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Nonlinear optical microscopy of articular cartilage
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Summary

Objective: To assess the ability of nonlinear optical microscopy (NLOM) to image ex vivo healthy and degenerative bovine articular cartilage.

Method: Fresh bovine femoral—tibial joints were obtained from an abattoir. Articular cartilage specimens were harvested from the tibial
plateau. Normal and degenerative specimens were imaged by NLOM and subsequently fixed and processed for histological examination.

Results: NLOM provided high resolution images of articular cartilage at varying depths with high sensitivity to tissue morphology and high
specificity to tissue components without fixing, sectioning or staining. Spectroscopic segmentation of nonlinear optical signals isolated the
collagen matrix from the chondron (chondrocyte and non-collagen pericellular matrix). Images from the superficial zone were consistent with
the presence of a matrix composed of both elastin-like and collagen fibers distributed in a depth-dependent morphological arrangement,
whereas only collagen was demonstrated in the middle and deep zones. Alterations of collagen matrix associated with advanced degenerative
joint disease (fibrocartilage) were observed with NLOM. Individual chondrocytes were imaged and demonstrated intracellular fluorescence
consistent with the presence of products of intracellular biochemical processes.

Conclusion: Thin images of living articular cartilage using NLOM may be obtained with (sub-)cellular resolution at varying depths without
fixing, sectioning or staining. Extracellular matrical collagen and chondron may be imaged separately in native tissue using spectrally distinct,
endogenous, nonlinear optical signals. NLOM was sensitive to macromolecular composition and pathologic changes in articular cartilage
matrix. Advances in instrumentation may lead to the application of NLOM to study articular cartilage in vivo.

© 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Key words: Articular, Cartilage, Degenerative joint disease, Collagen, Elastin, Multiphoton microscopy, Second-harmonic generation, Arthritis,
Orthopedic surgery, Chondrocyte.

Introduction cations and water lead to interstitial swelling and the ability
. . . to resist compressive deformation®~® while the collagenous
The functional properties of cartilage are dependent on framework provides resistance against tensile deforma-
a complex extracellular matrix which is produced1 2and tion®.
maintained by the cellular component, chondrocytes . In In diseased states such as osteoarthritis, cartilage matrix
the synovial joint, articular cartilage absorbs impact and is damaged with progressive loss of architectural integrity,
distributes loads during movement, providing smooth artic- cell death, alterations in composition and compromise of
ulation and protection for underlying bone. Endogenous biomechanical function, resulting in joint stiffness and pain.
articular chondrocytes are maintained in a three-dimensional A histological—histochemical grading system and various
(3-D) structure encapsulated in a highly organized matrix. modifications of it are widely used to describe these
Major matrical components are negatively charged progressive changes’. There have been enormous advan-
proteoglycans (glycosaminoglycans attached to a protein ces in understanding molecular mechanisms responsible
backbone) aggregated to a strand of hyaluronic acid for degradation and release of cartilage matrix components,
(aggrecan) and secondarily attached to type Il collagen. In however, visualizing these complex processes within intact
addition, there are a number of smaller matrical molecules tissue remains challenging.
with significant functions in maintaining tissue organization. Conventional light, electron and immunohistochemical
The interplay of polyanionic, aggregating proteoglycans, microscopy have identified a high degree of organization

within the structure of the matrix and distinct matrical
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except in specific situations. For example, a novel applica-
tion of differential interference contrast microscopy has been
used to monitor chondrocyte dynamics in living growth plate
cartilage explants without fixation and staining. However,
because this technique involved light transmission from
illumination source through tissue to an imaging objective,
sections of specimens 100—200 um in thickness were
required in order for visualization from the imaging plane
without disturbance of the optical beam®.

High resolution imaging utilizing intrinsic optical signals
from cartilage matrix components and chondrocytes in intact
living tissue without the need for sectioning, preparation or
staining would allow an improved study of chondrocyte and
matrix physiology with fewer artifacts. Such technology
could aid in early detection of disease during arthroscopy
and in evaluation of chondrocytic function and matrix integrity
in tissue engineered cartilage constructs'® or cartilage
generated by transplanted chondrocytes. Presently, clinical
non-invasive techniques such as magnetic resonance
imaging and ultrasound lack resolution needed to distinguish
complex structures of articular cartilage, although sensitivity
and applicability of these techniques continue to improve and
expand''. Arthroscopy remains a very useful, minimally
invasive technique but only provides information about
cartilage structure at articular surfaces and requires
anesthesia and surgery'2. Optical coherence tomography
provides full thickness, high resolution (~10 pm), cross-
sectional images of cartilage, but lacks the ability to
distinguish among biological constituents'®~'®. While laser
scanning confocal microscopy has phototoxicity problems for
imaging hard tissues, nonlinear optical microscopy (NLOM)
continues to prove useful forimaging live tissues with minimal
toxicity "8,

In an earlier study, we used NLOM to image nasal septal
cartilage which allowed visualization of chondrocytes in
their 3-D matrix environment'®. NLOM has been combined
with fluorescent calcium imaging probes to visualize ion
movement within endothelial cells of blood vessel walls®°.
In this study, we used NLOM to image chondrocytes and
matrical components of live, intact articular cartilage in both
normal and pathological states.

NLOM is a non-destructive, laser scanning microscopy
technique that renders images of living tissue with (sub-)
cellular resolution and component specificity without use of
exogenous stains or dyes. Using backreflected experimen-
tal geometry, NLOM is not limited by sample thickness.
NLOM is very sensitive in defining extracellular matrix
morphology?' =22, Nonlinear optical properties of fresh,
ex vivo bovine cartilage matrix from normal and joints
demonstrating evidence of degenerative joint disease are
investigated as well as depth-dependent changes in tissue
morphology and composition.

Materials and methods
SPECIMEN COLLECTION AND PREPARATION

Degenerative joint disease in the bovine demonstrates
many of the same histological and histochemical features of
human osteoarthritis as described by Mankin’, and pro-
vides an easily accessible source of normal and patholog-
ical articular cartilage in various stages of degeneration.
Bovine articular cartilage for this study was collected from
adult (5—7 years old) Holstein dairy cows slaughtered within
the prior 36 h and maintained under refrigeration. Femo-
ral—tibial joints were isolated and dissected to expose the
joint surface from which a total of 12 specimens were

harvested from tibial plateau, femoral condyle and patella.
Samples for study were obtained from areas determined by
visual examination to be either normal (n = 4) or in various
stages of degenerative joint disease (n = 8) as evidenced
by surface irregularities and partial to full thickness erosions
of articular cartilage with fibrocartilage.

A 4 mm diameter circular punch and mallet were used to
obtain core specimen samples composed of full thickness
cartilage attached to subchondral bone from each site
selected for study. After removal, each specimen was
wrapped in a gauze sponge soaked in 0.9% saline solution,
placed in a sealed container and stored at 4°C. NLOM
imaging was performed within 24 h of harvesting.

At the time of NLOM imaging, articular cartilage of each
specimen was incised twice, each cut was made across the
surface and parallel to each other, 1 mm apart, using a #10
scalpel blade from the surface to the subchondral bone.
The two outer semicircular cartilage specimens created in
this manner were elevated from the subchondral bone
(Fig. 1), held in 0.9% saline soaked gauze and immediately
examined by NLOM imaging.

NONLINEAR OPTICAL MICROSCOPY (NLOM)

The system has been described previously®*. Briefly,
150 fs laser pulses centered at 800 nm with a repetition rate
of 76 MHz from a Ti:Al,O3 oscillator pumped by a frequency
doubled Nd:YVO, solid state laser were coupled into an
inverted microscope via dual axis galvanometer mirrors.
Samples were placed on a coverslip and mounted on the
microscope stage. NLOM images were obtained from both
articular and cut surfaces of unfixed and unstained cartilage
specimens. Nonlinear optical signals were collected by the
focusing objective and directed to either a spectrometer or
photomultiplier tube (PMT). In the spectrometer, light was

Articular Cartilage

Fig. 1. Schematic of articular cartilage sample preparation for
NLOM imaging. Images were obtained from articular and cut
surface (asterisk).




Osteoarthritis and Cartilage Vol. 13, No. 4

347

spectrally dispersed with a grating blazed for 500 nm with
300 grooves/mm and detected using an electrically cooled
charge-coupled device. Bandpass filters at 400 and 520 nm
were placed in front of the PMT for image rendering using
second-harmonic generation (SHG) or two-photon excited
fluorescence (TPF), respectively. A Schott color glass filter
(390—570 nm, FWHM) was used for intensity image
rendering transmitting both SHG and TPF to the PMT.
The scan rate of a single NLOM frame (256 X 256) was
approximately 0.25Hz. The images presented were an
accumulation of 10 scans.

HISTOCHEMICAL STAINING

Following NLOM imaging, each specimen was placed in
10% buffered formalin, dehydrated through a graded
alcohol series, embedded in paraffin, cut perpendicular to
the articular and parallel to the incised surface at 5um
intervals and mounted on 1 X 3 inch glass slides. Alternat-
ing sections were stained with Hematoxylin and Eosin-y
(H&E) or safranin-O counter stained with Fast Green FCF
(SOFG), or, in some selected cases, Verhoeff's stain.
Prepared specimens were examined by light microscopy,
and digital images were obtained of areas representative of
those imaged by NLOM. Histological—histochemical char-
acteristics of structure and safranin-O staining of Mankin’s
grading system’ were used to identify characteristics of
articular cartilage degeneration in specimens of this study.
Light microscopy and NLOM images of similar areas of the
same cartilage specimen were matched and compared.

Results

A representative full thickness histologic section through
a segment of articular cartilage is shown in Fig. 2. The full
thickness section stained with H&E [Fig. 2(A)] reveals
morphologically distinct regions from surface to junction with
subchondral bone. Higher magnification of the superficial
zone [Fig. 2(B)] confirms a relatively amorphous extracellular
matrix populated with chondrocytes. High magnification of
the deep zone tide mark and zone of calcified cartilage
[Fig. 2(C)] obtained from a different specimen stained with
Alcian blue demonstrates collagen matrix anchored in
calcified cartilage devoid of proteoglycans.

TPF AND SHG IMAGING OF ARTICULAR CARTILAGE

A representative spectrum of endogenous, nonlinear
optical signals used for imaging is shown in Fig. 3. The
spectrum was accumulated over the entire image of
Fig. 3(A). It reveals a sharp peak at 400 nm (exactly half
the excitation wavelength) and a broad spectral feature
characteristic of TPF. The sharp peak at 400 nm has
a quadratic dependence on incident laser intensity and
shifts with changes in laser frequency to remain at exactly
half the excitation wavelength.

Spectral dependence of the imaging signals may be used
to separate biological constituents within the field of view.
Shown in Fig. 3(A) is an image of two chondrocytes within
articular cartilage matrix. By placing a bandpass filter at the
second harmonic of the excitation wavelength (400 nm) in
front of the detector, frequency doubled signal (SHG) from
collagen is isolated for imaging [Fig. 3(B)]. The SHG filtered
image clearly demonstrates lacuna occupied by chondro-
cytes and their relationship to hyaline collagen matrix.
Components of chondrocyte and non-collagenous pericel-
lular matrix may be imaged using a bandpass filter (520 nm)
within the TPF spectral profile [Fig. 3(C)]. Histologically,
these components correlate with the chondron. Intracellular
fluorescence originates from pyridine nucleotides and/or
flavoproteins of the metabolic cycle, as identified in
previous work?®. The origin of fluorescence from pericellular
matrix has not been identified but may be related to
proteoglycan content.

COMPARISON OF NORMAL AND DEGENERATIVE CARTILAGE
BY NLOM AND HISTOLOGY

NLOM images of normal (A, B) and degenerative (C)
articular cartilage using SHG and TPF and corresponding
SOFG stained histology are shown in Fig. 4. In the top row,
NLOM images, using a bandpass filter at 400 nm, isolate
SHG from hyaline collagen, which surrounds the space
occupied by a chondrocyte (lacuna). Corresponding chon-
drocyte images using TPF (bandpass filter at 520 nm) are
shown below. Pericellular fluorescence is markedly reduced
in degenerative (C) compared with normal (A, B) articular
cartilage. These images have been displayed on the same
intensity scale for comparison. As a reference, SOFG
stained histology (shown at 25X magnification) of corre-
sponding specimens are shown in the bottom row. Normal

Fig. 2. Histology of articular cartilage showing (A) full thickness, (B) superficial region and (C) boundary between non-calcified and
calcified cartilage.
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Fig. 3. Spectra of endogenous nonlinear optical signals in articular cartilage used for imaging. (A) Intensity image of chondrocytes within
cartilage matrix. (B) Spectral filtering of SHG signal at 400 nm specifically imaging collagen. (C) Spectral filtering of TPF signal at 520 nm
specifically imaging the chondron. Scale bar is 8 um.

articular cartilage in Fig. 4(A and B) stains orange indicating
the presence of proteoglycans. Cartilage in Fig. 4(C) shows
a degenerate superficial layer and normal hyaline cartilage
architecture in the middle and deep zones with a marked
reduction in proteoglycan content as indicated by the
absence of safranin-O staining. Variations between SOFG
stained histology sections of normal and degenerative
cartilage correspond to differences in extracellular TPF
intensity suggesting that pericellular fluorescence in NLOM
images may be related to proteoglycan content.

DEMONSTRATION OF TWO FIBER COMPONENTS IN THE
SUPERFICIAL ZONE OF ARTICULAR CARTILAGE

NLOM can be sensitive to particular components of
extracellular matrix. Figure 5 shows a highly magnified
Verhoeff's stained section of articular cartilage as well as

NLOM images from superficial and middle zones. Gray
coloration in the histology section demonstrates elastin-like
layers at the articular surface that are not observed in
deeper regions of the tissue. Spectroscopic segmentation
of NLOM images demonstrates two different fibrous
structures within the superficial zone.

Each row of Fig. 5 consists of images obtained at the
same focal plane and includes total intensity (SHG + TPF),
TPF and SHG images arranged in columns. Intensity
images (column A) show fibrous structures at shallow
depths from the surface that become less prevalent and
eventually disappear near the middle and into the deep
zone. TPF images (column B) show that these fibrous struc-
tures are distinctly different from collagen that is imaged
using SHG (column C). SHG imaging (column C) demon-
strates hyaline collagen matrix. SHG images show a fibrous
(collagen) structure near the surface becoming more
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Fig. 4. NLOM images (SHG and TPF) and SOFG stained histology of normal (A, B) and degenerative joint diseased (C) articular cartilage.
Extracellular TPF corresponds with proteoglycan content (orange staining).

amorphous at depth. Our previous work has shown that
800 nm excitation as used in this study will not result in
collagen type | or Il (auto)fluorescence®*. In addition,
fluorescent fibers observed with 800 nm excitation do not
co-register with collagen visualized using SHG from the
same imaging plane.

Stacks of serial NLOM images can be used to construct
3-D images of tissue. Figure 6 shows 3-D reconstructions
obtained from images sequentially acquired 0.2 um apart in
depth from within the superficial zone of normal bovine
articular cartilage. This 3-D reconstruction further demon-
strates that fluorescing fibrous structures of the superficial
zone observed by TPF are filaments distinct from collagen
fibers imaged by SHG.

NLOM DEMONSTRATION OF FIBRILLAR-LIKE MATRIX
STRUCTURE IN DEGENERATIVE CARTILAGE

Histology of normal articular cartilage is shown in
Fig. 7(A) with NLOM intensity and vertically and horizontally
polarized SHG images. No analyzer was used in the
detection path. Polarization dependence of collagen SHG
intensity is not observed. Early degenerative joint disease
shows separation or fibrillation of hyaline cartilage
[Fig. 7(B)]. This is supported by NLOM images where
fibrillar-like matrix structure [Fig. 7(B and C)] rather than
amorphous morphology of normal cartilage [Fig. 7(A)] is
observed. Advanced degenerative joint disease is charac-
terized by fibrocartilage tissue replacing hyaline cartilage
[Fig. 7(C)]. The NLOM images of specimens B and C
(Fig. 7) show fibrillar-like matrix structure (column 1) and
highlight vertically and horizontally oriented fibers using
vertical (column 2) and horizontal (column 3) incident laser
polarizations.

Discussion

The ability of NLOM to image thin planes within full
thickness articular cartilage without sectioning or using
exogenous stains or dyes is demonstrated. Nonlinear optical
spectroscopy of articular cartilage contains endogenous
signals from chondrocytes, collagen and other pericellular
and superficial matrical components. A sharp peak was
observed in addition to broad, featureless fluorescence that
has a quadratic dependence on incident laser intensity and
shifts with changes in laser frequency to remain at exactly
half the excitation wavelength. This spectroscopic feature
has been observed in other collagenous tissues and is
characteristic of SHG in collagen'®2'—24

For particular excitation wavelengths, endogenous non-
linear optical signals are spectrally separable, allowing
image segmentation by tissue component. Autofluores-
cence from collagen and elastin originate from covalent
cross-links (pyridinoline and iso/desmosine, respectively)
with spectrally broad, overlapping, featureless profiles®®
Our previous work demonstrates that excitation at 800 nm
results in collagen SHG but not fluorescence®*. Excitation
at 800 nm has been used for specific NLOM imaging of
elastin l:y TPF and collagen by SHG in fixed coronary
arteries®”. Fluorescing fibrous structure revealed by TPF
imaging is suggestive of an elastin-like substance and is
supported by observations made from Verhoeff's stained
histology sections. Additional studies are warranted to
confirm the composition of unique fluorescing fibrous
structure within the superficial zone of articular cartilage.

Depth-varying morphology of extracellular matrix is likely
related to structural and functional requirements needed to
resist forces generated in articular tissue during weight
bearing motion. Previous work has shown that octahedral
stress and tensile strain predominate near the surface with
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Middle Zone .

Fig. 5. Verhoeff's stained histology suggesting the presence of elastin (gray fibers) within the superficial layer. Depth-dependent intensity
(SHG + TPF), TPF and SHG images showing ability to segment elastin-like fibers (TPF) and collagen (SHG) near the articular surface and
matrix compositional and morphological changes with depth.

hydrostatic compressive forces dominating below the SHG in fibrillar collagens, particularly type I, has been
surface layers®®=°, This might tautologically explain both shown to have polarization dependence with incident laser
regional differences in the presence of elastin-like fibrous electric field. Its second-order polarizability has been shown
structures and collagen fiber orientation. to be dominated by a component along the fiber axis®°3".

Fig. 6. NLOM images composed of (A) combined SHG and TPF, (B) SHG and (C) TPF signals obtained at 0.2 um intervals through

a 32 um X 30 um X 14 um volume of the superficial zone of normal bovine articular cartilage are stacked to provide a 3-D image of the tissue.

The images constructed here demonstrate that fluorescing fibrous structures of the superficial zone observed by TPF are distinct from
collagen imaged by SHG.
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Fig. 7. Histology and NLOM images of (A) normal, (B) early fibrillar matrical degeneration and (C) fibrocartilage of advanced degenerative joint
disease. Intensity (column 1) and SHG NLOM images using vertically (column 2) and horizontally (column 3) polarized incident laser light are shown.

Consequently, polarization of the incident electric field may
be used to enhance NLOM imaging of collagen orientation
within tissues?2. However, hyaline cartilage is composed of
type Il collagen and may have distinct SHG behavior
because of its macroscopic arrangement. The polarization
dependence of SHG in normal articular cartilage was
investigated and a dominant uniaxial component was not
observed. We speculate this is due to the length scale of
collagen molecular order in hyaline cartilage relative to the
wavelength of the incident laser. However, degenerative
joint disease may result in fibrillation of hyaline cartilage
(early) or metaplasia to fibrocartilage (advanced) leading to
observable polarization dependence in collagen SHG. SHG
in fibrocartilage was particularly sensitive to incident laser
polarization as shown in Fig. 7(C).

The ability to visualize particular tissue constituents with
(sub-)cellular resolution and without need for sectioning
shows great potential for non-destructive monitoring of
fundamental cartilage biology in terms of tissue homeosta-
sis and initiation and progression of degenerative joint
disease. Our results suggest that with advances in in-
strumentation, NLOM has potential to assist in future
studies of basic biological processes in living, full thickness
articular cartilage with the ability to detect changes in
chondrocyte—matrix interactions leading to joint disease.
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