux model was similar to that
of stomach™. Visible images of pH changes in reflux
esophageal tissue can be obtained by use of the multi-
photon hydrogen probe.

Another new probe, AG2, that can be easily taken up
by cancer cells and tissues through glucose-specific trans-
location has been developed. AG2 shows negligible cy-
totoxicity and high photostability. It can monitor glucose
uptake in colon cancer tissues and visualize at depth of
75-150 um by two-photon microscopy (Figure 2). This
compound may be useful in diagnosing the eatly stages
of cancer and make it possible to develop customized
cancer therapy according to the uptake rates of AG2 in
normal and cancerous tissues (Figure 3). In addition, this
laboratory has used multiphoton laser scanning micros-
copy to study gastric and colon cancer with other probes.
Multiphoton images of normal and cancer cell lines, as
well as normal mucosa and dysplastic tissues, (adenoma,
adenocarcinoma) labeled with the multiphoton micros-
copy probes AZnl and ACul, have been studied. The
findings showed that the Cul content was higher, Znl
content was lower, and the ratio of Cul to Znl was
much higher in adenomas and adenocarcinoma than in
the normal mucosa. These results suggest the possibility
that multiphoton endomicroscopy might be developed
further to use as a technique for performing virtual biop-
sies during the course of routine endoscopy.
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Figure 3 AG2 uptake in normal and cancerous tissues. A: Time course of
AG2 uptake by normal tissue and cancer tissue at 100 um depth as a function
of time; B: Relative AG2 uptake by normal tissue and cancer tissue for 4000 s.
The columns indicate the sum of the two-photon excited fluorescence intensities
measured by photomultiplier tube at depths of 75, 100, 125 and 150 um from
the tissue surface, relative to that of normal tissue. The data are the average of
three independent experiments.

CONCLUSION

Multiphoton microscopy has rapidly evolved and be-
come a standard device for cell-based biological research
in the fields of genomics, proteomics and tissue engi-
neering. A major advantage of multiphoton microscopy
is the ability to observe deep within intact organs and
cells. Its applications are being extended beyond basic
research to the clinical setting, such as detection of skin
cancers, mucosal dysplasia of the intestinal tract, Al-
zheimer’s disease, and metabolic disorders just by visual-
1zing patient’s tissue at the cellular level of resolution””,
Although multiphoton microscopy has already been
used by many biologists for research and some clinicians,
as mentioned briefly above, its advantages are partly
limited by the bulkiness of the system including lasers,
objective lenses, and scanning devices. Therefore, several
groups currently are trying to develop smaller fluores-
cence microscopes, either by using a gradient index lens
as a thin, rodlike probe to extend the working distance
of a conventional objective[w] or by using fiber optics to
construct multiphoton endoscopes'””. Imaging of goblet
cells as a marker for intestinal metaplasia of the stomach

October 28, 2011 | Volume 17 | Issue 40 |



Cho HJ et a/. Multiphoton microscopy: An introduction to gastroenterologists

by two-photon endomicroscopy has been reportedml. Its
techniques can three-dimensionally observe goblet cells
in mouse large intestine, and it provides the possibility
that two photon endomicroscopy is advantageous in di-
agnoses.

The development of miniature laser scanning mul-
tiphoton endoscopes will provide advantages over cur-
rently available endomicroscopy technologies and be of
great utility to gastroenterologists. Moreover, miniature
multiphoton endoscopy may be used for minimally inva-
sive endoscopic procedures and has enormous potential
for histological evaluation of organs outside the gastro-
intestinal tract, namely, the liver, pancreas, and ovaries by
transluminal endoscopic approaches[30].

With the development of novel laser sources, new
fluorophores and more specific probes, multiphoton mi-
croscopy and its applications will open up a wide range
of possibilities. In addition, it can be combined with
other imaging modalities such as ultrasound or magnetic
resonance imaging, which provide complementary infor-
mation.

The development of multiphoton microscopy marks
a significant step in the advancement of imaging modali-
ties and will likely aid in our understanding of the basis
of disease as well as the management of the clinical
manifestations of disease.
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