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Abstract. Collagen antibody-induced arthritis develops in mice following passive transfer of monoclonal antibod-
ies (mAbs) to type II collagen (CII) and is attributed to effects of proinflammatory immune complexes, but trans-
ferred mAbs may react directly and damagingly with CII. To determine whether such mAbs cause cartilage damage
in vivo in the absence of inflammation, mice lacking complement factor 5 that do not develop joint inflammation
were injected intravenously with two arthritogenic mAbs to CII, M2139 and CIIC1. Paws were collected at day
3, decalcified, paraffin embedded, and 5-μm sections were examined using standard histology and synchrotron
Fourier-transform infrared microspectroscopy (FTIRM). None of the mice injected with mAb showed visual or
histological evidence of inflammation but there were histological changes in the articular cartilage including loss
of proteoglycan and altered chondrocyte morphology. Findings using FTIRM at high lateral resolution revealed
loss of collagen and the appearance of a new peak at 1635 cm− 1 at the surface of the cartilage interpreted as
cellular activation. Thus, we demonstrate the utility of synchrotron FTIRM for examining chemical changes in
diseased cartilage at the microscopic level and establish that arthritogenic mAbs to CII do cause cartilage damage
in vivo in the absence of inflammation. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3585680]
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1 Introduction
Collagen-induced arthritis (CIA) is an animal model of human
rheumatoid arthritis (RA) induced by immunization with type II
collagen (CII), the most abundant protein in the cartilage.1–4 Au-
toantibodies to CII occur in both CIA and RA, and intravenous
injection of particular monoclonal antibodies (mAbs) to CII can
induce arthritis in naı̈ve mice.5–8 This passively transferred col-
lagen antibody-induced arthritis (CAIA) develops within two to
four days, depending on the genetic background of the mice,
although a further injection of lipopolysaccharide may be re-
quired for enhanced incidence and severity. Mice injected with
the mAbs develop swollen joints with an influx of inflamma-
tory and synovial cells into the joint cavity, and accompanying
cartilage degradation. It is a highly efficient model of inflam-
matory arthritis that is used widely, commercially, to assess the
efficiency of potential anti-inflammatory drugs.

CAIA is generally considered to result from an inflamma-
tory response to immune complexes of antibody and CII formed
on the surface of the joint as mice that are unable to develop
an inflammatory response do not develop macroscopic arthritis,
and the cartilage degradation has been attributed to the action of

Address all correspondence to: Merrill J Rowley, Department of Biochem-
istry and Molecular Biology, Monash University, Wellington Road, Clayton Vic
3800 Australia. Tel: + 61 3 9905 1438; Fax: + 61 3 9905 3726; E-mail:
Merrill.Rowley@monash.edu.

degradative enzymes released by the inflammatory cells. How-
ever, we have previously shown using in vitro systems based
on cartilage explants, that two mAbs to CII, M2139 and CIIC1,
which are arthritogenic in vivo7, 8 adversely affect the cartilage
matrix integrity and cause changes to the chemical structure
of the cartilage as measured by Fourier-transform infrared mi-
crospectroscopy (FTIRM), including loss of proteoglycans, and
progressive denaturation and loss of collagen from the surface
where the antibodies penetrated.9 These changes occurred in
vitro in the absence of any inflammatory cells, but their signifi-
cance in vivo remained unclear.

Articular cartilage is an avascular tissue that consists of
sparsely located individual chondrocytes in an abundant ex-
tracellular matrix (ECM), which represents ∼95% of the car-
tilage tissue volume.10 The ECM comprises a network of col-
lagen fibers, mainly CII, in which are enmeshed a variety of
sulphated glycoproteins, particularly aggrecan and the unsul-
phated glyosaminoglycan hyaluronan.10, 11 Collagen, primarily
CII, comprises approximately 10–20% of the wet weight of
the cartilage10 and provides the tensile strength of the cartilage
matrix.10, 12 These interactions are essential for the structural
stability of cartilage, and we postulate that arthritogenic mAbs
cause cartilage damage by binding specifically to critical struc-
tural regions on collagen fibrils that are sites of interaction be-
tween CII and matrix components or chondrocytes. If so, such
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damage should be also detectable in vivo, in the absence of
inflammation.

In the present study, we examined whether the mAbs M2139
and CIIC1 cause direct damage in vivo to the cartilage matrix
in the absence of any inflammation, following injection of mice
that lack complement factor C5, and hence are resistant to the
development of inflammatory arthritis with these mAbs. Be-
cause of a lack of other appropriate biochemical or histological
techniques, synchrotron FTIR-microspectroscopy was used to
provide the lateral resolution necessary to examine changes to
the cartilage matrix and cells in the small distal interphalangeal
joints in the presence of mAbs without any prior knowledge of
the chemical changes occurring.

2 Materials and Methods
2.1 Monoclonal Antibodies
The mAbs used were derived from hybridomas developed from
CII-immunized mice as described previously.8 Briefly, hybrido-
mas were cultured in CL-1000 flasks (Integra Biosciences,
Walliselen, Switzerland) using Dulbecco’s Glutamax-I medium
containing ultralow bovine IgG (Gibco BRL, Invitrogen AB,
Stockholm, Sweden). Antibodies were purified using γ -Bind
Plus affinity gel matrix (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The IgG content was determined from the
weight of freeze-dried preparations. The antibody solutions
were sterile filtered and stored at –80◦C until used. M2139 and
CIIC1 are arthritogenic mAbs that bind to separate well-defined
conformational epitopes within the helical region of the
collagen molecule, at the J1 epitope, amino acids 551–564 for
M2139 and the C11 epitope, amino acids 359–363 for CIIC1.

2.2 Injection of Arthritogenic mAbs into Mice
To determine whether the arthritogenic mAbs cause cartilage
damage in vivo in the absence of inflammation, paws were ex-
amined from mice three days after intravenous injection with
a mixture of the two mAbs, M2139 and CIIC1 in phosphate-
buffered saline (PBS) pH 7.4. Four mice from two strains were
used: B10.Q mice that develop CAIA but require a further injec-
tion of lipopolysaccharide for enhanced incidence and severity
of arthritis7 and B10.Q C5-congenic mice that lack complement
factor C5 (C5δ) and hence do not develop CAIA.13 C5δ congenic
mice were generated using the speed congenic technique.14

The congenic fragment from non-obese diabetic mice (NOD)
in the B10.Q genetic background was ∼54 Mb, ranging from
D2Mit116 to D2Mit91. None of the mice used in this study de-
veloped macroscopic arthritis by day 3. The mixture of M2139
and CIIC1 contained 4.5 mg of each of the sterile-filtered an-
tibody solutions in a final volume of 0.4 ml. Mice of the same
strains injected with PBS alone were used as controls. Mice
were killed at day 3 after injection, and paws were fixed in 4%
phosphate-buffered paraformaldehyde solution for 24 h, decal-
cified for three to four weeks in an ethylenediaminetetraacetic
acid-polyvinylpyrrolidone-Tris solution (pH 6.9), dehydrated,
and embedded in paraffin using standard protocols for process-
ing for histology and for synchrotron FTIRM.

2.3 Examination of the Cartilage
2.3.1 Histology

To examine the cartilage in the small joints, the paws of the
mice were sectioned to a depth that allowed examination of
both the bone and the cartilage surface within the joints. Then,
5-μm sections were stained with haematoxylin and eosin (H&E)
to examine the appearance and integrity of the cartilage and
chondrocytes, or with toluidine blue to examine proteoglycan
loss. The thickness of the cartilage in various joints was mea-
sured using MCIDTM Image Analysis Software (M4 3.0 Rev
1.1, Imaging Research Inc., St. Catherines, Ontario, Canada).
Images were captured at 200× magnification on H&E stained
sections, and the autoselect tool was used to designate and cre-
ate a line at the bone-cartilage junction. Using the two-point
straight-line measurement tool, the distance of loss was mea-
sured from the edge of the tissue, through to the line created by
the autoselect tool. The measurement was performed six times
on each image captured.

2.3.2 Fourier-transform infrared microscopy

For examination by synchrotron FTIRM, 5-μm sections of
paraffin-embedded tissue were placed onto MirrIR low-e mi-
croscope slides (Kevley Technologies, Chesterland, Ohio). To
obtain the requisite resolution, measurements were performed
on the IR beamline at the Australian Synchrotron (Melbourne,
Victoria, Australia). Spectra were collected with a Bruker Hy-
perion 2000 IR microscope (Bruker Optik GmbH, Ettlingen,
Germany) equipped with a liquid-nitrogen–cooled narrowband
HgCdTe (MCT) detector with a 36× (0.5 NA) IR objective.
The Hyperion 2000 microscope is coupled to a Bruker Vertex
80 spectrometer. For FTIR mapping and single-point measure-
ments, the aperture was set at 5 × 5 μm. For each sample
examined, single-point measurements and spectral maps (grids)
were collected in transflectance mode by scanning the computer-
controlled microscope stage in a raster pattern with a 5-μm step
size in both the x and y directions for the maps.

Because the mAbs bind to the cartilage surface8, 15, 16 for
each joint examined, 10 single-point spectra were collected from
chondrocytes close to the cartilage surface and 10 spectra were
collected from the cartilage matrix between the cells at the sur-
face. Similarly, 10 spectra were collected from chondrocytes
and the cartilage matrix deeper within the cartilage, to compare
changes associated with direct mAb penetration at the cartilage
surface and changes beyond the area of direct mAb penetration.
Single-point spectra were examined using OPUS 6.5 spectro-
scopic software (Bruker, Germany), where second-derivative
spectra were used to enable the spectral resolution of bands that
contribute to either inflection points or shoulders in the origi-
nal spectrum17 while also greatly reducing the contribution of
sloping baselines observed in some absorbance spectra.

Grids were defined over the distal interphalangeal joints that
encompassed regions of the cartilage surface and included the
bone beyond the cartilage surface. The spectra obtained from
the grids were analyzed using CytoSpec (CytoSpec, Inc., Berlin,
Germany), performing unsupervised hierarchical cluster analy-
sis (UHCA)18 to generate false color maps based on spectral
variation. UHCA is a multivariate approach to analyzing a data
set of spectra collected from tissue by FTIRM and has been well
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described in literature.18–20 It provides an objective means for
determining variations in the tissue without any prior knowl-
edge of changes that may be occurring. A “quality test” was
performed to remove spectra with poor signal-to-noise ratios
and spectra of very high or low absorbance and analysis was
directed toward the spectral region 940–1800 cm− 1, where the
major macromolecular spectral bands appear. Spectra at the tis-
sue periphery that showed dispersion effects and hence confound
analysis of the amide bands were also removed.

Because the major components of the cartilage matrix are
collagen, sulphated proteoglycans, and the nonsulphated gly-
cosaminoglycan hyaluronan, analysis was directed particularly
to the location of the amide I peak (1640–1670 cm− 1), repre-
senting total protein and to peaks within the region of 960–1175
cm− 1 derived from carbohydrate moieties.9 The amide I peak
for native triple helical collagen is unusual, being >1660 cm− 1,
compared to most other proteins for which the peak is ∼1650
cm− 1, and there is a characteristic shift to lower wavenumber on
denaturation.21–24 The “collagen triplet” of peaks at 1203, 1234,
and 1280 cm− 1 often used to identify collagen in other tissues
is of limited utility in the analysis of cartilage, as it overlaps the
peak at 1240–1245 cm− 1 derived from sulphates,22, 25 which
are a major component of the highly sulphated glycosaminogly-
cans of the cartilage matrix. For the analysis of chondrocytes,
particular attention was paid to bands in the second-derivative
spectra that could be attributed to nuclear deoxyribose nucleic
acid (DNA), or ribonucleic acid (RNA), which may be increased
in activated cells. These include bands at 1240 and 1080 cm− 1

attributed to the asymmetric and symmetric phosphate stretch-
ing vibrations (νasPO2

− and νsPO2
− ) of cellular nucleic acids,

bands at 1050 and 1015 cm− 1 characteristic of ribose sugars,
and a band at 970 cm− 1, characteristic of phosphodiester main
chain vibrations.17 An important component of this study was
the need for optimum lateral resolution and careful comparison
of the visual images to localize the IR spectra obtained, to ex-
amine the chondrocytes, and to discriminate the cartilage from
bone, noting that the major protein in decalcified bone is type I
collagen, which has an almost identical IR spectrum to that of
the type II collagen in cartilage.

3 Results
3.1 Histology of Joints
Sections of paws from mice treated with mAbs and from control
mice were examined by light microscopy. Whereas the cartilage
surface in the joints of control mice was smooth, shown by
H&E staining [Fig. 1(a)] and the proteoglycans stained strongly
with toluidine blue [Fig. 1(c)], the cartilage of mice of both
strains treated with the mAbs showed considerable variability
in appearance [Fig. 1(b) and 1(d)]. Unlike the cartilage surface
in the control mice, the cartilage surface in the mice treated
with mAbs was often uneven, with cells protruding from the
cartilage surface [Fig. 1(b)]. There was a dramatic reduction
in the intensity of staining of proteoglycans in the majority
of joints, particularly in the small distal interphalangeal joints
where there were cells protruding from the cartilage surface
and dark “ringing” of stain around the cells suggestive of new
proteoglycan synthesis [Fig. 1(d)]. By MCID analysis of 17
distal interphalangeal joints from six mice of the two strains

Fig. 1 Histological sections through joints from control and mAb-
treated mice showing the cartilage: (a) Control joint stained with H&E,
showing a smooth cartilage surface; (b) joint from mAb-treated mouse
stained with H&E, showing an uneven cartilage surface, due to cells
protruding from the cartilage surface; (c) control joint stained with tolu-
idine blue to show dark, uniform staining of proteoglycans; and (d) joint
from mAb-treated mouse stained with toluidine blue, showing loss of
proteoglycan staining and dark “ringing” of stain around protruding
surface chondrocytes. All images in this figure are on the same scale.
CA: cartilage, BO: bone, arrows indicate protruding chondrocytes.

treated with mAb, the cartilage that showed these “protruding”
cells was significantly thinner than cartilage from joints in which
the surface remained smooth (mean ± standard deviation, 33
± 7 versus 49 ± 6 μm, p = 0.004), suggesting that there was
loss of matrix from the cartilage surface. The changes following
mAb injection were similar in both strains of mice tested.

3.2 Synchrotron FTIRM Analysis of the Cartilage:
Comparison of Chondrocytes and Matrix

Single-point spectra of the cartilage matrix were compared from
interphalangeal joints from mAb-treated mice and from control
mice. For both groups, the averaged absorbance spectra after
baseline correction were very similar and characteristic of car-
tilage [Fig. 2(a)], but the groups differed in two characteristics.
First, there was a substantial decrease in absorbance in peaks of
<1500 cm− 1, including the peak at 1240–1245 cm− 1 derived
from sulphates and peaks within the region 960–1175 cm− 1

derived from carbohydrate moieties; these changes were con-
sistent with the loss of proteoglycans shown by histological
staining in treated mice. Second, there was a shift in location of
the amide I peak, from 1670 to 1656 cm− 1 in the mAb-treated
mice, taken to represent collagen denaturation. Spectra from the
chondrocytes were very similar to those from the matrix in both
groups, and no peaks could be identified that occurred only in
the chondrocytes.

Individual spectra were further analyzed using second-
derivative analysis to assign bands. Overall, spectra from both
chondrocytes and matrix were very similar and the proteogly-
can loss identified by toluidine blue staining and seen in the
underivatized spectra was not apparent using second-derivative
spectra, suggesting that the proteoglycan loss was not associ-
ated with any major changes in those components. Moreover,
second-derivative spectra from the chondrocytes did not show
any bands that could be unequivocally assigned to nucleic acid
bands of either DNA or RNA.
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Fig. 2 Patterns of spectra from control and mAb-treated mice: (a) Mean absorbance spectra from matrix from control mice and a mAb-treated mouse
after background correction and normalization based on the Amide I peak; (b) mean second-derivative spectra from the same mice, showing the
most frequently seen pattern with two bands at 1666–1670 cm− 1 and at 1635–1637 cm− 1; (c) uncommon patterns of second-derivative spectra, a
single peak at 1655 cm− 1 corresponding to an underivatized absorbance peak in the same position (light gray) or two peaks with a marked shift of
one to 1685 cm− 1 (black); and (d) differing distribution of spectra of control mice and mAb-treated mice according to ratios 1635/1666 calculated
based on the value of the minima in second-derivative spectra.

The major differences in the second-derivative spectra were
in the amide I region, >1600 cm− 1. In >90% of all spec-
tra, two bands were identified as components of the amide I
peak, one in the region of 1660–1670 cm− 1 and a second at
1635–1637 cm− 1 [Fig. 2(b)]. The band at 1635–1637 cm− 1

could be identified as a shoulder on the amide I peak in the
underivatized spectrum, and an increase in its intensity when
compared to the 1660–1670 cm− 1 band, which corresponded
to a shift in the amide I peak to a lower wavenumber in the
original spectrum. This pattern was seen in >90% of all indi-
vidual spectra from either matrix or chondrocytes, and either
control or mAb-treated mice, but there were differences in the
relative intensity of the two bands according to the source of the
spectrum.

Two further patterns of bands in the amide I region also
occurred infrequently [Fig. 2(c)]. In one, the band at 1660–
1670 cm− 1 was replaced by a band at 1680–1685 cm− 1, often
with a small band at 1635–1637 cm− 1. In the other, there was
a band around 1654 cm− 1, usually alone, but sometimes asso-
ciated with bands at 1666–1670 and/or 1635 cm− 1, and seen as
an amide I peak in the underivatized spectrum at ∼1655 cm− 1.
This pattern was rare in the mouse spectra but corresponded to
spectra we have attributed to collagen denaturation in cartilage
explants treated with the mAbs in vitro.9, 26 These two patterns
of bands occurred too rarely for analysis, but may provide in-
formation about the secondary structure of the collagen matrix

(see Sec. 4). In a preliminary experiment, a ratio 1635/1666 was
calculated from the value of minima in the second-derivative
spectra at each wavenumber for 22 surface-located cells from
control mice and 28 cells from mAb-treated mice [Fig. 2(d)].
The mean ratio 1635/1666 for the control cells was 0.65 (range
0–2), which was significantly lower that 3.4 (range 0.12–11) for
the mAb-treated cells (p < 0.001, Mann-Whitney U test). Over-
all, only 5 of the 22 second-derivative spectra from control mice
showed a ratio 1635/1666 > 1, compared to 19 of 28 of the spec-
tra from mAb-treated mice (p = 0.0015, χ2). Because ratios >1
were readily identified from individual second-derivative spec-
tra, in all further analysis results have been expressed as the
number in each group >1.

Table 1 and Fig. 3 show the results of analysis of cells or
matrix that showed the common pattern of reactivity in controls
and mAb-treated mice. For the control mice, the spectra differed
little between the surface and deep in the cartilage [Fig. 3(a)
and 3(c)]. The spectra from the mAb-treated mice were more
variable, and there were differences between the spectra derived
at the cartilage surface and deep within the cartilage, particularly
for the chondrocytes [Fig. 3(b) and 3(d)]. The major spectral
changes in the treated mice were seen in the amide I region,
>1600 cm− 1; although in all cases, loss of peak height was
clearly apparent in the nonderivatized spectra (data not shown).
At or near the cartilage surface, the band at 1635 cm− 1 was
prominent in all spectra and, for the chondrocytes, this band
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Table 1 Relative prominence of second-derivative bands in the amide 1 region at 1635 and 1666 cm− 1

for cells and matrix from mAb-treated and control mice.

mAb-treated (n = 8 mice) Control (n = 3 mice) p (χ2)

Surface cells

Spectra examined 106 30

Ratio >1 57 (54%)1 9 (30%) 0.0214

Mean ratio2 1.3 0.55

Surface matrix

Spectra examined 69 30

Ratio >1 24 (35%) 4 (13%) 0.0199

Mean ratio 1.7 0.32

Deep cells

Spectra examined 80 30

Ratio >1 83 (10%) 0 (0%) ns

Mean ratio 1.7 0.13

Deep matrix

Spectra examined 80 30

Ratio >1 0 (0%) 0 (0%) ns

Mean ratio 0.02 0.04

1. Number (%) of individual spectra in which 1635 cm− 1 was the major band (ratio >1).
2. Ratio 1635/1666 based on the value of the minima in the mean second-derivative spectrum.
3. From a single mouse.
ns: Not significant.

was often stronger than the band at 1666 cm− 1 (Table 1). Thus,
for 106 surface chondrocytes examined from eight mAb-treated
mice, the mean ratio 1635/1666 bands for the treated mice was
1.25 (range 0.36–3.3), compared to 0.55 (range 0.08–1.2) for 28

Fig. 3 Representative single point synchrotron FTIRM spectra col-
lected from control and mAb-treated mice, comparing the spectra ob-
tained from the chondrocytes and from the cartilage matrix at the edge
of the cartilage (a,b) and deeper in the cartilage (c,d). The bold line
represents the chondrocytes and the pale line indicates cartilage ma-
trix. (a) Spectra at the cartilage surface in a control mouse, (b) spectra
at the cartilage surface in an mAb-treated mouse, (c) spectra deeper in
the cartilage in a control mouse, and (d) spectra deeper in the cartilage
in an mAb-treated mouse.

chondrocytes from three control mice, and the 1635 cm− 1 was
the major band in significantly more of the mAb-treated mice
(57/106, 54% versus 9/30, 30% p = 0.0214, χ2). Deeper in
the cartilage, the spectra for both chondrocytes and matrix were
similar to those of controls and, the band at 1635 cm− 1 seen
at the surface, was noticeably reduced (mean ratio 1635/1666,
0.038, range 0.038–0.068).

3.3 Unsupervised Hierarchical Cluster Analysis
Analysis of the Cartilage

Spectral maps spanning from the cartilage surface through to
the bone in the distal interphalangeal joints were collected and
examined using UHCA on either standard spectra or second-
derivative spectra. Despite using varying numbers of clusters
and performing a quality test to eliminate poor quality spectra,
UHCA did not clearly distinguish between the bone and the car-
tilage, and spectra collected from control mice were very similar
across the entire grid (Fig. 4), noting that the characteristic bands
representing mineralization of the bone have been removed by
decalcification. The major amide I band in each cluster was
located above 1660 cm− 1, characteristic of collagen, whether
the type II collagen in the cartilage, or the type I collagen of
bone, and there were bands at 1203, 1234, and 1280 cm− 1

that could be ascribed to the “collagen triplet.” In several joints
from the control mice, cluster analysis discriminated a cluster
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Fig. 4 Representative result obtained by synchrotron FTIRM on a grid from a control mouse. (a) Light microscopy image of unstained section on

Kevley reflective slide. CA: cartilage, BO: bone, cartilage border. (b) IR image processed by UHCA over the range 940–1800 cm− 1 using
second-derivative spectra with five clusters. (c) Second-derivative spectra for the clusters, corresponding to the image in (b), showing a band at 1635
cm− 1 in the cluster corresponding to the cartilage surface (1635/1666 ratio 0.5, based on peak height). Pixels of poor quality were excluded from
analysis. Original magnification of (a) and (b) are ×200.

localized to a surface layer of the cartilage that contained a rel-
atively high proportion of chondrocytes in which the amide I
band at 1666 cm− 1 was reduced and the minor band at 1635
cm− 1 was prominent (Fig. 4).

The grids collected from the mice treated with mAbs were
more complex. Overall spectra showed more “noise” at the car-
tilage surface, leading to loss of pixels, when quality tested for
UHCA, and clusters at the cartilage surface were often uninfor-
mative. Figure 5 shows the results obtained from a representative
mouse paw. In this sample, close to the surface, the amide I band
at 1666 cm− 1 was markedly reduced and considerably smaller
than the band at 1635 cm− 1.

4 Discussion
This study examined the histological and chemical changes by
synchrotron FTIRM in the cartilage of paws from mice injected

with two mAbs to CII, M2139, and CIIC1, which can induce
arthritis.7, 27 Until day 3, when samples were collected, none
of the mice transferred with mAb showed macroscopic joint
swelling or histological evidence of any infiltrating inflamma-
tory cells. Nonetheless, there was clear histological damage to
the cartilage, including proteoglycan loss and cartilage thinning
in the small joints, and matrix changes identified by synchrotron
FTIRM that included loss of the 1660 cm− 1 amide I band char-
acteristic of native CII and the appearance of an unidentified
band at 1635 cm− 1 in both the complement factor C5 suffi-
cient and deficient mice. These results provide clear evidence
that the mAbs that cause the cartilage damage in vitro9, 26 also
have damaging effects on the cartilage in vivo in the absence of
inflammation.

In contrast to our previous studies using the cartilage explants
in vitro9, 26 in which the shift in the position of the amide I band
to below 1660 cm− 1 in absorbance spectra was accompanied
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Fig. 5 Representative result obtained by synchrotron FTIRM on a grid from a mouse injected with two mAb. (a) Light microscopy image of

unstained section on Kevley reflective slide CA: cartilage, BO: bone, cartilage border. (b) IR image processed by UHCA over the range
940–1800 cm− 1 using second-derivative spectra with five clusters. (c) Second-derivative spectra for the clusters, corresponding to the image in
(b). Pixels of poor quality were excluded from analysis. At the cartilage surface the band at 1635 cm− 1 was more prominent than the band at
1664 cm− 1 (1635/1664 ratio 3.1). Original magnification of (a) and (b) are ×200.

by a similar shift in second-derivative spectra in the cartilage
cultured with mAbs, this shift representative of collagen denat-
uration was much less prominent in vivo. Instead, there was
evidence of complete loss of collagen, seen as a decrease in the
strength of the amide I band, particularly at the cartilage surface,
and measurable thinning of the cartilage. This may represent dif-
ferences in the processing of denatured collagen in the tissue in
vivo and in vitro. Although native collagen is highly resistant
to degradation by proteases other than collagenases, denatured
collagen is readily degraded by a variety of enzymes. In vivo,
denatured collagen would be rapidly removed by various matrix
metalloproteinases (MMPs) not only by the gelatinases MMP-
2 and 9,28 but also by MMP-3 (stromelysin-1), which by de-
grading the perifibrillar extracellular matrix components further
activates the cartilage-degrading enzymes such as proMMP-1,
proMMP-9, and proMMP-1329 with the result that there is com-
plete loss of matrix. By contrast, in vitro, these enzymes may
be less abundant, leading to less rapid removal of the denatured
collagen and, hence, its appearance in spectra.

Despite the use of the high lateral resolution of the syn-
chrotron to examine the spectra of the chondrocytes, the spectra
obtained from both the chondrocytes and matrix were very sim-

ilar. The abundance of the ECM means that the IR spectrum
of cartilage primarily represents its major components, particu-
larly CII, with little contribution from cellular components such
as DNA, RNA, or other proteins. Because chondrocytes are the
cells that synthesize, assemble, and secrete the components of
the ECM,12 these components are likely to contribute to the
cellular spectra also.

A major difference from previous in vitro studies was the
appearance of a band at 1635 cm− 1 that appeared as a shoul-
der on the amide I band in the nonderivatized spectra. This was
distinct from the shift in the amide I peak we have previously
observed in the cartilage explant cultures,9, 26 and attributed to
collagen denaturation,30–32 and the two bands could be dis-
criminated in second-derivative spectra. Moreover, as spectra
at the tissue periphery that showed dispersion effects were re-
moved, and a similar band was occasionally seen deep in the
tissue, this distinct peak could not be explained by a shift of the
amide I band resulting from scattering effects close to the edge
of tissue samples, as has been reported elsewhere.33 In some
mAb-treated mice, the band at 1635 cm− 1 was the dominant
band in the spectrum at the cartilage surface. The nature of this
peak is unknown, but a similar peak has been associated with
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living chondrocytes in cartilage explants and may be associated
with matrix regeneration.26 In the mouse cartilage where the
1635-cm− 1 band occurred, surface chondrocytes often showed
evidence of proteoglycan synthesis, seen as ringing in the tolu-
idine blue–stained sections. In healthy cartilage, the turnover
of the matrix is normally very slow and the half-life of CII in
adult cartilage has been estimated to be 1000 days,11 although
there is some loss and repair of the ECM evidenced by turnover
of proteoglycans, particularly aggrecan, at the joint surface, and
this is increased following damage.11, 34 Taken together, these re-
sults suggest that the 1635-cm− 1 band is a marker of activated
chondrocytes in the cartilage.

Although the 1635 cm− 1 band was associated with regions
that contain activated chondrocytes in the mouse cartilage, it has
not been conclusively identified. Despite the heightened reso-
lution obtained by use of synchrotron radiation, it appeared in
both the spectra of chondrocytes and also extracellularly. The
major protein of the cartilage is CII, a fibril forming collagen
synthesized by chondrocytes, and comprising three α-helical
polypeptide chains twisted tightly into a right-handed triple he-
lix to form a ropelike structure stabilized by strong covalent
bonds.10, 12 The amide I peak of this collagen helix is character-
istically above 1658–1660 cm− 1, appearing in deconvoluted or
second-derivative spectra as three distinct bands at 1657–1661,
1630–37 cm− 1, and above 1670 cm− 1.23, 31, 32, 35–37 These bands
appear to be characteristic of a triple helix and also occur in other
molecules that contain a collagen-like triple helix, including the
nonfibrillar collagens that contain one or several small triple-
helical domains interrupted by short nonhelical domains, and
the complement component C1q that comprises a collagen-like
triple helix at the N-terminus, with C-terminal globular heads.38

In all these proteins, the band at 1657–61 cm− 1 is normally the
strongest of the three. The 1635-cm− 1 band in the mouse car-
tilage could represent the 1630–37 cm− 1 band of the collagen
triple helix, although it is unclear why it would be much stronger
in the cartilage of the mAb-treated mice than in the control mice.

Alternatively, the 1635cm− 1 could represent the appearance
of another band within the amide I region as a result of new
protein synthesis. Bands below 1640 cm− 1 and particularly at
1637 cm− 1 are characteristic of β-strand secondary
structures.39, 40 Such structures may reflect marked increases in
other unknown cartilage proteins, but they may also arise from
collagen itself. Mature collagen fibrils are almost entirely triple
helical in structure and hence are unlikely to contain significant
β-strand secondary structures, but collagen precursors are syn-
thesized with large C- and N-terminal extensions, which may
contain β-sheet and β-turns. These extension propeptides are
involved in the chain assembly necessary for the triple-helical
formation that takes place within the cell prior to secretion and
are cleaved by specific peptidases after secretion but prior to
formation of fibrils in which the major structural unit is triple
helical collagen.10, 12 The fibrils of triple helical collagen are
then aligned in a quarter-staggered array to form thicker fib-
rils and stabilized by cross-linking residues, including lysine.
The IR spectrum of purified collagen derived by pepsin extrac-
tion reflects this triple helical secondary structure without any
contribution from β-sheet structures, as pepsin cleavage re-
moves any remaining nontriple-helical regions at the N- and
C-terminus of the collagen but does not digest the triple helix
itself.38 However, in this study, the band at 1635 cm− 1 may rep-

resent β-secondary structures within the globular heads of newly
synthesized collagen produced by activated chondrocytes, both
within the cells and also in the matrix before fibril formation
occurs. A similar change in the relative intensity of second-
derivative spectra has been described for C1q where there is
a strong band at 1637 cm− 1 for the intact molecule, taken to
represent β-secondary structures within the globular domains,
and only a weak band at 1661 cm− 1, representing the relatively
low proportion of triple helix, whereas for the triple helical C1q
stalks remaining after removal of the globular domains by pepsin
digestion. The major band was at 1655 cm− 1 and assigned to the
triple helical structure, with only a weak band at 1636 cm− 1.38

Finally, this study illustrates the utility of IR microspec-
troscopy for examining chemical changes in cartilage by provid-
ing information that can only be deduced indirectly otherwise.
In the absence of other markers of cartilage damage, the com-
bination of standard histological analysis and FTIRM analysis
should provide important new information in studies of arthritis
and cartilage repair. By utilizing the higher lateral resolution
available for infrared microspectroscopy at the Australian syn-
chrotron, it has been possible to look at individual cells and areas
of matrix in different joints, and at different depths in the carti-
lage, and to discern differences that cannot be measured by any
currently available biochemical or histological techniques. We
have demonstrated damage to the cartilage structure and matrix
by mAbs to CII directly both in vitro26 and in the current study
in vivo in the absence of inflammation. Autoantibodies play an
essential role in the pathogenesis of CIA and most likely also
in RA.13, 41 The exact mechanism and cause for the cartilage
damage and destruction seen in RA is yet to be fully elucidated.
However, these same antibodies to CII are present in RA and
its murine model and may explain the cartilage damage that
occurs in the human disease. Furthermore, understanding the
direct damage caused by antibodies on target tissues without
any major inflammatory events will stimulate further research
in several antibody dependent immune pathologies.
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