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Abstract. Atopic dermatitis (AD) is characterized by hyperkeratosis
of epidermis and fibrosis within dermis in chronic skin lesions. Thus
far, the histology of skin lesions has been evaluated only by examina-
tion of excised specimens. A noninvasive in vivo tool is essential to
evaluate the histopathological changes during the clinical course of
AD. We used Cr:forsterite laser-based multimodality nonlinear mi-
croscopy to analyze the endogenous molecular signals, including
third-harmonic generation (THG), second-harmonic generation
(SHG), and two-photon fluorescence (TPF) from skin lesions in AD.
Significant differences in thickness of epidermis and stratum corneum
(SC), and modified degrees of fibrosis in dermis (measured by THG
signals and SHG signals, respectively), are clearly demonstrated in in
vitro studies. Increased TPF levels are positively associated with the
levels of the THG signals from the SC. Our in vitro observations of
histological changes are replicated in the in vivo studies. These find-
ings were reproducible in skin lesions from human AD. For the first
time, we demonstrate the feasibility of preclinical applications of
Cr:forsterite laser-based nonlinear microscopy. Our findings suggest
that the optical signatures of THG, TPF, and SHG can be used as
molecular markers to assess the pathophysiological process of AD and

the effects of local treatment. © 2009 Society of Photo-Optical Instrumentation En-
gineers. [DOI: 10.1117/1.3077182]
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1 Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease
associated with cutaneous hyperreactivity to environmental
triggers that are innocuous to normal nonatopic individuals."
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Various studies indicate that AD has a complex etiology, with
activation of multiple immunologic and inflammatory
pathways.”® The biopsy appearances of AD may be indistin-
guishable from those seen in other dermatitis. However, some
histopathological features may sometimes be helpful in mak-
ing the diagnosis. In chronic AD, characterized by lichenifi-
cation and dermal fibrotic papules, there is increased hyper-
plasia and hyperkeratosis (an increased thickness of stratum
corneum) of the epidermis. A prominent finding in the licheni-
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fied plaque is fibrosis of the upper dermis.*” The observation
that chronic AD associated with lichenified plaque, which re-
spond slowly to topical corticosteroids, is somewhat analo-
gous to the recent concerns over the airway remodeling
process.*”

Glimpses through a window into real-life behavior of im-
mune cells are already starting to revolutionize the under-
standing of the adaptive immune reaction associated with der-
matologic  diseases.® Intravital microscopy  enables
investigators to observe the impact of experimental manipu-
lations within any organ or tissue directly in vivo.” The two-
photon (excitation) fluorescence TP(E)F biopsy of skin based
on 780-nm femtosecond (fs) light provides high resolution
imaging from the skin surface and their application of
Ti:sapphire-based two-photon microscopy (TPM) in human
skin in vivo has been reported.gfl0 However, there are several
limitations associated with the technique, which include in-
focus cell damage and nonlinear phototoxicity.11 Similar to
the field of optical coherent tomography,12 we have recently
found that Cr:forsterite fs laser-based systems, with a wave-
length around 1230 to 1250 nm, cannot only provide im-
proved penetration capability,13 but also significantly increase
the embryo viability."*™'¢

A major challenge for optical sectioning imaging of live
specimens is maintaining viability following prolonged expo-
sure to excitation illumination. Chinese hamster ovary cells
exposed to two-photon microscopy at 730, 760, and 800 nm
remained unaffected at mean power <1 mW, but were unable
to form clones at average power =2 mW.'” Hamster embryos
were imaged at frequent intervals for 24 h (5 optical sections
every 15 min for a total exposure of =2 J per embryo) using
two-photon microscopy at 1047 nm of average laser power
13 mW while maintaining blastocyst, and even fetal, devel-
opmental competence.'® In our previous work observing the
cultured mouse oocytes and embryos using harmonic genera-
tion microscopy at 1230 nm, after continuous illumination
with average power 100 mW (total exposure 29 J per em-
bryo), the embryos were transferred back to the mother
mouse. 18 embryos were implanted with 12 mice successfully
born (67%), the same ratio as the control group without light
exposure.'® Maximum permissible exposure (MPE) is the
level of laser radiation to which an unprotected person may be
exposed without adverse biological changes in the skin. Ac-
cording to ANSI Z136.1-2007, the MPE for skin exposure to
a laser beam was 1.0 X 107! J/cm? for a 1230-nm-based la-
ser, while it was 2.9 X 1072 J/cm? for a 780-nm-based laser
[in terms of surface density of the radiant energy received
(radiant exposure) per pulse].'” Generally, the longer the
wavelength, the higher the MPE.” The single pulse MPE for
skin exposure to a 1230-nm laser is 3.45 times that of a
780-nm laser, implying that our technology might be poten-
tially safe and practical in clinical applications. We thus sug-
gest that Cr:forsterite laser-based nonlinear microscopy is an
ideal technique for least-invasive assessment of skin
samples.zl’22

Under the Cr:forsterite fs laser excitation, multiphoton ab-
sorption was found to be strongly reduced in most biological
specimens, resulting in strongly reduced multiphoton fluores-
cence signals. Our previous studies have shown that higher
harmonic generations could also provide excellent image
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contrast.” Higher harmonic generations, including second-
harmonic generation (SHG) and third-harmonic generation
(THG), are virtual-transition-based nonlinear processes and
can provide the noninvasive nature desirable for clinical
imaging.” In contrast to the standard technique of skin biop-
sies (mechanically removed, sliced, stained, and photo-
graphed), optical biopsy using Cr:forsterite laser-based non-
linear microscopy has the advantage of 1. providing a painless
technique without skin removal, 2. providing three-
dimensional optical biopsies with deep-tissue penetration and
subcellular resolution, 3. providing specific optical signature
without using exogenous markers, 4. direct access to real-time
information under natural physiological conditions in vivo,
and 5. the feasibility of long-term observations on the same
skin area.”>* However, to the best of our knowledge, there
are no reports of nonlinear light microscopic imaging of skin
lesions of AD in vivo and of the feasibility of such clinical
applications.

In this study, we have taken advantage of the capacity of
Cr:forsterite laser-based multimodality nonlinear microscopy
to evaluate the morphological and structural changes of skin
lesions of AD in a murine AD model of varying severity in-
duced by epicutaneous sensitization. We also replicated these
observations in vivo. Finally, optical sectioning images of
fixed skin from human AD patients confirmed the reproduc-
ibility of our earlier finding from the murine AD model.

2 Materials and Methods
2.1 Mice, Allergens, and Epicutaneous Sensitization

In the in vivo study of imaging the mouse ear, nude mice were
used as our animal model. The nude mouse is a genetic mu-
tant that suffers from an agenesis of the thymus, and (thus is
incapable of mounting most types of immune responses. The
skin phenotype of the mouse is that hair shafts fail to pen-
etrate the epidermis, resulting in a lack of body hair. The
experimental protocols were performed as previously
described.” In the AD study, 6- to 10-week-old female
BALB/c or C57BL/6 mice were obtained from the Animal
Center of the College of Medicine, National Taiwan Univer-
sity. AD is associated with increased Th2-type inflammation
in acute skin lesions, but chronic AD results from the switch-
ing to a Thl-type inflammation.’ It is known that C57BL/6
mice are a strain with a propensity for Thl responses while
BALB/c mice are a strain with a propensity for Th2
responses.26 We use fixed skin of C57BL/6 mice for the evalu-
ation of chronic skin lesions in vitro, and observed the fresh
skin of the BALB/c mice for the assessment of acute skin
lesions in vivo. All procedures performed on the mice were
approved by The Animal Care and Use Committee of Na-
tional Taiwan University Hospital. The protein antigens used
in this study were ovalbumin (OVA) (100 mg/ml) and sta-
phylococcal enterotoxin (SEB) (0.4 ug/ ul) (Sigma Chemical
Company, Staint Louis, Missouri). The antigen solution was
prepared in distilled water. Epicotanesus (EC) sensitization of
mice was performed as previously described.”” In brief,
20 uL of OVA and 10 uL. of SEB were first added to the
paper disk insert of a Finn Chamber (Epitest Company,
Tuusula, Finland), and the disk was applied to a 1-cm? patch
of sterile gauze, which was then applied to the skin on the
lateral side of their abdomen, then fixed and secured with an
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Fig. 1 The experimental setup of the Cr:forsterite laser-based multimo-
dality nonlinear microscopy system. A live mouse mounted on a fixed
stage within the microscope ready for acquiring images is shown. A
thermal blanket maintaining the body temperature of the test mouse
was used during images acquisition. BS, beam splitter; CF, color filter;
DM, dichroic mirror; PMT, photomultiplier tube; THG, third-
harmonic generation; SHG, second harmonic generation; TPF, two-
photon fluorescence. (Color online only.)

elastic bandage to ensure skin contact and to prevent oral
ingestion. Three groups of C57BL/6 mice were divided ac-
cording to the antigen type. Group 1 was OVA group, group 2
was OVA+SEB group, and group 3 was the negative control
group with application of phosphate buffered saline (PBS),
which was used for comparison. Three mice were used in
each group. The courses of immunization were for 5 days.

2.2 Histological Analysis

Skin specimens (lesional skin) obtained from patched areas
after the patch was removed at the end of sensitization were
used for histological examination. The skin specimens over
the other side of the abdomen (nonlesional skin) were also
obtained for comparison. Multiple 4-mm punch biopsies were
performed, and skin specimens were fixed in 10% formalde-
hyde overnight, transferred to 30% sucrose, and embedded
into optimal cutting temperature (OCT) formulation for fro-
zen horizontal sectioning. The specimens were finally stained
with hematoxylin and eosin (HE) for histological analysis.
After 10% formaldehyde fixation, some specimens were ob-
served under the stage of microscopy.

2.3 Cr:Forsterite Laser-Based Multimodality
Nonlinear Microscopy System

The imaging system used for our experiments was developed
in the Ultrafast Optics Laboratory of the Graduate Institute of
Photonics and Optoelectronics, National Taiwan University
(Fig. 1).2"* The Cr:forsterite laser-based multimodality non-
linear microscopy system was adapted from a FluoView 300
(FV300) scanning unit (Olympus, Tokyo, Japan) combined
with a BX51 microscope (Olympus, Tokyo, Japan). The light
source was a home-built Cr:forsterite fs laser centered at
1230 nm with a 130-fs pulse width and a 110-MHz repeti-
tion rate. The infrared (IR) beam exiting the laser was first
shaped by a telescope and then directed into the Olympus
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FV300 scanning unit and the Olympus BX51 microscope.
Real-time x-y scanning was accomplished with a pair of gal-
vanometer mirrors inside the scanning unit. The specimen was
mounted on a fixed stage within the microscope. An IR water-
immersion  objective of working distance 2 mm
(LUMplanFL/IR 60X/NA 0.9, Olympus, Tokyo, Japan) was
used to focus the laser beam into the observed skin specimen.
The average illumination power applied onto the surface of
the specimen was 100 mW. Typically, a mean power of
100 mW with a 110-MHz repetition rate was chosen, which
corresponds to a pulse energy of 0.91 nl. For in vivo obser-
vation, the laser beam exiting the objective was scanned
across the specimen, and the backward-propagating multimo-
dal nonlinear signals from the specimen were collected with
the same water-immersion objective. The microscope objec-
tive employed to focus the laser beam can also act as the
collection lens to collect the backward propagation SHG,
THG, and multiphoton excited fluorescence. These signals
were deflected and discriminated with the 865-nm dichroic
mirror (865dcxru, Chroma Technology, Rockingham, (Ver-
mont) and transmitted through a color filter (SKG5, CVI La-
ser optics, Albuquerque, (New Mexico), which ensures filter-
ing out the fundamental laser light at 1230-nm wavelength.
Different optical harmonic signals were separated with an-
other beamsplitter (BS 1, 4990DRXR, Chroma Technology,
Rockingham, (Vermont). The backward-propagating har-
monic signals were detected by different photomultiplier
tubes (PMTs) (Harmamatsu R4220P for THG and Har-
mamatsu R943-02 for SHG, Bridgewater, Westport, (Con-
necticut) with 410- and 615-nm narrowband interference fil-
ters (D410/30X and D615/10X, respectively, Chroma
Technology) in front, which were synchronized with the gal-
vanometer mirrors. The backward-propagating TPF signals,
which were not deflected with dichroic mirrors, were sepa-
rated with another beamsplitter (BS 2, 865dcxru, Chroma
Technology) and detected by another PMT (Harmamatsu
R928P). The scanning rate of the FV300 scanning unit was
1000 lines/s corresponding to two frames per second for a
512 X 512 pixels resolution. Spatial resolution was =500 nm
and =410 nm for SHG and THG signals in the x-y plane,
respectively. Resolution was on the order of 1 um in the x-z
plane.”* Optical observations were made as described.

1. In vivo imaging of the nude mouse ear. The nude mouse
ear is fixed as previously described.”” The nude mice did not
receive any treatment except anaesthetization.

2. Observation of fixed skin specimens from C57BL/6
mice: the skin specimens used were fixed in 10 % formalde-
hyde and were placed on the slide and then on the stage of the
microscope. Paired measurements of both the lesional and
nonlesional skin respectively of the same mice were per-
formed.

3. In vivo imaging of normal and AD skin: BALB/c mice
were anesthetized with 150-ul pentobarbital (10 mg/ml) and
the hairs of their skin were removed with a hair remover.
Objectives were in contact with the skin of the mice, and their
interface was rinsed with distilled water. Optical sectioning of
in vivo mice skin treated with OVA and that of control mice
were carried out on the lateral side of their abdomen, which
was placed on a special stage suitable for in vivo observation.
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2.4 Determination of Hyperkeratosis of Epidermis

We measured the x-z-sectioned nonlinear images in fixed skin
flaps with intact dermis of C57BL/6 mice. Purple was used as
a pseudocolor for the THG signal from SC and epidermis. The
skin layers of SC and epidermis were determined as previ-
ously described.”' Linear lengths of the thicknesses of SC and
epidermis on the x-z plane images were determined using
ImageJ (National Institutes of Health, Bethesda, Maryland).
Five fixed skin flaps were taken from individual mice of each
group (control, OVA, and OVA +SEB) to generate a total of
20 x-z plan images for each group.

2.5 Quantitative Analysis of Two-Photo Fluorescence
and Third-Harmonic Generation from Epidermis
and Second-Harmonic Generation from
Dermis

We use the same x-z-sectioned nonlinear images taken from
fixed skin samples as described before for quantitative analy-
sis of nonlinear signals. Yellow was used as the pseudocolor
for the TPF signal from SC. Green was used as the pseudo-
color for the SHG signal from the collagen within the dermis.
The skin layers of dermis were determined as previously
described.”’ In brief, the optical sectioning image was saved
as uncompressed 8-bit grayscale tiff files and analyzed using
the ImagelJ software. The signal level was converted to a nu-
merical value using a grayscale from 0 (white) to 255 (black).
The background noise was subtracted from all the acquired
values. To account for variations in the grayscale intensity due
to possible nonuniformity of intact skin tissue, mean gray
values (MGVs, average gray value within the region of inter-
est) were measured to determine the levels of TPF and/or
THG signals and SHG signals, which reflect the distribution
of SC and the distribution of collagen fibers, respectively. The
ratio of MGV was defined as: (the MGV of the lesional skin)/
(the MGV of the paired nonlesional skin).

2.6 In Vivo Imaging of Murine Atopic Dermatitis
Model

To compare the severity of dermal fibrosis of individual
BALB/c mice, we acquired stacks of planar projection (x-y
plane) images with a depth interval of 1.5 um starting from
the epidermodermal junction at an average depth of
z=30 wm untill z=60 um from the sample surface in vivo
from the control and the OVA group, respectively. Serial im-
ages at different tissue depths separated by 1.5 wum from in-
dividual mice were obtained for analysis. The mean gray
value of SHG within the dermis of each planar projection
image was determined from three different skin areas of each
BALB/c mouse using the same analysis protocol of ImageJ as
described before.

2.7 Study of Skin Specimen from Atopic Dermatitis
Patients

Skin biopsy was performed from the lesional skin in the left
forearm of three female volunteer with AD. After biopsy, the
skin specimens were fixed in 10% formaldehyde overnight,
transferred to 30% sucrose, and embedded into OCT formu-
lation for frozen horizontal sectioning. The specimens were
finally stained with HE for histological analysis. Some
samples of specimens after 10% formaldehyde fixation were
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Fig. 2 In vivo multimodal x-y plane optical sectioning images at vari-
ous depths of the ear of a nude mouse. THG signals (purple) reveal
morphological features of epidermal tissue layers, subcutaneous tissue
(including blood vessel and fat tissue), and the cartilage tissue. The
presence of a cartilage tissue layer below the subcutaneous tissue is
characteristic of the ear. SHG signals (green) depict the distribution of
collagen fibers within dermis. Scale bar: 20 um. (Color online only.)

observed under the stage of multimodal nonlinear microscopy.
Stacks of x-y images with a depth interval of 1.5 wm starting
from the skin surface were acquired. The simultaneous mean
gray intensity of THG and TPF of serial images were also
determined. The Declaration of Helsinki protocols were fol-
lowed and patients gave their written, informed consent. Our
study was approved by the Institutional Review Board of
National Taiwan University Hospital.

2.8 Statistical Analysis

Data are expressed as mean = standard deviation, unless oth-
erwise specified. The comparison of linear lengths of SC and
epidermis and mean gray value among groups were statisti-
cally analyzed with a nonparametric Mann-Whitney U test.
We compared the mean gray value within the dermis in vivo
between the control and the OVA group with analysis of vari-
ance (ANOVA). Spearman’s rank correlation test was used to
test for correlation between TPF and THG. All statistical
analyses were performed with Prism software (Graph Pad,
San Diego, California). A P value of less than 0.05 was con-
sidered to indicate a statistically significant difference.

3 Results

3.1 Multimodal Images Depicting Detailed
Morphology of Layered Skin Tissues,
Subcutaneous Tissues, and Cartilage Tissues
in the Nude Mouse Ear In Vivo

THG signals are sensitive to optical inhomogeneities of local
tissue,”® hence THG imaging can be used for general morpho-
logical assessment. As for SHG, collagen fibrils are known to
provide excellent contrast in biological SHG microscopy.29
SHG imaging has recently emerged as a novel approach for
studying the pathophysiological remodeling processes of the
collagen matrix.*® It is thus highly desirable to take advantage
of the least invasive Cr:forsterite fs laser-based multimodality
nonlinear microscopy to in vivo map morphological features
and tissue structures exhibiting nonlinear optical characteris-
tics.

Figure 2 show the representative multimodal x-y plane im-
ages acquired at different tissue depths (z) in the ear from the
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nude mice in vivo. The individual shape of densely packed
epidermal cells and transitions between epidermal layers
could be clearly resolved through the THG modality. The skin
surface of the nude mice reveals the stratum corneum with the
typical morphological features of hexagonal shapes of corneo-
cytes. The dark round region exhibiting the nucleus inside the
cell body of epidermal cells was easily identified due to the
strong THG contrast with laminated organelles,l6 consistent
with the observation of neurons and epithelial cell of oral
mucosa using THG microscopy.“’32 The basal cells are
smaller in size compared to the corneocyte. The deeper tissue
sections reveal fibrous structures of collagen shown by the
SHG signals, which are indicative of the dermis layer. The
vascular networks accommodated by the dermis and/or sub-
cutaneous tissue are positively identified through THG by the
blood vessels filled with red blood cells (erythrocytes). The
adipose tissue or subcutaneous fat composed of adipocytes are
clearly revealed by the THG signals with the typically spheri-
cal shapes of adipocytes. Below the subcutaneous tissue, THG
further observed honeycomb-like structures with hexagonal
arrangement. The morphology of this layer is consistent with
the structure of cartilage tissue below the dermis. Collectively,
each distinct layer of the skin and supporting tissue of nude
mouse ear can be clearly resolved by the THG and SHG
signals.

3.2 Multimodal Images Revealing Morphological
Features of Layered Tissue in the Epidermis
and Local Collagen Structures in the Dermis

To determine whether we could identify the histological fea-
tures in the skin lesions of AD with the Cr:forsterite laser-
based multimodality nonlinear microscopy, we induced a mu-
rine AD model by epicutaneous sensitization with OVA.”
Multimodal images and emission spectra were acquired for
the excitation wavelength A.,, equivalent to 1230 nm from
the excised skin lesions after fixation. Because we aimed to
take advantage of the capacity of Cr:forsterite laser-based
multimodality nonlinear microscopy to evaluate the morpho-
logical and structural changes of skin lesions of AD, we per-
formed the observation only into the depth of dermis (about
z=60 to 90 um). The representative multimodal x-y plane
images acquired at different tissue depths (z) into the fixed
skin samples from the control and the OVA-treated C57BL/6
mice are shown in Fig. 3(a). We observed many “streaks” of
strong THG signals depicting the general morphology of stra-
tum corneum (SC) and epidermal cells. Figure 3(a) also de-
picts the local aggregations of some fibril that correspond to
collagen fibers (for example, z=60 wum) through the occur-
rence of the SHG signals.

A typical emission spectrum acquired from the skin sur-
face is shown in Fig. 3(b). We confirmed the nonlinear signal
sources by verifying that the emission spectra of THG signals
were with a peak at one third the excitation wavelength
(410 nm) and those of SHG signals were with a peak at half
the excitation wavelength (615 nm) [Fig. 3(b)]. Some fluo-
rescence signals were noted within SC [z=0, Fig. 3(a)]. The
fluorescence signals occurred much more frequently in the
fixed skin of OVA-treated mice. The two-photon autofluores-
cence (TPF) signals we observed had a central emission
wavelength around 680 nm [Fig. 3(b)].
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Fig. 3 Multimodal nonlinear images of fixed skin from control and
OVA-treated C57BL/6 mice (a) Multimodal optical x-y plane section-
ing images at various depths. THG signals (purple) reveal general
morphology of SC and shape of densely packed epidermal cells. The
dark round region indicates the nucleus inside the cell body of epi-
dermal cells. SHG signals (green) map local aggregations of collagen
fibers. Some TPF signals (yellow) within the SC (arrow) were noted in
the skin of OVA-treated mice. Scale bar: 20 um. Data are representa-
tive images of three mice in each group. THG, third-harmonic gen-
eration; SHG, second-harmonic generation; TPF, two-photon fluores-
cence; sc, stratum corneum; ec, epidermal cells; n, nucleus of
epidermal cells; dp, dermal papilla; cb, collagen bundle. (b) Emission
spectra obtained from the surface (z=0) for 1230-nm excitation in the
OVA-treated mice. Counts are in arbitrary units. (Color online only.)

3.3 Comparing Optical Sectioning Images to
Conventional Microscopic Histology

To ascertain that the histological features observed under the
Cr:forsterite laser-based nonlinear microscope were compa-
rable with the conventional histological findings, we com-
pared the nonlinear optically sectioned images with the con-
ventional histologically sectioned images. To evaluate the
potential of our nonlinear microscope to assess the histologi-
cal changes under different disease states, we also introduced
another group of murine AD models sensitized to staphylo-
coccal enterotoxin B (SEB), which is known to contribute to
the exacerbation of AD.* The representative x-z plane images
from the fixed skins of three groups of C57BL/6 mice are
shown in Fig. 4. These typical pathological changes in the
skin lesions of AD can be clearly demonstrated using a con-
ventional microscope [Fig. 4(a)], consistent with the histo-
pathological features reported previously.34 We found that
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Fig. 4 Comparison of hematoxylin-eosin stained histological images
with multimodal nonlinear images of fixed skin from control, OVA-
treated mice, and OVA+SEB-treated C57BL/6 mice. (a) Representa-
tive H&E-stained histological images of fixed skin including the whole
skin layer. (b) Representative multimodal nonlinear x-z plane images
of fixed skin. The dark round region indicates the nucleus inside the
cell body of epidermal cells. Notice the increased cellular layers
within the epidermis of OVA- and OVA +SEB-treated mice groups. sc,
stratum corneum; ec, epidermal cells; n, nucleus of epidermal cells;
cb, collagen bundle. Scale bar: 20 um. Data are representative im-
ages of three mice in each group. (Color online only.)

sensitization with OVA+SEB induced the most prominent
thickening of the SC and epidermis and a remarkable fibrosis
in the dermis, indicating a more severe disease status. With
the nonlinear microscopy, we observed that after sensitization
with OVA+SEB, SC exhibited the strongest THG signals,
while dermis displayed considerable local aggregations of
collagen fibers depicted through the SHG signals [Fig. 4(b)].
Our results demonstrate similar morphological and structural
changes in optically sectioned images of intact skins com-
pared with standard histological images of the same tissue.
The epidermis in both treated groups (OVA and OVA +SEB)
exhibited multiple cellular layers. It was also noticed that the
intensities of the THG signals within the epidermal layers
were higher in both treated groups. These findings are also
comparable with the histological findings, confirming that the
increased cellular infiltration within the epidermis can be
readily assessed by THG imaging.

No significant SHG signals were detected in the layers of
epidermis, consistent with previous reports.m’21 As shown in
Fig. 2, SHG mainly reflects the collagen distribution in der-
mis. Even though THG is contributed from optical inhomoge-
neity, Fig. 2 also shows that THG signals are strong in stratum
corneum, basal cells, red blood cells, the surface of adipo-
cytes, and cartilage tissues. It is thus reasonable to expect
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weaker THG signals in the dermis layer, while SHG is a much
better modality to identify the collagen matrix distribution. In
the x-z images shown in Fig. 4, the THG signals appear dark
in the dermis, layer also due to the limited dynamic range of
any single image, as the THG intensities in the deeper layer
were not normalized according to the signal degradation,
which is our case. This dynamic range issue is much less
serious when viewing the image in the x-y plane, as shown in
Figs. 2 and 3. It is also important to notice that we did not
take images deeper than 90 um from the sample surface. As
for signal degradation, there were two main contributions for
the THG signal degradation: 1. the collagen fibrils in the der-
mis are known to be highly scattering and could decrease the
detected THG intensity,22 and 2. we had shown that optical
signal degradation in the studied human skin specimens is
dominated by the distortion-induced broadening of the point
spread function (PSF).> This signal degradation made the
SHG/THG signals from the deep layers too weak to show in
the same x-z image with the shallow layer due to limited
dynamic range of any single image. Even limited by the dy-
namic range of one x-z image, these unprocessed nonlinear
images have enough depth penetration capability for the re-
quired analysis.

3.4 Epidermal Hyperkeratosis Revealed by
Third-Harmonic Generation Signals

To determine whether we could assess the severity of AD in a
quantitative manner, we measured the thickness of epidermis
(taken from z=0 um to the epidermodermal junction) and SC
from the x-z plane images of fixed skins in lesions of the
murine AD models, and compared those with the conven-
tional histological images. A total of 200 measurements (SC
and epidermis, respectively) were obtained from each group.
For histological sections, results were calculated from 40 con-
ventional HE images at X400 of each group. We detected
significant differences in the thickness of epidermis and SC
between three groups using both the nonlinear microscope
[Fig. 5(a)] and by using conventional histological methods
[Fig. 5(b)] (see Table 1). Sensitization with OVA+SEB in-
duced the greatest thickening of the SC and epidermis.

3.5 Two-Photon Fluorescence Levels Correlate with
Third-Harmonic Generation Levels within
Thickened Stratum Corneum

Our observation of certain TPF signals within the SC that
exhibited markedly prominent THG signals (Fig. 3) led us to
conclude that the occurrence of these TPF signals was most
likely related to the thickening of SC associated with allergen
sensitization. We measured the levels of the TPF signals from
the x-z plane nonlinear optical images of fixed skin using
ImageJ, and compared them between three groups. A total of
40 measurements were obtained for each group. We found the
mean gray intensities of the TPF signals for OVA- and
OVA+SEB-treated groups (7.58 £1.52 and 8.43 + 1.48, re-
spectively) were greater than those of the control group
(6.83 = 1.22), indicating that the intensity of the TPF signals
was related to the severity of AD [Fig 6(a)]. The representa-
tive TPF and THG images acquired from x-z and x-y planes
of the fixed skin from the three groups are shown in Figs.
6(b)-6(d). We found that TPF imaging is characterized by the
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Fig. 5 Determination of the thickness of stratum corneum and epider-
mis in fixed skin of control, OVA-treated, and OVA +SEB-treated
C57BL/6 mice groups using THG signals. (a) Thickness of epidermis
and SC obtained by measuring the optical sectioning images in the
x-z plane. (b) Thickness of epidermis and SC obtained from the con-
ventional histological images. Each data point represents one mea-
surement of the thickness of epidermis and SC, respectively, from con-
trol (¢), OVA (V), and OVA+SEB (A) groups Horizontal lines
indicate the mean.

fluorescence pattern within the SC. The TPF signals exhibit
diffuse patches of yellow pseudo color in the images of the
OV A +SEB-treated mice. Notably, there seemed to be a close
correlation between the distribution of TPF signals and THG
signals. We then analyzed the magnitude of the TPF and THG
signals from the x-y plane images acquired at different tissue
depths (z) into the fixed skin samples using ImageJ. We found
a positive correlation between the TPF signals and the THG
signals within the control, OVA, and OVA+SEB groups
[Figs. 6(b)-6(d)]. Notably, the correlation coefficient (Spear-
man p) of the OVA- and OVA+SEB-treated groups reveals
that TPF signals and the THG signals from the SC are more
closely correlated than the control groups. Our previous ob-
servations confirmed that the general distribution of SC could
be revealed by strong THG signals (Fig. 3). Hyperkeratosis is
defined by thickening of the skin caused by an increased
thickness of the SC.*® We had demonstrated that epicutaneous
sensitization with allergens induces thickening of the SC and
epidermis (Fig. 5). In lesional skin of AD, there is increased
hyperkeratosis of the epidermis, which is less prominent
within normal skin tissue. We found the relationships between
these two signals are similar in both lesion and normal tissue,
but the association is less prominent within normal skin tis-

sue. Collectively, our findings suggest that increased
autofluorescence/TPF within the SC is closely associated with
the hyperkeratosis of skin (revealed by increased THG sig-
nals), which in turn is a manifestation of more severe AD.

3.6 Extent of Dermal Fibrosis Revealed by Increased
Second-Harmonic Generation Signals

SHG signal intensity reflects the distribution of connected tis-
sues, composed mainly of type-1 collagen fibers, in the der-
mis layer.21 To determine whether we could assess the sever-
ity of AD by quantifying the extent of dermal fibrosis, we
measured and compared the intensities of SHG signals from
x-z plane images of fixed skin from three groups. A total of
100 measurements were obtained from each group. The com-
parisons of the intensities of SHG signals among the three
groups are shown in Figs. 7(a) and 7(b). We found sensitiza-
tion with OVA+SEB induced the greatest enhancements of
SHG signals, implying a direct correlation between the degree
of fibrosis and severity of AD. The comparisons of represen-
tative x-y plane SHG images at z=60 wm from the fixed skin
of three different mice are shown in Fig. 7(c). We observed
that the collagen fibers in the control group were fine bundles
that lie in haphazard arrangement, while in the OVA and
OVA+SEB group, the dense bundles of collagen were orga-
nized in an interlacing fashion admixed with some hyper-
trophic collagen fibers [Fig. 7(c)]. Our findings supported that
the intensity of the SHG signal is strongly dependent on the
collagen fibril thickness.” The increased distribution of hy-
pertrophic collagen fibers was consistent with our finding that
sensitization with allergens induced increased levels of SHG
signals.

3.7 In Vivo Multimodal Histology of Mice Skin

The high efficiency of the various endogenous nonlinear op-
tical signals (THG, TPF, and SHG) involved show that real-
time multimodal imaging lends itself to facile acquisition and
analysis of excised tissue in a noninvasive manner. Because
most of our analyses were performed in vitro, we also sought
to test the possibility of the safe application of Cr:forsterite
laser-based nonlinear microscopy in vivo. To determine
whether we could replicate the previous findings on equiva-
lent skin lesions elicited in C57BL/6 mice, we replaced mouse
strain C57BL/6 with BALB/c mice and induced AD by sen-
sitization with OVA. We then acquired the serial images at
depth intervals of 1.5 wm from the skin on the abdomen of

Table 1 Measurement of the thickness of epidermis and stratum corneum by histological and optical
sections in control, OVA-treated, and OVA+SEB-treated mice group. Mean=S.D(um), and n=number

of measurement.

Conventional microscopy
histological sections (n=40)

Muitimodal nonlinear microscopy
optical sections (n=200)

Epidermis Stratum corneum Epidermis Stratum corneum
Control 17.19+£3.05 2.13x0.76 14.88+2.55 3.01+0.71
OVA 22.66+2.40 3.46+0.72 21.23+£3.94 4.24+0.76
OVA+SEB 26.65+3.60 4.74+1.50 29.24+8.14 5.70+1.64
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Fig. 6 Correlation between the TPF signal and THG signal in thickened stratum corneum in skin lesions of murine AD models. We measured the
intensity levels of TPF and THG signals by determining the mean gray value (MGV) of optical sectioning images (8-bit grayscale tiff files) of the
fixed skin from three groups. (a) Comparison of MGV of the TPF signals on fixed lesional skin (left) and ratio of the MGV of TPF on fixed lesional
skin (LS) to that on fixed nonlesional skin (NS) (right). The box extends from the 25th percentile to the 75th percentile of all measurements.
Horizontal line indicates the median. (b), (c), and (d) Simultaneous TPF and THG+SHG images from x-z and x-y planes of fixed skin from mice
of (b) control, (c) OVA-treated, and (d) OVA+SEB-treated (d) C57BL/6 mice. The relationships between the mean gray value of TPF and that of
THG on the same optical sectioning image at different tissue depths of epidermis were analyzed by Spearman correlation coefficient (p), and the
trends of change between the mean gray value of TPF and that of THG with increasing tissue depth of epidermis is shown. sc, stratum corneum;
ec, epidermal cells; n, nucleus of epidermal cells; cb, collagen bundle. Scale bar: 20 um. (Color online only.)

anesthetized mice using nonlinear microscopy in vivo. In vivo
movies of stacks of x-y plane images in mice skin from con-
trol and OVA-treated groups were obtained (supplementary
files: Videos 1 and 2, respectively). We observed the same
histological morphology of epidermis and structural details of
dermis as that of in vitro experiments in each group. Some
strong fluorescence signals were noted within the SC of the
epidermis from the OVA-treated group, but not within the
control ones. We measured the levels of the TPF signals using
ImageJ and compared them between control and OVA-treated
groups. Again, we found the mean gray intensities of the TPF
signals for OVA-treated groups were significantly greater than
those of the control group (14.13 = 1.48 versus 7.04 +0.54,
P <0.0001), indicating that the intensity of the TPF signals
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was related to AD in vivo. Moreover, to determine whether we
could evaluate the serial changes of dermal fibrosis at differ-
ent tissue depths of dermis, we measured the intensities of
SHG signals from x-y plane images of skin lesions from both
mice groups in vivo. We found that the changes in the inten-
sities of SHG acquired from the epidermodermal junctions of
three different skin areas of individual mice were significantly
different between control and OVA-treated groups [Fig. 8(a)].
The representative serial x-y plane images at different depths
are shown in Fig. 8(b), indicating that the increased intensities
of SHG signals were directly proportional to increased
amounts of dense collagen fibers at various tissue depths of
the dermis of OVA-sensitized mice. Representative H and
E-stained histological images of x-y planes at various depths

January/February 2009 + Vol. 14(1)
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Fig. 7 Correlation between SHG intensities and the extent of fibrosis
in fixed skin of control, OVA-treated mice, and OVA+SEB-treated
C57BL/6 mice group. We measured the intensities of SHG signals by
determining the mean gray value (MGV) of optical sectioning images
(8-bit grayscale tiff files) from the x-z plane of fixed skin from three
groups. (a) Comparison of MGV of SHG on fixed lesional skin and (b)
ratio of the MGV of SHG on fixed lesional skin (LS) to that on fixed
nonlesional skin (NS). The box extends from the 25th percentile to the
75th percentile of all measurements. Horizontal line indicates the me-
dian. (c) Representative x-y plane SHG images of fixed skin from
control, OVA-treated mice, and OVA+SEB-treated C57BL/6 mice
group. SHG signals (green) map different distribution patterns of col-
lagen fibers. The dense collagen fibers organize in interlacing fashion
in the OVA group, while hypertrophic collagen bundles display ag-
gregated structure in the OVA+SEB groups. The number (#) indicates
different individual mice. Scale bar: 20 um. Data are representative
images of each of three mice in each group. (Color online only.)

of fixed skin confirmed that the dense bundles of collagen
were organized in an interlacing fashion in the OVA-treated
group [Fig. 8(c)].

3.8 Preclinical Application in Atopic Dermatitis
Patients

To ensure the reproducibility of our previous findings in a
murine AD model, optical sectioning images of fixed skin
from human AD patients were acquired. We included one fe-
male volunteer who was 26 years old and diagnosed with AD
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Video 1 In vivo movies of depth-resolved x-y plane sectioning images
from the abdominal skin of control BALB/c mice. THG signals in
purple pseudocolors reveal the general morphology of SC and epider-
mis. SHG signals in green pseudocolors map local aggregations of
collagen fibers within dermis. The optical depth difference between
adjacent images is 1.5 um. Image size: 80X 80 um. Video is repre-
sentative of three mice (QuickTime, 3 MB).

[URL: http://dx.doi.org/10.1117/1.3077182.1]

for 3 years, and who provided a biopsy specimen from the
AD lesion over her left forearm extensor side. The represen-
tative optical sectioning and conventional histological images
from the x-z plane are shown in Fig. 9(a). We observed that
increased THG signals reflect the markedly thickened SC,
which corresponds to epidermal hyperkeratosis in the HE
staining image [Fig. 9(a)]. The thickness of the SC in the
female forearm was found to be 10 to 15 m.'’ Both types of
images showed that the thickness of the SC in the forearm of
the female patient with AD was around 20 to 40 wm, sup-
porting the fact that increased thickness of SC (hyperkerato-
sis) is a characteristic feature of chronic AD.* These data also
illustrate that the feasibility of determining epidermal thick-
ness and SC in human AD studies using nonlinear microscopy
is comparable to that of conventional microscopy. The repre-
sentative THG-SHG x-y plane images acquired at different
tissue depths (z) in the fixed skin sample are shown in Fig.
9(b). We observed that serial changes in the morphological
features of SC, stratum spinosum, and stratum basale could be
clearly recognized. Additionally, we observed increased TPF
within the thickened THG signal representing SC [Fig. 9(a)].
The dark round region indicates the nucleus inside the cell
body of epidermal cells due to the strong THG contrast with
laminated organelles.16 We validated the nonlinear signal ori-
gins by verifying that the emission spectra of THG, SHG, and
TPF were centered at 410, 615, and 680 nm, respectively
[Fig. 9(c)]. We tried to verify the origin of TPF by measuring
the emission spectrum acquired from pure human keratin so-
lution (K0253, Sigma Aldrich), but no measurable fluores-
cence from pure keratin solution was detected. Many protein
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Video 2 In vivo movies of depth-resolved x-y plane sectioning images
from the abdominal skin of OVA-treated BALB/c mice. In comparison
with Video 1, thickened SC of epidermis and hypertrophic collagen
fibers within dermis were clearly demonstrated. Note that the bright
spot (yellow pseudocolor) in the right upper field indicates the occur-
rence of two-photon autofluorescence (TPF) signals within the thick-
ened SC. The optical depth difference between adjacent images is
1.5 um. Image size: 80 X 80 um. Video is representative of three mice
(QuickTime, 2 MB). [URL: http://dx.doi.org/10.1117/1.3077182.2]

molecules are expressed in particular locations in the SC.*°
Our results indicated that the measured TPF might be contrib-
uted from other endogenous molecules associated with the
process of keratinization/hyperkaratosis.

To investigate the possible association of TPF with hyper-
keratosis, we further enrolled two additional female volun-
teers who were 18 [Figs. 10(a)-10(c)] and 16 years old [Figs.
10(d), 10(e), and 10(f)], respectively. The representative si-
multaneous THG and TPF images acquired from the x-y
plane of the same position of fixed skin are shown in Figs.
10(a) and 10(d), respectively. We found an excellent correla-
tion between the localization and distribution of THG and
TPF signals. We then applied the same analysis technique as
in the murine AD model for assessing the intensities of TPF
and THG signals from x-y plane images. We found signifi-
cantly positive correlations between the intensities of TPF and
THG signals from the fixed skin of the two AD patients [Figs.
10(b), 10(c), 10(e), and 10(f)]. Thus we were able to show
that the changes in TPF intensity with hyperkeratosis in the
skin lesion of AD patients in humans are compatible with our
mouse model studies.

4 Discussion

We have demonstrated the feasibility of the application of
Cr:forsterite fs laser-based multimodality nonlinear micros-
copy in in vitro and in vivo imaging of skin lesions of AD.
This study clearly demonstrates that the histological changes
in the skin lesions of AD can be quantitatively assessed in a
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Fig. 8 In vivo assessment of dermal fibrosis in individual BALB/c
mice. (a) The change of dermal fibrosis represented by the increased
mean gray intensity of SHG from dermis of individual mice. The mean
gray value of SHG was measured from x-y plane images from three
different abdominal skins of individual mice in vivo. Values are
mean=SD. The comparisons between control and OVA-treated
BALB/c mice groups were analyzed by ANOVA. (b) Three represen-
tative SHG images at depths of 15, 22.5, and 30 um from the epider-
modermal junction, respectively, from both groups. In the OVA group,
the amounts of collagen fibers (represent by SHG signal in green)
increase proportionately with the tissue depth of dermis. Scale bar:
20 wm. Data are representative of three mice in each group. (c) Rep-
resentative HE-stained histological images of x-y plane at various
depths of fixed skin from control and OVA-treated BALB/c mice. sc,
stratum corneum; ec, epidermal cells; n, nucleus of epidermal cells;
dp, dermal papilla; cb, collagen bundle. (Color online only.)
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Fig. 9 Comparison of optical sectioning image with HE-stained histo-
logical images of fixed skin lesions from an AD patient. (a) The optical
nonlinear sectioning image from two different x-z planes are shown
(white arrow). The morphological features of SC in the epidermis are
clearly demonstrated by THG signals in purple pseudocolor. The dark
round region indicates the nucleus inside the cell body of epidermal
cells. The autofluorescence is located within the thickened SC (yellow
arrow). (b) Serial x-y plane optical sectioning images from fixed skin
lesions of an AD patient. THG signals (purple) reveal general mor-
phology of SC and transitions between epidermal layers; SHG signals
(green) map local aggregations of collagen fibers. sc, stratum cor-
neum; ss, stratum spinosum; sb, stratum basale; ec, epidermal cells; n,
nucleus of epidermal cells; dp, dermal papilla; cb, collagen bundle.
Scale bar: 20 um. (c) Emission spectra obtained from the surface (z
=0) of fixed skin from an AD patient for 1230-nm excitation in an AD
patient. Counts were in arbitrary unit. (Color online only.)
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Fig. 10 Increase in intensity of TPF signal within the thickened stra-
tum corneum in skin lesions of AD patients. (a) and (d) Simultaneous
x-y plane TPF and THG images of fixed skin from two AD patients. (b)
and (e) Correlation between the mean gray value of TPF with that of
THG analyzed by Spearman correlation coefficient (p). (c) and (f)
Trends of change between the mean gray value of TPF and that of
THG with increasing tissue depth of epidermis. Scale bar: 20 um.
(Color online only.)

least-invasive manner. The morphological changes (thickness
of epidermis and SC) in the epidermis can be measured by the
THG signal, while the structural changes of local connective
tissue (contents of collagen and extent of fibrosis) in the der-
mis can be quantified by the SHG signal. The endogenous
autofluorescence of skin was associated with the epidermal
hyperkeratosis in AD. Additionally, we have verified the pre-
clinical efficacy of the in vivo application of Cr:forsterite fs
laser-based nonlinear microscopy in human studies.

We have previously reported the application of optical bi-
opsies of fixed mouse skin and fixed human skin.*"** The
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Table 2 The comparison of different optical biopsy technology on their application of inflammatory dermatitis.

Evaluation Resolution/ Technical comments
Technology parameters penetration depth (advantages/disadvantages) Reference
Optical coherence Epidermal 8 um axially and Advantages: deeper penetration 37-39
tomography thickness; 10 um laterally/about depth, wider field of view, and
thickened and/or 1to2 mm vertical cross sectional imaging.
disrupted entrance
signals; reduction Disadvantages: cannot defect
of dermal substances that do not scatter; cannot
reflectivity detect horizontal cross section;
lesser resolution; layered-skin
structure.
Reflectance Stratum corneum 3to 5 um axially and Advantages: horizontal 40-42
confocal disruption, 0.5to 1 um laterally/ cross section; change the depth of
microscopy spongiosis, 300 to 400 um imaging; high resolution
exocytosis, morphology.
vesicle formation,
and epidermal Disadvantages: depth of imaging
thickness. limited to superficial dermis;
grayscale contrast lacks specificity.
Ti:sapphire laser- Individual cells, 1 to 2 um axially and Advantages: high optical 10, 24, and 43
based two-photon skin structures, 0.4 um laterally/ resolution; functional
excitation intracellular maximum 500 um autofluorescence imaging from
fluorescence components, endogenous fluorophores and
microscopy connective tissue protein structures.
structure, TP(E)F,
SHG Disadvantages: photodamage,
photobleaching, limited penetration
depth, lack of THG signal.
Cr-forsterite Thickness of 1 um axially and Advantages: multimodal signals 21 and 22
laser-based epidermis and SC 0.4 t0 0.5 um laterally/ including SHG, THG, TP(E)F; high present
nonlinear by THG, fibrosis maximum 1.5 mm optical resolution; lack of energy study
microscopy in dermis by deposition.
(higher harmonic SHG,
generation hyperkeratosis by Disadvantages: much reduced

microscopy)

TP(E)F

autofluorescence from endogenous
fluorophore.

present study takes it a step further and demonstrates the in
vitro and in vivo imaging of skin lesion from the murine AD
model and the in vitro imaging of skin lesions from AD pa-
tients for the first time. The skin structure can be measured by
using other techniques, such as optical coherence tomography
(OCT),>” reflection confocal microscopy,’®™** and Ti:sap-
phire laser-based TPF mic1roscopy.10‘24'43 The advantages/
disadvantages of our technology over the competing tech-
niques are summarized in Table 2. Because the penetration
capacity and imaging depth of different specimens could be
drastically different, we focus the comparison of different
technology on their application of inflammatory dermatitis.
With the aid of a Cr:forsterite fs laser-based nonlinear micro-
scope, the morphological features of layered tissue and local
collagen structures in skin lesions can be quantitatively evalu-
ated using computer-based image analysis. The THG images
shown in all figures do have adequate optical sectioning ca-
pability to identify the nuclear size/shape and to map morpho-
logical features and tissue structures. The technique could
prove to be a valuable tool in the diagnosis or long-term fol-
low up of the skin of patients by directly assessing the real-
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time pathophysiological information in vivo. Development of
clinical applications of this technique in studying patients
with AD and other human dermatological disorders can be
expected in the future.

At present, the lack of universal methods for fluorescent
labeling of living tissues is a major obstacle in two-photon
tissue imaging.*’ Even though a suitable mAb is available,
with the strong autofluorescence emitted from the endoge-
neous fluorophores of skin, fluorescence conjugated mAb
could no longer be distinguished due to the overlapping
autofluorescence.* Oxidative photodamage can be caused by
two- or higher-photon excitation processes of endogenous
fluorophores, such as Flavin-containing oxidases.* Addition-
ally, inside a highly scattering specimen such as human skin,
the contrast of autofluorescence images is significantly de-
graded at the depth of 200 to 300 um.* The Cr:forsterite fs
laser does have same limitations, because multiphoton absorp-
tion was found to be strongly reduced in most biological
specimens, resulting in strongly reduced multiphoton fluores-
cence signals.45 Our technology cannot take advantage of en-
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dogenous fluorophores, such as reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and flavin adenine dinucle-
otide (FAD), because the diagnostic information produced by
such fluorescent biomolecules is missing. However, our recent
studies on commonly used bioprobes indicated efficient mul-
tiphoton fluorescence from a lot of bioprobes excited with
1230-nm Cr:forsterite laser light.*® Additionally, THG mi-
croscopy can be utilized as a general-purpose microscopy
technique for morphological studies, which is not available
with Ti:sapphire lasers. By using a multimodal nonlinear mi-
croscope and using exogenous fluorophores conjugated to
mAb, the entire visible spectrum and NIR regions are open
for fluorescence detection, which are desirable multiphoton
fluorescence left for molecular imaging with high specificity.
Harmonic generation signals thus can be used for noninvasive
structure imaging, and can be combined with minimized mul-
tiphoton fluorescence for universal methods for fluorescent
labeling of live cells and tissues.

It is generally known that photodamage in the focal plane
is primarily due to two-photon excitation (TPE) processes.
Phototoxicity and compromised viability may be especially
pronounced at the shorter Ti:sapphire wavelengths where
multiphoton absorption of intrinsic tissue chromophores is
high.*” Higher harmonic generations (HHG), including SHG
and THG, are known to leave no energy deposition to the
interacted matters due to their virtual energy conservation
characteristic; that is, the emitted HHG photon energy is the
same as the total absorbed excitation photon energy, thus rela-
tively little local heat is produced.23 Recent studies have sug-
gested that the lowest light attenuation (including absorption
and scattering) in most biological materials exists around
1200 to 1250 nm,48 which is not available with the Ti:sap-
phire lasers. In contrast to Ti:sapphire fs laser excitation, mul-
tiphoton absorption of Cr:forsterite lasers is strongly reduced
with a longer 1230-nm light. Although the average excitation
power (100 mW) on sample is higher than the typical excita-
tion power (<10 mW) in two-photon microscopy using a
Ti: sapphire laser as an excitation source, from Figs. 3(b) and
9(c), the counts of TPF signal emitted from the SC are about
20 times smaller than those of the THG signal. On the other
hand, a fair comparison in phototoxicity should be based on
the sample viability where the quality [signal-to-noise ratio
(SNR)] of nonlinear signals excited by both lasers is at the
same level. The ultimate comparison in phototoxicity thus is
based on the penetration capacity with the comparable SNR.
In our previous study of human skin,” we were able to ob-
serve the dermis structure with a depth of more than 400 wm
using Cr:forsterite lasers (1230 nm) with excitation power of
100 mW, while that of Ti:sapphire lasers-based nonlinear mi-
croscopy can only get down to a depth of 200 wm using
Ti:sapphire lasers (750 nm) with excitation power of
20 mW.'"° Desirable quality (SNR) of nonlinear signals in op-
tical section imaging from the more deeper tissue-layered
structures, achieved by our system, combined with previous
experimental studies on embryo viability, show that a
150-mW Cr:forsterite laser'®* has a much higher viability
than a 2-mW-Ti:sapphire laser.'” The intrinsic nonlinearity of
higher harmonic generation provides the optical sectioning
capability, while the selected 1230-nm near-infrared light
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source provides the deep-penetration capacity and enhanced
viability.

Keratinization is a complex differentiation process.36 The
SC, composed of keratinized dead cells (cornified cell), is a
laminated composite structure with distinct protein “bricks”
(cornified cell) embedded in a lipid multilayer “mortar”
matrix.*”’ Structurally, these are organized into lamellar multi-
layers with lateral arrangement. The internal side of a corni-
fied cell is a keratin-rich fibrous matrix that occupies the en-
tire intracellular volume. The lipid multilayer is comprised of
fatty acid, ceramide, and cholesterol.*® From the highly cor-
related images of the thickened SC revealed by the TPF and
THG signals, we suggest that the TPF and THG modalities
might share common sources of origin derived from the hy-
perkeratosis (increased keratinization process) of the SC in
more severe AD in human and mouse skin. It has been re-
ported that keratin is a major contributor to autofluorescence
signals in the epidermis on the basis of histological
localization,”*" and that hyperkeratotic lesions were identifi-
able by a strong fluorescence from the keratin layer.”> How-
ever, no fluorescence from pure keratin solution was detected
in our study. Additionally, many molecules, such as loricrin,
profilaggrin, trichohyalin, involucrin, SPRs, and S100A, are
expressed in particular locations in the SC.*® Thus the contri-
bution of other endogenous molecules should also be consid-
ered. As for the origin of THG, a THG is observed in the
lamellar structure of effective refractive index and lamellar
inhomogeneities in the studied sample,53 and the surfactant
lamella body, revealed by THG, had been reported.54 Emis-
sion spectral characteristics were found to be associated with
the intercellular lipid (mainly ceramides) bilayers and lamel-
lar granule in the sc.”! Comparing images based on THG and
TPF signals, we can confirm both biophysical origins of THG
and TPF signals located within the SC of epidermis. But the
exact signal contrast might be different because of the com-
plex process of keratinization. We speculated that in the thick-
ened SC associated with AD, the higher TPFs originate
mainly from the complex protein matrix formation, while the
accumulated lamellar multilayers are responsible for the in-
creased THG signal.

In the in vitro study of C57BL/6 mice, the mean gray
intensities of the TPF signals for OVA-treated groups were
significantly greater than those of the control group
(7.58+=1.52 versus 6.83+1.22, P=0.035). In our in vivo
study of BALB/c mice, under which circumstance there was
no fixation process of the skin specimens, strong fluorescence
signals were still noted within SC of the epidermis from the
OVA-treated group, but not within the control group
(14.13 = 1.48 versus 7.04+0.54, P<0.001). It is interesting
to find that the mean TPF signals are similar between the two
control groups from in vitro C57BL/6 mice (6.83 = 1.22) and
from in vivo BALB/c mice (7.04 *+0.54). Furthermore, the
mean TPF signals in the in vivo BALB/c mice (14.13 = 1.48)
are greater than that of in vitro C57BL/6 mice (7.58 = 1.52).
This TPF discrepancy reflects the difference in biophysical
properties of SC between the live and dead skin lesions of
AD, hence the different intensities in the autofluorescence.
Although many articles reported that the tissue fixation
changes the fluorescence characteristics, it is reasonable that
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fixation artifacts are not applicable to our observed difference
between AD and control groups.

It is well known that chronic skin lesions of AD are char-
acterized by thickened plaques with increased lichenification
and dry, fibrotic papules.” With further lichenification of the
lesions, there is prominent hyperkeratosis in the epidermis
and some vertical streaking of collagen in the papillary
dermis.” The lichenification and dermal fibrosis respond
slowly to topical corticosteroids.” It is therefore mandatory to
monitor such chronic changes repeatedly after long-term
treatment has been initiated. Thus far, the composition of der-
mal matrix has been evaluated only by histological examina-
tion of excised skin specimens. The conventional microscopic
images of the HE-stained histological sectioning of the
sample are gold standard for the purpose of revealing these
histopathological features. The use of multiphoton micros-
copy in the noninvasive, spatially localized in vivo character-
ization of cell-extracellular matrix (ECM) interactions in un-
stained thick tissues has also been reported.’® Our present
study further demonstrates that Cr:forsterite fs laser-based
nonlinear microscopy is a novel approach for studying the
pathophysiological remodeling process of the collagen matrix
in AD. We could quantitatively evaluate alterations in col-
lagen in the dermis in vivo in a noninvasive way and monitor
the outcome of dermal fibrosis during topical steroid therapy.
We think depth-resolved signal analysis is part of quantitative
approaches that were not informative enough compared to the
histopathological imaging approach. We suggest that both the
increased SC thickness revealed by THG and the increased
dermal fibrosis revealed by SHG are the most important pa-
rameters for the long-term follow up of therapeutic effects
using the optical sectioning method. Furthermore, endogenous
skin autofluorescence can serve as a quantitative marker for
assessing hyperkeratosis associated with the epidermal
changes associated with AD.

A number of different murine models of AD have been
reported.57 The currently reported mouse models of AD can
be classified into four different categories; one of them is
AD-like skin lesions induced by protein sensitization. AD can
be induced by epicutaneous sensitization with chicken OVA in
protocols described by Spergel et al. and Wang et al. (our
model), both models displaying many of the features of hu-
man AD.”*** Our model shows the most important aspects of
AD, i.e., characteristic skin lesions compatible with the typi-
cal histopathology of typical AD. We have replicated equiva-
lent skin lesions elicited in C57BL/6 mice® and in BALB/c
mice.?® Our results on the thickness data of normal epidermis
and SC are strikingly similar to those obtained by the Ti:sap-
phire laser-based multiphoton microscopy.5 % Here we demon-
strated that increased cellular infiltration within the epidermis
can be readily assessed by the noninvasive THG imaging.
Although the Cr:forsterite fs laser-based multimodality non-
linear microscopy can provide subcellular resolution and his-
tological features without using exogenous markers,” the ap-
propriate use of some molecular probes for specific labeling
of surface/intracellular molecules of effecter cells could result
in better resolution of cellular morphology and/or interaction.

The present study shows that the accuracy (validated by
being comparable to histological findings) and reliability
(consistent and reproducible results in the murine model and
AD patients) of Cr:forsterite fs laser-based nonlinear micros-
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copy make it a facile and appropriate diagnostic and monitor-
ing technique for AD. Intravital applications of in vivo and
real-time imaging techniques will allows clinicians to inves-
tigate the real molecular events and cellular behavior of im-
mune response under physiological condition.® We predict
that Cr:forsterite fs laser-based nonlinear microscopy prob-
ably will revolutionize the understanding of AD via glimpses
through an optical window into real-life behavior of immune
cells. We wish to further refine this tool for the study of hu-
man AD and eventually to other diseases, such as psoriasis.
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