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Elastic cartilage in the rabbit external ear is an important animal model with attractive potential
value for researching the physiological and pathological states of cartilages especially during
wound healing. In this work, nonlinear optical microscopy based on two-photon excited fluor-
escence and second harmonic generation were employed for imaging and quantifying the intact
elastic cartilage. The morphology and distribution of main components in elastic cartilage
including cartilage cells, collagen and elastic fibers were clearly observed from the high-resolution
two-dimensional nonlinear optical images. The areas of cell nuclei, a parameter related to the
pathological changes of normal or abnormal elastic cartilage, can be easily quantified. Moreover,
the three-dimensional structure of chondrocytes and matrix were displayed by constructing
three-dimensional image of cartilage tissue. At last, the emission spectra from cartilage were
obtained and analyzed. We found that the different ratio of collagen over elastic fibers can be
used to locate the observed position in the elastic cartilage. The redox ratio based on the ratio of
nicotinamide adenine dinucleotide (NADH) over flavin adenine dinucleotide (FAD) fluorescence
can also be calculated to analyze the metabolic state of chondrocytes in different regions. Our
results demonstrated that this technique has the potential to provide more accurate and com-
prehensive information for the physiological states of elastic cartilage.

Keywords: Multiphoton microscopy; two-photon excited fluorescence; second harmonic gener-
ation; spectral analysis; elastic cartilage.
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1. Introduction

Elastic cartilage is present in the ear pinna, external
auditory meatus, eustachian tubes and epiglottis,
etc. The major components of elastic cartilage are
specialized cells called chondroblasts that produce a
large amount of extracellular matrix (ECM) com-
posed of Type II collagen fibers, abundant ground
substance rich in proteoglycan and elastic fibers.!»?
The regulation of chondrocyte function by the ECM
is critical to understanding normal physiological
state of cartilage and its changes in disease states.
Cartilage diseases include a wide variety of clinical
phenotypes from common osteoarthrosis to several
different types of chondrodysplasias.®* It is im-
portant to treat elastic cartilage defects or other
cartilage diseases for improving the quality of life in
patients.” Although some therapies such as recon-
struction surgery that depend on development in
tissue engineering technique have been developed
for repairing cartilage lesions, visualizing these
complex processes within cartilage tissues remains
challenging.®

Recently, nonlinear optical microscopy (NLOM)
based on two-photon excited fluorescence (TPEF)
and second harmonic generation (SHG) has become
a powerful tool to observe unstained samples.” 19 It
presents a potential alternative for high resolution,
minimally invasive in vivo imaging for early detec-
tion and serial monitoring of response to therapy in
patients with cartilage disease. NLOM may utilize
the natural intrinsic fluorescence properties of tissue
to generate images that would allow visualization of
the structural and cellular characteristics of elastic
cartilage in fresh, unfixed tissue specimens. We
therefore studied the arrangement and morphology
of the chondrocytes and the surrounding matrix by
using NOLM, in the elastic cartilage of the rabbit
external ears.

2. Materials and Methods
2.1. Sample preparations

Three elastic cartilage tissues excised from exper-
imental rabbits were examined in this study, pro-
vided by the Animal Center of Fujian Medical
University. They were snap-frozen in liquid nitrogen
(the temperature is —196°C) immediately to store
before use. The tissue sections for imaging were cut
transversely on a freezing microtome into 100 pm
thickness and sandwiched between the microscope

slide and cover glass. The sections were imaged with
the cover glass facing the microscopic objective.
Moreover, a little PBS solution was dripped into the
tissue specimen to avoid dehydration or shrinkage
during the imaging process.

2.2. NLOM system

The nonlinear microscopic system used in this study
contains a high-throughput scanning inverted
Axiovert 200 microscope (LSM 510 META, Zeiss,
Germany) equipped with a mode-locked femtose-
cond Ti:sapphire laser (110fs, 76 MHz), tunable
from 700 to 980nm (Mira 900-F; Coherent,
America).'"''? An objective (Plan-Apochromat 40X,
N.A.1.4, Zeiss) was employed for focusing the exci-
tation beam and for collecting the backward signals.
The signals were directed by a main dichroic beam
splitter (MDBS) to the META detector. The system
has two imaging modes: channel mode and lambda
mode. The channel mode can achieve SHG and
TPEF imaging, while the lambda mode can carry
out spectral imaging and obtain emission spectra of
regions of interest (ROI) within the spectral image.
In this work, two different channels of the META
detector were selected to collect the backward SHG
and TPEF signals. One channel is corresponding to
the wavelength range of 398—409nm to show
microstructure of collagen SHG signals when the
excitation wavelength A, =810nm were used,
whereas the other one covered the wavelength range
of 430—697nm in order to image TPEF signals.
Using the image-guided spectral analysis method,
the intensity spectrum of emission signal from elastic
cartilage was recorded and analyzed. The images
were obtained at 2.5 us per pixel. All images had a
12-bit pixel depth.

All data were presented as a mean value with its
standard deviation indicated (mean + SD) and
analyzed using Excel software.

3. Results and Discussion

3.1. High-resolution NLOM image
of intact elastic cartilage

An intact elastic cartilage is composed of large
chondrocytes surrounded by an extensive ECM
(including mainly collagen and elastic fibers) and
covered with perichondrium. Morphological features
of elastic cartilage in the rabbit external ear can be
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Fig. 1. Representative NLOM images of elastic cartilage in the rabbit external ear. (a) TPEF (red, 430 to 697 nm), (b) SHG
(green, 398 to 409 nm), and (c) TPEF/SHG merged obtained by overlaying two channels. It clearly shows the elastic fibers (white
arrows) and chondrocytes (white round-enclosed regions). The excited wavelength A., = 810 nm. Scale bar = 50 pum.

well resolved by TPEF /SHG images. Representative
2D TPEF /SHG images of an intact elastic cartilage
for an excitation wavelength A, = 810nm were
shown in Fig. 1. The collagen fibers surrounding the
chondrocytes in elastic cartilage were well revealed
by SHG signals in green color-code, shown in
Fig. 1(b). The elastic fibers (white arrows) and in-
tracellular compounds were effective for generating
TPEF signals in red color-code, shown in Fig. 1(a).
The chondrocytes can be identified and show the
nonfluorescent nuclei displayed darkly on the optical
section surrounded by ECM, and the clear cellular
boundary was shown. Combined TPEF and SHG
image was shown in Fig. 1(c), displaying the distinct
elastic cartilage morphology and providing comp-
lementary information on the chondrocytes, peri-
chondrium and ECM. It can be seen that fully

differentiated chondrocytes in the middle portion of
the cartilage were round, while immature cells near
the periphery were oblong with their long axes par-
allel to the perichondrium. The perimeters and areas
of the cells can be directly measured by using system
analyzing tools, seen by the white round-enclosed
regions in Fig. 1(b). The average of the perimeters
and areas of the cells were 93.98 +4.84 yum and
789.08 + 25.63 um?, respectively. The changes in cell
size may be an indicator for evaluating pathological
changes of normal or abnormal elastic cartilage. In
addition, the ECM is an “information rich” en-
vironment and interactions between the chon-
drocytes. The density of ECM can also be quantified
and used to assess pathological processes.

Moreover, 10 sequential SHG /TPEF overlapping
images at intervals of 2 um were given in Fig. 2,
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Fig. 2. A total of 10 sequential SHG/TPEF overlapping images at intervals of 2 ym, providing the 3D shape of chondrocytes and
the morphology of the surrounding collagen and elastic fibers. The triangle points to a chondrocyte to visualize the shape varied

with depth. Scale bar = 50 pm.
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Fig. 3. 3D reconstruction of the sequential images shown in Fig. 2.

proving the ultrastructure of chondrocytes and the
surrounding matrix proteins varied with imaging
depth. The 3D reconstruction of the sequential
images was given by Fig. 3, more distinctly showing
the 3D shape of chondrocytes and morphological
structures of ECM in elastic cartilage.

3.2. Depth-resolved spectral imaging
and emission spectra of elastic
cartilage

To determine the precise origin of image-forming
signals from elastic cartilage, the emission spectra
from the elastic cartilage regions were acquired
using the image-guide spectral analysis method for
Aex = 810nm. Figure 4(a) presented the spectral
resolved image. Figure 4(b) displayed representa-
tive spectra measured from the chondrocytes and
ECM at the center of elastic cartilage region (red
rectangle-enclosed region in Fig. 4(a), ROI 1), the
peripheral region of the cartilage (green rectangle-
enclosed region in Fig. 4(a), ROI 2), and the peri-
chondrium region (blue rectangle-enclosed region in
Fig. 4(a), ROI 3). Each spectrum revealed a peak at

Intensity(a.u.)

(a)
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405 nm (exactly half the excitation wavelength) and
a broad spectral feature characteristic of TPEF.
The peak at 405 nm has a quadratic dependence on
incident laser intensity and shifts with changes in
laser frequency to remain at exactly half the exci-
tation wavelength.” Fluorescence spectra contained
multiple overlapping peaks, especially including
three peaks of interest centered at ~ 500, ~475 and
~ 535 nm resulting from elastin, NADH and FAD in
cells, respectively.'®'? It showed different signal
intensities for various ROIs. In ROI 1, the SHG
signal intensity was obviously lower than the TPEF
signal. In ROI 2, the SHG signal intensity was
comparable to the TPEF signal. And the ROI 3
exhibited a stronger SHG signal than the TPEF
signal due to the condensed collagen fibers in the
perichondrium region.

The peak intensities of collagen SHG (~405) and
elastin TPEF (~500) signals were defined as A and
B, respectively. Then the ratio of collagen over elas-
tin was calculated by using the following formula:
A/B. As a result, the ratios of the three regions were
0.62 +0.04 for ROI 1, 1.23 +0.09 for ROI 2 and
9.65 £ 0.42 for ROI 3, showing significant difference.

04
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Fig. 4. (a) Spectral resolved TPEF/SHG image and (b) emission spectra obtained from the center region (red rectangle-enclosed
region, ROI 1), peripheral region (green rectangle-enclosed region, ROI 2), and the perichondrium region (blue rectangle-enclosed
region, ROI 3) of elastic cartilage. The excited wavelength A, = 810 nm.
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It indicated that the ratio of collagen over elastic
fibers can be used for locating the position observed
in the cartilage. In addition, it has been reported that
the ratio of NADH over FAD fluorescence calculated
by the equation, FADjs35/(FADs35+NADH,5), is a
parameter related to cellular metabolism.'?'% In this
study, the ratio of NADH over FAD fluorescence in
ROI 1 region was 1.81 4+ 0.03, which reflected the
metabolic state of chondrocytes and may be found
application in characterization of pathological
changes for distinguishing abnormal elastic cartilage
from an intact one.

4. Conclusion

In conclusion, NLOM has been demonstrated to be
an effective technique to image fine structure of
elastic cartilage in the rabbit external ear, without
the need for additional fluorescent probe. We
demonstrated that the technique can provide high-
contrast visualization of elastic cartilage com-
ponents, and identify cellular, perichondrium and
ECM. Coupled with several system analyzing tools,
the technique allowed analysis of intrinsic spectra in
tissue, quantitatively providing some important
information on the biomorphology and biochem-
istry of the elastic cartilage. With the advance of
this technique, NLOM can provide the accurate and
comprehensive information for the clinical research
of elastic cartilage tissues.
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