


width (length: 300 nm). Threelines, 60 mm apart, were bleaded in
ead spedmen (Figure 2c¢). Preliminary studies demonstrated that after
1 hr in the equilibrium position the line remained stable.

An image of the three lines was captured at the zeo strain
position with the x25 lens at alaser intensity of 10% (1024 x 1024; LP
505 filter with the pinhole set at 1.0 airy unit). Each spedmen was
then strained successvely to 2% and 4% (0.150+0.003%/s) and simil ar
images were catured at ead level. The spedmen was then returned to
0%, all owed to equilibrate for 30 min, and a final image was captured.
During loading, the lines were tracked with the laser intensity set at
1% and the pinhole fully opened to reduce ay further phaobleading.

Figure 2. a. Test apparatus layout: confocal objective,
specimen under uniaxial strain, and a CCD camera. b.
Computer display of the surface marker image captured by
the CCD camera. c. Confocal image of the labelled collagen
with the photobleached lines.

RESULTS

The DTAF label, along with the 25x objedive, provided a dea
indicaion d fibrillar bundiing and orientation. The laser was able to
burn clean lines acossthe wllagen with the typicd hour glassbleah
pattern through the depth (4). Focusing on the bleaded line therefore
allowed even small changesin depth (< 5 nm) of the marked coll agen
fibers to be deteded. At the lower laser intensity scanning did not
produce alditional bleading and the lines could be cntinuoudy
tracked and high quelity images repeaedly obtained a several
intervals. The dark, blurry regions sen on the images are shadows
produced by surfacedebris.

50 nm

Figure 4. Confocal images of photobleached lines a.
unstrained (0%) b. strained (4%) c. relaxed (0%)

The spedmens were strained to 21 + 0.3% and 42 + 0.2% aong
the ollagen fibre diredion. At both strain states undulations appeaed
onthelines of al spedmens (Figure 4b). Generally, the lines remained
continuous with sharp dmples occurring at the edges of the fibrill ar
bundles. The line was then olserved to slope gradually aaoss the
bundle (Figure 53). Occasiondly sharp dmples within abunde (* in

Figure 5b), or step discontinuities (Figure 5¢) were observed. The
pattern aaoss al three lines was consistently matched. Relative
differences in the depth of the strained coll agen fibres were observed
by changes in the focd position o the bleaded line & well as by
variations in the fluorescence intensity. After 30 min at the relaxed
0% strain position the line did na return to its origina position,
although the dimples were noticealy straightened (Figure 4c).

Figure 5. High magnification confocal images at 4% strain
a. asloping line b. amid-fiber dimple c. a dislocated line

DISCUSSION

This technique enables dired in situ investigation o red-time
collagen micromechanics within the annulus fibrosus. As well, it
presents the first evidence of collagen dliding in situ at the microscopic
level. If tissue deformation hed been achieved by auniform expansion
of the matrix, the inscribed line would remain straight and simply
increase in width with an elongation between the lines. The
undulating line cax only be aeded by the relative diding of the
collagen. This protocol can also be eaily adapted to study collagen
micromechanics within ligament and tendon.

While alditional spedmens will be required before an explicit
understanding of the micromechanics of the aanuus can be reported,
these initial results confirm the behaviour suggested by a recent
investigation o intercdlular strain in our lab, namely: fibre sliding and
relative dhanges in fibre depth (2). In addition, the continuity of the
line suggests sgnificant adhesion at the llagen bundle interface
whil e, the sloped line indicaes sheaing within the bundle.

The images obtained to date ae dl at the tisaue surfacedue to the
short working distance of the 25x lens. Although this objedive
provided a larger scan region for initial observations and testing of the
technique, repeaing the study with a 63x 1.2 NA lens (Carl Zeiss
Germany) will provide finer measurements of the cllagen network
medhanics at varying depths (0-80 mm) in situ. Future studies will
also include an investigation d the micromechanics of the wllagen
matrix in relation to the cédls, by use of anuclea courterstain.

This technique will alow the investigation d collagen
micromechanics at severa hierarchal levels of the mllagen structure,
namely: bundle, fibre and fibril. It will also contribute to our
uncerstanding of the mechanicd environment of the céls embedded
within the ollagen matrix.
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