Quantitative SHG imaging in osteoarthritis
model mice, implying a diagnostic application

Hiroshi Kiyomatsu,l’z’3 Yusuke Oshima,z""s’ﬁ’8 Takashi Saitou,z’3 Tsuyoshi Miyazaki,7
. . . . . . . *
Atsuhiko Hlklta,2’5’6 Hiromasa Mlura,l’s’4 Tadahiro llmura,3’4’5’6’
and Takeshi Imamura®**>¢

dO [ed1pawolg

!'Department of Orthopedic Surgery, Graduate School of Medicine, Ehime University Shitukawa Toon city, Ehime,

791-0295, Japan
’Molecular Medicine for Pathogenesis, Graduate School of Medicine, Ehime University, Shitukawa Toon city, Ehime,
791-0295, Japan
Artificial Joint Integrated Center, Ehime University Hospital, Shitukawa Toon city, Ehime, 791-0295, Japan
*Translational Research Center, Ehime University Hospital, Shitukawa Toon city, Ehime, 791-0295, Japan
’Core Research for Evolutional Science and Technology, Shitukawa Toon city, Ehime, 791-0295, Japan
®Division of Bio-Imaging, Proteo-Science Center, Ehime University, Shitukawa Toon city, Ehime, 791-0295, Japan
"Department of Orthopaedic Surgery, Tokyo Metropolitan Geriatric Hospital and Institute of Gerontology, 35-2,
Sakaecho, Itabashi-ku, Tokyo, 173-0015, Japan
Soshima-ehm@umin.ac.jp
*iimura@ehime-u.ac.jp

8
(@]
(7]
m
x
U
A
m
()]
"

Abstract: Osteoarthritis (OA) restricts the daily activities of patients and
significantly decreases their quality of life. The development of non-
invasive quantitative methods for properly diagnosing and evaluating the
process of degeneration of articular cartilage due to OA is essential. Second
harmonic generation (SHG) imaging enables the observation of collagen
fibrils in live tissues or organs without staining. In the present study, we
employed SHG imaging of the articular cartilage in OA model mice ex vivo.
Consequently, three-dimensional SHG imaging with successive image
processing and statistical analyses allowed us to successfully characterize
histopathological changes in the articular cartilage consistently confirmed
on histological analyses. The quantitative SHG imaging technique presented
in this study constitutes a diagnostic application of this technology in the
setting of OA.

©2015 Optical Society of America

OCIS codes: (170.3880) Medical and biological imaging; (190.0190) Nonlinear optics;
(180.4315) Nonlinear microscopy; (100.6890) Three-dimensional image processing; (190.1900)
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1. Introduction

Osteoarthritis (OA) is defined as a group of mechanical abnormalities involving degradation
of the articular cartilage and subchondral bone comprising the joints, the symptoms of which
include joint pain and locomotive disability. OA is the most common form of arthritis and the
leading cause of chronic disability [1-3]; hence, an increasing number of people are estimated
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to be affected by OA, especially in aged societies. This disorder potentially affects millions of
individuals in some countries with older populations, including the United States and Japan,
and the quality of life of these patients is significantly decreased. Pathophysiologically, with
respect to the stages of OA progression, inapparent subtle biochemical changes in the
cartilage matrix occur prior to gross cartilage loss, involving the disorganization and
subsequent degeneration of Type II collagen fibers and loss of proteoglycan [4]. Commonly,
the diagnosis of OA is made based on the patient’s history and findings of clinical
examinations, X-rays and computed tomography (CT) and magnetic resonance imaging
(MRI) scans. Typical features observed on X-ray and CT include joint space narrowing,
morphological changes in the bone and ectopically formed calcified tissue. Although these
imaging features provide useful diagnostic information, the detection of recognizable changes
indicates a late stage of OA progression. While MRI can be used to detect degenerative
changes in cartilage using enhancers [5], it is difficult to completely distinguish such cartilage
from normal cartilage due to the lack of specificity of the enhancers. Therefore, it would be
ideal to develop a non-invasive diagnostic method for detecting the initial symptom of OA,
including degeneration of the cartilage matrix and pathological changes in other connective
tissues.

Optical imaging techniques are promising tools for determining the clinical diagnosis of
OA with minimal invasiveness. Recently, the application of second harmonic generation
(SHG) imaging of the articular cartilage using multi-photon excited microscopy has been
reported. Principally, SHG imaging makes it possible to observe noncentrosymmetric
molecular assemblies, such as collagen fibers, in cartilage and bone tissues without staining.
The acquired signal reflects the localization and amount of fibrous structures of the collagen
molecule. Therefore, it is proposed that SHG imaging enables the clinician to detect both
quantitative and qualitative changes in the cartilage matrix at a microscopic resolution [6—13].
Several animal OA models, including histopathological assessments of their osteoarthritic
processes, are well established [14—17]. However, quantitative SHG imaging for the detection
of histopathological changes due to OA is not well established.

In the present study, in order to establish a novel diagnostic tool for OA, we applied SHG
and two-photon excited fluorescence (TPEF) imaging of the articular cartilage ex vivo in order
to quantitatively evaluate degenerative changes in a mouse OA model. Successive three-
dimensional image processing and statistical analyses successfully demonstrated critical
changes in the collagen patterns in the affected joints that were concomitantly confirmed on
histopathological observations.

2. Materials and methods
2.1 Animals and surgical induction of osteoarthritis (OA)

All experimental protocols were approved by the Ethics Committee for Animal Experiments
of Ehime University (#05-RE-1-16). Male H2B-GFP mice, which ubiquitously express EGFP
(enhanced green fluorescent protein) in the cell nucleus were provided by Dr. Toshihiko
Fujimori (NIBB, Japan) [18] and employed to generate an OA model (n = 8, 8-10 weeks of
age). For surgical induction of OA, the knee joints of the H2B-GFP line mice were carefully
exposed under general anesthesia (Isoflurane, Escain, 871114, Mylan, Osaka, Japan). The
patellar ligament, anterior/posterior cruciate ligaments and medial/lateral collateral ligaments
were subsequently transected and the medial/lateral menisci were removed as previously
described [19]. The skin incision was then closed (OA side), and the contralateral knee was
exposed, after which the skin incision was closed (control side). The mice were sacrificed via
cervical dislocation and the femurs were harvested at eight weeks after the surgery, followed
by multi-photon excited microscopy and histological assessments. The male C57BL/6 mice
were also examined for age-related changes in their articular cartilage (n = 6, 3 months of age;
n = 6, 25 months of age). Finally, the mice were sacrificed via cervical dislocation. The
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femurs were harvested at 3 and 25 months of age and fixed in 10% formalin prior to the SHG
imaging analysis.

2.2 Multi-photon excited microscopy

An upright multi-photon excited microscopy system (A1RMP, Nikon Corporation, Japan)
was employed for image acquisition based on the detection of SHG and two-photon excited
fluorescence signals from the articular cartilage. The detailed specifications of the microscope
system are described elsewhere [20,21]. In brief, a multi-photon excited microscope equipped
with a water-immersion objective lens (CFI75 Apo 25xW MP, numerical aperture: 1.1,
Nikon) and Ti:Sapphire laser oscillator (wavelength: 680-950 nm; repetition rate: 80 MHz,
pulse width: 70 fs; MaiTai eHP, Spectra-Physics, Inc. CA) was employed. The excised femurs
were embedded in agarose gel and the medial condyle was exposed under the objective lens
of the multi-photon excited microscopy system (Fig. 1(A)). All image acquisition procedures
were performed at an excitation wavelength of 900 nm. For observation of the H2B-GFP
mice, a dichroic mirror at 458 nm and an emission filter at 440/40 nm (center
wavelength/bandwidth) were applied to isolate the SHG signal and a bandpass filter at 525/50
nm was used to obtain the fluorescence signal of EGFP with an excitation wavelength of 900
nm. For observation of the C57BL/6 mice, the dichroic mirror at 458 nm and the emission
filter at 440/40 nm (center wavelength/bandwidth) were employed to obtain the SHG signal
with an excitation wavelength of 900 nm. The images were obtained from the surface of the
cartilage tissue to the deep portion (around 100 um in depth) and stored as z-stack image
sequences (step size of 1 um in the z-axis). The acquired image size was 512 x 512 pixels,
and the pixel size was 0.99 um/pixel. The image acquisition time was 1 frame/sec for each
experiment. Simple image processing, i.e. merging color channels and three-dimensional (3D)
rendering, was performed using the NIS-Elements ver. 4.0 software package (Nikon).

2.3 Quantitative image analyses

The image analyses were carried out using IMARIS (IMARIS ver.6.3.0, Bitplane AG,
Switzerland), a 3D/4D image processing software program. Surface rendering of the SHG
images and spot detection of the cell nuclei on the GFP images were performed with
arbitrarily selected threshold values. For the statistical analyses, the standard deviation (SD)
and coefficient of variation (CV) of the SHG signal intensity within the rendered region of the
SHG image were calculated. A hierarchical cluster analysis (HCA) was applied to the
specimen data sets of the statistics. The analysis was performed using the MATLAB software
program (MathWorks Inc. MA) with the “cluster” function.

2.4 Histological examination

Following image acquisition, the femurs were fixed with 10% formalin in phosphate-buffered
saline (PBS, pH 7.4). The specimens were decalcified with 10% ethylenediaminetetraacetic
acid (EDTA, pH 7.4) at room temperature for two weeks, and subsequently embedded in
paraffin then cut into 4-um coronal sections and subjected to Hematoxylin and Eosin (HE),
Safranin-O-fast green (SO) and Elastica Masson-Goldner (EMG) stainings for the histological
study. SHG images and differential interference contrast (DIC) images of the sections were
captured using the multi-photon excited microscope and a wide-field upright fluorescence
microscope (PlanApo 10x/NA: 0.45, ECLIPSE 80i, Nikon), respectively.

3. Results

In order to evaluate the process of degeneration of the articular cartilage in the mouse
osteoarthritis (OA) model, we first surgically induced OA in the knee joints of the H2B-GFP
mice and then performed combined ex vivo imaging with SHG and two-photon excited
fluorescence (TPEF) of the cartilage tissues dissected from the mice using a multi-photon
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excited microscope. Figure 1 outlines the analytical procedure for imaging and successive
image processing (Fig. 1(A)-1(D)).

Figures 1(B) to 1(D) show representative images of normal cartilage tissue. The two-
dimensional (2D) images successfully visualized the histological structures of the articular
cartilage, on which chondrocytic lacunae surrounded by the extracellular matrix and the
nuclei of the chondrocytes were detected based on the SHG signals and GFP signals,
respectively. Three-dimensional (3D) reconstitution (volume rendering) of the obtained
images demonstrated the surface shape of the articular cartilage in addition to the distribution
patterns of collagen fibers and chondrocytic nuclei (Fig. 1(D)). The reconstructed images
were subjected to image processing analyses, including SHG signal-based surface rendering
(SHG surface) and spot rendering of cellular nuclei, as illuminated by the GFP signals
(nuclear spots) (Fig. 1(E)-1(H)).

SHG/TPEF

Chondrocyte nucleus  Extracellular matrix  Lacunar
(ECM)

Volumerendering SHG surface Nuclear spot |SHG surface + Nuclear spot

Fig. 1. (A) Schematic illustration of the distal femur. The articular cartilage in the medial
condyle framed by a black rectangle was observed on SHG/two-photon excited fluorescence
(TPEF) imaging from the direction of the white arrow. (B) A snapshot (two-dimensional; 2D)
image of the normal articular cartilage in a H2B-GFP mouse, scale bar: 100 pum. (C) A
magnified view of the region of interest (ROI) framed by the white box in (B), scale bar: 10
pm. (D) Volume rendering (three-dimensional; 3D image) of the z-stack image sequence. The
SHG image channel (cyan) and TPEF of the GFP image channel (green) were merged in (B)-
(D). (E) Raw images obtained after volume rendering of the SHG and GFP signals. (F) SHG
surface image constructed according to the SHG images. (G) Nuclear spot image constructed
according to the TPEF image of GFP. (H) Merged image of (F) and (G).

We developed and analyzed a total of eight specimens for the H2B-GFP mouse OA
model. The incidence of symptomatic knee osteoarthritis was confirmed prior to the
microscopic observation using several types of conventional analyses. The passive range of
motion in the operated (OA side) knees was decreased eight weeks after surgery in
comparison with that observed in the contralateral (control side) knees, and several of the OA
model mice exhibited osteophyte formation in the posterior region of the joints and sclerotic
changes in the subchondral bone of the tibia plateau on X-ray images (data not shown). The
femurs were subsequently harvested and the articular surface was observed macroscopically,
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although we did not observe any remarkable differences between the OA side and control side
(data not shown) under bright-field microscopy.

(A)

Volume rendering

OA si

(B)

Control side ,

SHG surface + Nuclear spot
OAsside

Fig. 2. Results of the 3D image processing of the acquired SHG/TPEF images in the medial
condyle of the femur in the OA model mice. (A) Volume rendering images on the control side
(upper two columns, overall view and magnified view) and OA side (lower two columns,
overall view and magnified view). (B) Merged images of the SHG surface and nuclear spot
images on the control side (upper two columns, overall view and magnified view) and OA side
(lower two columns, overall view and magnified view).

The excised femurs were then subjected to SHG and TPEF imaging analyses. Figure 2
shows the results of the image acquisition and processing of the articular cartilage in the OA
model mice. On the control side, the surface features were largely smooth and the intensity
distribution of the SHG signals was homogeneous. In contrast, on the OA side, the surface
features and uniformity of signal intensity were obviously absent, and the number of nuclear
spots was decreased compared to that seen on the control side. For example, on the volume
rendering images for samples #1, #2, #6 and #8, the SHG signals were observed to be
relatively strong in some parts on the OA side (Fig. 2(A)), whereas the surface of the OA
articular cartilage was relatively rough on the SHG surface and nuclear spot images as a
whole (Fig. 2(B)). Furthermore, in some specimens (see #3, #5 and #8), chondrocytes were
exposed on the cartilaginous surface. These findings reflect typical features of cartilage
degeneration.
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Fig. 3. (A) Number of chondrocyte nuclei per tissue volume for each sample in the control and
OA groups. (B) Average number of chondrocyte nuclei per tissue volume in the control and
OA groups. ***p<0.001 according to Student’s ¢-test. (C) Standard deviation (SD) of the SHG
signal intensity for each sample in the control and OA groups. (D) Average coefficient of
variation (CV) for the SHG signal intensity. ***p<0.001 according to Student’s r-test. (E)
Snapshot 2D SHG/TPEF images of the medial condyle of the femur on the control side (upper
panel) and OA side (lower panel), scale bar: 50 pm.

Since the apparent changes on the SHG and TPEF images in the OA model may be related
to the effects of degenerative processes in the articular cartilage, we subsequently performed
quantitative analyses of the SHG surface images and nuclear spot images for the individual
data sets. In order to confirm whether the number of chondrocytes per unit volume differed
between the control and OA sides, the total number of nuclear spots was counted and
normalized according to the total tissue volume enclosed by the SHG surface within the same
region of interest (ROI). Figure 3(A) shows the number of nuclei per tissue volume for each
sample in the control and OA groups. In all samples, the number of nuclei was lower on the
OA side than on the control side (Fig. 3(A)). Based on the statistical analysis, the number of
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nuclei was significantly decreased on the OA side versus the control side (Fig. 3(B)). These
findings were consistent with the features observed on the SHG and TPEF images (Fig. 3(E)).
Next, in order to quantify the heterogeneity of the SHG surface features according to the 3D
distribution of the SHG signal intensity, we calculated the standard deviation (SD) of the SHG
signal intensity for each of the z-stack images and compared the values for the OA and
control sides. In several specimens, including those for #1, #2, #6 and #8, the SD values were
apparently larger on the OA side than on the control side (Fig. 3(C)). Comparing the scores
with the snapshots of the corresponding SHG images for #1, #2, #6 and #8, the SHG signals
on the OA side appeared to be highly heterogeneous, with locally intensified signals in some
parts of the ROI (Fig. 3(C), 3(E)). Statistically, the coefficient of variation (CV) was
significantly larger for the OA side than for the control side (Fig. 3(D)).

(A) Control side OA side

(B)

Fig. 4. SHG/TPEF images of the medial condyle of the femur in the control and OA groups.
(A) SHG image (upper right), TPEF of GFP image (lower left), merged image (upper left) and
magnified image (white box). On the OA side, a fibrous pattern and empty lacunae were
observed, scale bar: 25 um. (B) Micro-cracks in the ECM (white arrows), scale bar: 10 pm.

In addition to the results of the quantitative analyses conducted using 3D image processing
described above, the use of a magnified view of single optical sections revealed characteristic
features of degenerative changes in the cartilage in the OA model. In some of the OA mice, a
fibrous pattern of the extracellular matrix was obvious (Fig. 4(A)) and micro-cracks in the
cartilage were occasionally recognizable (Fig. 4(B)).
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Fig. 5. Histological examination of horizontal sections of the medial condyle in representative
OA model mice. SHG images (upper column) and Safranin-O-fast green (SO) staining images
(lower column), scale bar: 100 pm. (A) on the control side and (B) OA side in the #4, #6, #7
and #8 samples.

With the goal of associating the results of the SHG and TPEF imaging analyses described
above with the histopathological changes noted in the OA model, histological sections were
obtained for all specimens and their features were compared with the corresponding SHG
patterns (Fig. 5). Figure 5 shows the results for Safranin-O-fast green (SO) staining and the
SHG images of the tissue sections obtained from the representative OA model specimens (#4,
#6, #7 and #8).

The comparison of SO staining and the SHG image features for the four sections on the
control side showed a normal and intact tissue structure among the articular cartilage,
indicating that the intense SHG signal was primarily due to the presence of a hypertrophic
cartilaginous layer and subchondral bone (Fig. 5(A)). Meanwhile, a relatively low SHG signal
was detected in the normal surface layer of the articular cartilage, and the bone marrow
cavities and chondrocytic and osteocytic lacunae did not emit any SHG signals, thus
presenting as dark holes.

In contrast to the common features observed on the control side, the OA side exhibited
various features with respect to the histological structure and related SHG patterns (Fig. 5 and
Fig. 6). For example, on the #4 OA side, exposure of the hypertrophic layer and hyperplasia
of amorphous hyaline cartilage were observed on SO staining and obviously visualized on the
SHG images based on the detection of large lacunae (see left half of the ROI in Fig. 5 #4) and
an amorphous collagenous pattern (see right half). The histological SO image for the #6 OA
sample showed extensive exposure of the subchondral bone, as recognized according to the
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wavy pattern of the collagenous SHG signal, a typical feature of bone. In addition, the SO
image for #7 demonstrated obvious degradation of the original cartilage and bone covered by
hyperplastic tissue of mixed hyaline and fibrous cartilage. The fibrous cartilage was
distinguishable as tissue with round-shaped chondrocytes encased in a matrix that was faintly
stained on SO, thus exhibiting a blue color, while the hyaline cartilage was well stained in red
on the SO images (Fig. 5(B) #7, lower panel). The characteristics of the fibrous cartilage were
also defined and confirmed based on another histological assessment with Elastica Masson-
Goldner (EMG) staining (Fig. 6). As was seen on the SO image for #7 OA, fibrous cartilage
was also obviously recognizable as tissue with round-shaped lacunae surrounded by intense
fibrous SHG signals and light blue staining by EMG. Accordingly, the images for #8 OA
demonstrated degraded original hyaline cartilage and subchondral bone covered by
hyperplastic fibrous cartilage.
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Fig. 6. Histological examination of the horizontal sections of the medial condyle in
representative OA model mice. SHG images, Safranin-O-fast green (SO) staining images,
Hematoxylin and Eosin (HE) staining images and Elastica Masson-Goldner (EMG) staining
images on the control side for #2 and OA sides for the #2, #7 and #8 samples, respectively,
scale bar: 100 pm.

Based on the results of the histological study described above, the degenerative changes in
the articular cartilage observed in the surgically induced OA model were typically
characterized by (1) hyperplasia of the hyaline cartilage, (2) hyperplasia of fibrous cartilage
and (3) exposure of the subchondral bone (Fig. 5 and Fig. 6). The eight OA specimens were
classified into three groups according to these histological features (Table 1). In order to
examine possible correlations between the findings of the quantitative SHG imaging analysis
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and the histological classification, we conducted a cluster analysis of the SD of the SHG
intensity (Fig. 7). Consequently, the statistical analyses classified eight specimens into two
groups with relatively high (#1, #2, #6 and #8) and low (#3, #4, #5 and #7) SD values (Fig.
3(C)). The high-SD group was further subdivided into two groups (#1, #6 and #2, #8) (Fig. 7).
It is noteworthy that these two subgroups matched completely with the histologically defined
groups exhibiting (2) hyperplasia of fibrous cartilage and (3) exposure of the subchondral
bone, respectively, while the low-SD group corresponded to the (1) hyperplasia of hyaline
cartilage group (Fig. 7 and Table 1).

|J—| 1

#4 #7 #3 #5 #1  #6 #2 #8

Fig. 7. Hierarchical cluster analysis (HCA) of the SD on the OA side.

Table 1. Classification of degenerative changes in OA model based on quantitative SHG

imaging
SD value Hyperplasia of Hyperplasia of Exposure of Total
hyaline tissues fibrous cartilage subchondral bone
Low-SD group 4 0 0 4
(#3,4,5,7) (#3.4,5,7)
High-SD group 0 2 2 4
(#1,2,6,8) (#2,8) (#1, 6)

We next applied our quantitative SHG imaging protocol to the study of age-related
changes in articular cartilage as a spontaneous OA model. Six elderly mice (25 months of
age) and six young mice (3 months of age) were analyzed using 2D and 3D SHG imaging
(Fig. 8 and Fig. 9). No obvious distinction between the young and aged knee joints was
observed on bright-field microscopy (data not shown). In some cases, apparent irregular
patterns on the SHG 3D surface images were noted in the aged specimens, such as those for
#1L, #1R, #2R and #5L, compared to that seen in other specimens, including all of the young
specimens, which appeared to be correlated with uniformity in the intensity of the SHG signal
(Fig. 8 and Fig. 9).
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Fig. 8. Results of 3D/2D image processing of the acquired SHG images of the medial condyle
of the femur in 3-month-old mice (left knee; L) and 25-month-old mice (left and right knee; L
and R, respectively). The upper two panels show volume rendering (3D) SHG images and their
magnification. The lower panels show snapshot (2D) SHG images, scale bar: 25 pm.
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Fig. 9. Results of 3D/2D image processing of the acquired SHG images and surface rendering
of the medial condyle of the femur in the 3-month-old (A) and 25-month-old (B) mice (left and
right knee; L and R, respectively).

We then performed quantitative analyses of the obtained SHG images. The comparison of
the SD values among the specimens showed distinctively higher scores for the #1L, #1R, #2R
and #5L samples in the elderly mice (Fig. 10(A)). Interestingly, these higher SD values were
consistent with the abnormal appearance observed on the SHG images, as shown in Fig. 8.
Statistically, the SD values were significantly different between the young and elderly mice
(Fig. 10(B)). The CV values demonstrated a similar tendency to the SD values (Fig. 10(C),
10(D)).
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Fig. 10. (A) Standard deviation (SD) of the SHG signal intensity for each sample in the young
(3 months of age) and elderly mice (25 months of age). (B) Average SD of the SHG signal
intensity. *p<0.05 according to Student’s #-test. (C) Coefficient of variation (CV) for the SHG
signal intensity in each sample in the young and elderly mice. (D) Average CV for the SHG
signal intensity. *»<0.05 according to Student’s #-test. (E) Hierarchical cluster analysis (HCA)
of the SD in the elderly mice.

4. Discussion

Taking advantage of SHG imaging, we applied 3D acquisition of the SHG signals originating
from mouse articular cartilage ex vivo to successfully identify histopathological changes
associated with degeneration in an osteoarthritis (OA) model. Moreover, according to
assessments quantifying the SHG signal intensity as well as successive statistical analyses,

#226246 - $15.00 USD  Received 10 Nov 2014; revised 23 Dec 2014; accepted 29 Dec 2014; published 8 Jan 2015
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000405 | BIOMEDICAL OPTICS EXPRESS 418



statistical parameters, such as the standard deviation (SD) and coefficient of variation (CV),
showed good correlation with the categorization of the histopathological features.

The most significant advantages of SHG imaging are its non-invasiveness, lack of need
for staining and good tissue penetration, making this approach appropriate for assessing intact
living tissues or organs. Because SHG signals are predominantly emitted from extracellular
collagen fibrils [9], the features of acquired images of the SHG signal are postulated to
directly reflect structural and compositional changes in the extracellular matrix [12]. In fact,
our SHG observations of the knee joints described in this work successfully revealed findings
of the tissue types of hyaline cartilage, fibrous cartilage and bone with an SHG texture
pattern, lacunar shape and spatial distribution of lacunae that were consistently confirmed
using well-established histological methods (Fig. 2 and Fig. 5). These findings suggest that
the initial events of cartilage degeneration induced by OA [22-24] can be successfully
characterized on SHG imaging (Fig. 2, 3(E) and Fig. 4).

The statistical analyses also demonstrated that the SD of the SHG signal intensity provides
sufficient information regarding the heterogeneity of the signal distribution, which closely
correlated with the histopathological changes observed in the OA model (Fig. 3(C), 3(D) and
Table 1). Since the extracellular matrices of fibrous cartilage and bone primarily consist of
type I collagen, which has a relatively strong SHG signal and thicker fibrous morphology than
normal hyaline cartilage (Fig. 5 and Fig. 6) [8], the appearance of these fibrous tissues in
imaged areas likely contributes to a heterogenic distribution of the signal intensity, thus
resulting in relatively higher SD values. More interestingly, the results of the cluster analysis
were also used to successfully classify the high-SD group into the two groups characterized
by hyperplasia of fibrous cartilage and exposure of the subchondral bone (Table 1 and Fig. 7).
These analytical results suggest that the SD of the SHG signal may be employed to
discriminate between subtle distinct SHG patterns emitted from fibrous cartilage and
subchondral bone.

These numerical findings indicate that the distribution pattern of the SHG signal intensity
is a potential diagnostic index. In order to test this notion, we analyzed the knee joints of the
age-related OA model mice using SHG imaging (Fig. 8, 9, and Fig. 10). Consequently, the
SD values in some of the specimens from the elderly mice showed distinctively higher scores
strongly associated with the histological changes observed on the 3D and 2D images; the CV
values demonstrated the same tendency (Fig. 10). As a statistically valid criterion for
quantifying the degree of heterogeneity of the signal distribution, we used the CV rather than
SD (Fig. 3(D) and Fig. 10(D)). Using the CV values reduces the effects of differences in the
average intensity among the specimens and enabled us to characterize the morphological
changes in the OA model. Taken together, the quantitative analyses of the OA models suggest
that static analyses of the distribution pattern of the SHG signal intensity yield diagnostic
information reflecting the histopathological changes caused by OA.

In conclusion, multi-photon excited microscopy-based SHG imaging of the articular
cartilage is an ideal imaging approach for characterizing the histopathological changes
induced by OA in live tissue. In addition, quantitative and statistical analyses of the
distribution pattern of the SHG intensity are useful for obtaining this histopathological
information. Therefore, the approach using SHG imaging and successive statistical analyses
described in this report constitutes a diagnostic application for detecting the initial symptom
of OA, including degeneration of the cartilage matrix and pathological changes in other
connective tissues.
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