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width (length: 300 mm).  Three lines, 60 mm apart, were bleached in
each specimen (Figure 2c). Preliminary studies demonstrated that after
1 hr in the equil ibrium position the line remained stable.

An image of the three lines was captured at the zero strain
position with the x25 lens at a laser intensity of 10% (1024 x 1024; LP
505 filter with the pinhole set at 1.0 airy unit). Each specimen was
then strained successively to 2% and 4% (0.150±0.003%/s) and similar
images were captured at each level. The specimen was then returned to
0%, allowed to equil ibrate 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 any further photobleaching.

Figure 2.  a. Test apparatus layout: confocal ob jective,
specimen under un iaxial 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 pho tob leached lines.

RESULTS
The DTAF label, along with the 25x objective, provided a clear

indication of fibrill ar bundling and orientation.  The laser was able to
burn clean lines across the collagen with the typical hour glass bleach
pattern through the depth (4). Focusing on the bleached line therefore
allowed even small changes in depth (< 5 mm) of the marked collagen
fibers to be detected. At the lower laser intensity scanning did not
produce additional bleaching and the lines could be continuously
tracked and high quality images repeatedly obtained at several
intervals.  The dark, blurry regions seen on the images are shadows
produced by surface debris.

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

The specimens were strained to 2.1 ± 0.3% and 4.2 ± 0.2% along
the collagen fibre direction.  At both strain states undulations appeared
on the lines of all specimens (Figure 4b). Generally, the lines remained
continuous with sharp dimples occurring at the edges of the fibrill ar
bundles. The line was then observed to slope gradually across the
bundle (Figure 5a).  Occasionally sharp dimples within a bundle (* in

Figure 5b), or step discontinuities (Figure 5c) were observed.  The
pattern across all three lines was consistently matched.  Relative
differences in the depth of the strained collagen fibres were observed
by changes in the focal position of the bleached line as well as by
variations in the fluorescence intensity.  After 30 min at the relaxed
0% strain position the line did not return to its original position,
although the dimples were noticeably straightened (Figure 4c).

Figure 5. High magnification confocal images at 4% strain
a. a slop ing line  b. a mid-fiber dimple c. a dislocated line

DISCUSSION
This technique enables direct in situ investigation of real-time

collagen micromechanics within the annulus fibrosus.  As well , it
presents the first evidence of collagen sliding in situ at the microscopic
level.  If tissue deformation had been achieved by a uniform expansion
of the matrix, the inscribed line would remain straight and simply
increase in width with an elongation between the lines.  The
undulating line can only be created by the relative sliding of the
collagen.  This protocol can also be easily adapted to study collagen
micromechanics within ligament and tendon.

While additional specimens will be required before an explicit
understanding of the micromechanics of the annulus can be reported,
these initial results confirm the behaviour suggested by a recent
investigation of intercellular strain in our lab, namely: fibre sliding and
relative changes in fibre depth (2). In addition, the continuity of the
line suggests significant adhesion at the collagen bundle interface;
while, the sloped line indicates shearing within the bundle.

The images obtained to date are all at the tissue surface due to the
short working distance of the 25x lens.  Although this objective
provided a larger scan region for initial observations and testing of the
technique, repeating the study with a 63x 1.2 NA lens (Carl Zeiss,
Germany) will provide finer measurements of the collagen network
mechanics at varying depths (0-80 mm) in situ.  Future studies will
also include an investigation of the micromechanics of the collagen
matrix in relation to the cells, by use of a nuclear counterstain.

This technique will allow the investigation of collagen
micromechanics at several hierarchal levels of the collagen structure,
namely: bundle, fibre and fibril . It will also contribute to our
understanding of the mechanical environment of the cells embedded
within the collagen matrix.
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