Scanning Microscopy Vol. 12, No. 3, 1998 (Pages 465-474)

0891-7035/98%5.00+.25

Scanning Microscopy International, Chicago (AMF O’ Hare), IL 60666 USA

DIMENSIONAL CHANGESOFARTICULAR CARTILAGE DURING
IMMERSION-FREEZINGAND FREEZE-SUBSTITUTION FOR
SCANNING ELECTRON M|CROSCOPY

M.J. Kaab", H.P. Nétzli?, J. Clark® and I. ap Gwynn*

IAO/ASIF Research Institute, Clavadel erstrasse, CH 7270, Davos, Switzerland, 2Dept. of Orthopaedic Surgery, University
of Bern, Switzerland, *Dept. of Orthopaedic Surgery, University of Washington, Seattle, USA
“Institute of Biological Sciences, The University of Wales, Aberystwyth, UK

(Received for publication September 6, 1996 and in revised form February 14, 1997)

Abgtract

In this study, the dimensiona changes of articular
cartilage during cryofixation (immersion-freezing) followed by
freeze-substitution and critical-point-drying or tertiary-butyl
acohol drying were compared with conventiona fixation
techniques. The cryotechnique resulted in 11% shrinkage of
thearticular cartilage. During conventional chemical fixation,
the sample shrank by 28%. No differencein shrinkage could
be observed between the two drying methods. Morphologic
examination by scanning electron microscopy (SEM) showed
no difference between the rabbit tibial plateau cartilage of
small excised samples and whole knee joints fixed by the
cryotechnique. The collagen structure was unaffected, but
the chondrocytes showed formation of segregation artifacts
(icecrystal damage) compared to conventional fixation.

For the study of articular cartilage with SEM,
cryofixation followed by freeze-substitution is superior to
conventional fixation methods with respect to specimen
shrinkage, but ice crystal artifactswill beintroduced into the
ultragtructure. It dlowsimmediate preservation of large samples
with now damage to collagen structure.
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Introduction

The study of biological tissue by scanning electron
microscopy (SEM) requires that specific preparation
techniques are applied. For imaging under high vacuum the
tissue must be dried, usualy following water substitution
(dehydration), with an organic solvent. Such manipulations
can lead to the introduction of artifacts such as specimen
shrinkage [11, 12, 14, 40]. Shrinkage can influence the
morphol ogic appearance of asample, and hence dimensional
changes can disturb the positiona relationship of structures.
Therefore, one parameter that can be used to validate aspecific
fixation method is to measure the dimensional changes of a
tissue during the various fixation steps.

Ingenerd, dight tissueshrinkage[ 13] or asmall amount
of swelling isinduced by fixation in buffered glutaraldehyde,
followed by a water wash [22]. It is well established that
chemical fixation for biological specimens followed by
dehydration in organic solvents amost always results in its
shrinkageby thetimeall thewater hasbeenremoved [14, 40].
All solvents used as dehydration fluids causetissue to shrink
[40].

General tissue shrinkage can not be avoided when
drying. Boyde et al. [13] demonstrated that, for both plant
and animal tissue, shrinkage of the original volume of up to
60% occurred during critical-point-drying (CPD), 15% during
freeze-drying and 80% during air-drying. Thesefindingswere
based on measurements of volume or area changes during
drying procedures. There is general agreement that freeze-
drying, whereby the water is converted into ice and then
sublimed away at low temperature and high vacuum, is best
for dimensiond preservation[9, 10, 61].

Many of these shrinkage measurements have been
doneon cultured mammalian cells. However, individual tissues
show different shrinkage behaviors, probably reflecting the
properties of their extracellular components [40]. Articular
cartilage is usually prepared using conventional adehyde
fixation techniquesfor morphol ogic studieswiththe SEM [5,
6,19,21,23,27,28,37,41,45,57].

Thedimensional changesoccurring during processing
of cartilage have been documented by Boyde and Jones[12].
They observed that adult femoral head cartilage shrank 25%
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in ethanol, up to 30% during CPD and up to 39% two days
after CPD. For routine histological preparation, Gilmoreand
Palfrey [29] described a reduction of cartilage thickness in
human femoral condylar articular cartilage of 50%.

Another method of preserving articular cartilage for
morphologic studiesiscryofixation at high or ambient pressure
followed by freeze-substitution [ 26, 33, 34, 55]. Theiceinthe
frozen tissue is removed by means of an organic solvent at a
temperature higher than that at which the specimen wasfrozen.
The actual chemicd fixation occurs during the substitution
phase. In generdl, tissue shrinkage associated with cryofixation
isthought to be dight [44], but has not been quantified.

In 1994 Nétzli and Clark [48] introduced cryo-fixation
at ambient pressure followed by freeze-subgtitution into the
study of the collagen architecture of whole rabbit kneejoints
under mechanical load. The present study was undertaken to
quantify the effectiveness of this cryofixation method for
articular cartilage in terms of shrinkage behavior during the
different stages of preservation. An additional goa was to
evauatethetertiary-butanol drying method. Further, wewere
interested in the final product of the cryotechnique. The
collagen matrix morphology of small samples of rabbit tibial
plateau cartilage and whole rabbit knee joints fixed by the
cryotechnique was compared to conventional chemical
fixation. The evauation of cryotechnique quality for whole
rabbit kneejointswas of interest becauseimmediate fixation
of such large samples is necessary to assess the relationship
of different joint components (tibia and femoral cartilage,
menisci) when thewholejoint ismechanically loaded.

Materialsand M ethods

Samplepreparation

Full thickness samples of articular cartilage were
obtained from adult porcine metacarpal sand adult rabbit tibial
plateaus. Vertical knife cuts were used to remove 4x3 mm?
suaresof thecartilage, 1 to 2mminthickness, whichincluded
theoverlying articular cartilage and alayer of underlying bone
(Fig. 1). Toinclude cartilagefrom distinct areas, twenty cubes
of porcine cartilage were taken from the central region of the
cartilage and 12 from the periphery. Twelve cubesweretaken
fromtherabbittibial plateau. During preparationthe cartilage
was carefully prevented from drying by the use of pH 7.2
buffered Ringer’s solution [18]. The fixation process started
not later than 20 minutes post mortem. To assess the fixation
quality inlarge specimens, five whole knee joints from adult
whiteNew Zealand rabbitswere used for cryofixation (without
shrinkage measurement).

Cryofixation and fr eeze-substitution

Half the cubesin each group werefrozen by immersion
for 60 seconds in isopentane slush, precooled with liquid
nitrogen to below 113K. Thewholekneejointswereimmersed
for 4minutes, Sampleswerethen removed and fixed by freeze-
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subgtitution as described below. The initia fixative was a
solution of 10% acrolein and 0.2% tannic acid in amixture of
30% methanol and 58.8% acetone held at 193 K for 7 days.
Specimenswererinsed in acetone twiceat 193 K for 20 min.
each and then transferred into a second fixation solution of
5% glutara dehyde (from a50% agqueous sol ution) inamixture
of 10% methanol and 85% acetone at 250 K for 4 days. The
temperature wasthen slowly increased to 277 K and samples
remained at that temperature for 24 hours. The sampleswere
then washed with 100% ethanol and slowly brought to room
temperature. The sampleswere rinsed again twice each time
for 30 min. in 200% ethanol prior to secondary fixationin 1%
osmiumtetroxidefor 120minat 277 K.

Conventional fixation

To compare the dimensional changes obtained with a
familiar, conventional, agueous fixation method, additional
samples were fixed by conventional fixation. Samples were
rinsedfor 10min.in 0.1 mol 1 piperazine-NN’-bis-2-ethane
sulphonicacid (PIPES) buffer pH 7.4 at 293 K. Primary fixation
was in 2.5% glutaraldehyde with 4% paraformaldehyde in
PIPESpH 7.4 a 293 K for 2 hours. Sampleswererinsed twice
for 10 min. eachin PIPES pH 7.4 before secondary fixationin
0.2% osmiumtetroxidein PIPES pH 6.8 at 293 K for 60 min.
They were then rinsed twice for 10 min. each in 0.1 mol 1*
PIPES pH 6.8 at 293 K and stained with 2% agqueous uranyl
acetatefor 60 min. a 293 K. Eachfixed samplewasdehydrated
using graded ethanol solutionsof 50%, 60%, 70%, 80%, 90%,
100%, 100%for 15 min. each respectively.
Critical-point-drying, t-butyl alcohol dryingand SEM
imaging

Half the samplesfrom each fixation group weredried
with a Polaron E3000 critical point drier (Agar Scientific,
Stangted, U.K.), using CO, asatransitional fluid after afinal
wash with absolute ethanol. Specimens were flushed twice
and allowed to equilibrate twice for 40 min. The other half of
the samples were vacuum dried following the technique of
Inouéand Osatake[36]. Briefly, the post-fixed specimenswere
ethanol rinsed, transferred into tertiary butanol and rinsed
twicefor 20 min. The glass container with the specimen was
placed in the refrigerator (277 K), where the t-butyl acohol
wasfrozenwithinafew minutes. The container wastransferred
into avacuum evaporator, connected to awater pump and the
specimens | eft therefor sublimation for 6 hours.

For morphologic evaluation, specimens were coated
with 8 nm of gold inaBaltec MED 020 unit (Baltec, Bal zers,
Liechtenstein) and examined with a Hitachi S-4100 field
emission SEM (Hitachi, Tokyo, Japan). It was operated in
secondary electron detection mode at an accel eration voltage
of 1-2kV [38] and an emission current of 10 pA.

Dimensional changes

Measurementsof thetwo-dimensional changesinsize
(x- and y-axes) which occurred during the different stages of



Cryotechniques and shrinkage of articular cartilage

sample preservation were performed as area measurements
(mm?) taking the initial area as a reference [10, 12]. The
dimensionswere measured whilethe samplewasimmersedin
the medium to prevent drying effects. The front face of the
sample (Fig. 1) was viewed under a light microscope and
examined at amegnification of x32. The contoursof thecartilage
were traced with a cursor on a digitizing table (Kontron
Electronics, Munich, Germany). A mirror elowed theprojection
of the cursor onto the sample in the field of view. The areas
were measured and recorded with a computer program. The
samples were checked for bending in the z-axis not
quantitatively but microscopically when examined under the
light microscope.

For each sample four measurements were made at
equivaent stagesof the preparation processto limit satistically
the error caused by resolution limitations and operator error
by inexact tracing of the contours. All fresh specimens were
measured prior to any treatment. Those fixed by freeze-
substitution were measured after freeze-fixation and after
drying. Those fixed by the conventional technique were
measured after fixation, after dehydration in 100% ethanol
and after drying by the critical point or sublimation methods.
All specimenswere again measured five days after drying.

Results
Dimensional changes

Therewasno significant differenceat dl intheaverage
shrinkage behavior between porcine metacarpal cartilageand
rabbit tibial plateau cartilage. Also the shrinkage of central
load bearing partsand peripheral partsof thejoint wassimilar.
No bending of the blocks in the third dimension could be
observed during either method of fixation.

There was a significant difference in the shrinkage
behavior of articular cartilage prepared by cryofixation
followed by freeze-substitution and that of samplesfixed by
conventional techniques (Fig. 2). With conventional fixation
the cartilage shrank by 4% during fixation (including uranyl
acetate staining) and by an additional 6% during dehydration
in 100% ethanol. For the equivalent stepsin the cryotechnique,
the articular cartilage changed its dimensions by only 2%.
Specimens prepared by cryotechnique were necessarily held
at low temperaturesduring fixation and dehydrationin organic
solvents, consequently measurements could not be made
between those stages. The greatest shrinkage for both
methods of fixation occurred during CPD, during which the
cryopreserved samples shrank by 9%. The dimensions of
conventionally fixed samples were reduced twice as much
during the same process, shrinking by 18%. Neither group
showed signs of additional sample shrinkage five days after
CPD.

The average cryopreserved sample, after al the steps
of preservation, retained 89% of itsinitial size, whereasthose
conventiond fixed retained 72%. No differenceswere detected
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Figurel. Theareaof thecartilage (front face contour; without
bone; interrupted line) was measured during the different steps
of fixation.
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Figure 2. Shrinkage of articular cartilage. The relative
dimensiona changesareshowninarea%. Thefind difference
between the cryomethod and conventional fixation is 17%.
Theerror barsindicatethe SD.
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Figure 3. Shrinkage of cryofixed and freeze-substituted
cartilageduring drying. Thereisno differencebetween critical-
point-drying and thet-butyl al cohol drying method. Theerror
barsindicatethe SD.
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inthe shrinkage behavior of cartilagewhen dried using either
the critical point or the t-butyl acohol method (Fig. 3). Also
no additional change could be observed five days after t-
butyl acohol drying.

Morphologicresults

The SEM images showed different results depending
on the fixation technique. The conventionally fixed
chondrocytes showed less shrinkage from the walls of the
lacunae (Fig. 6) whilethosefixed by cryotechnique showed a
characteristic spongy pattern (segregation artifacts),
presumably due to ice crystal damage (Figs. 7, 8).
Chondrocytes aso showed ice crystal damage in the most
superficial layer (Fig. 5). Nonetheless, the contours of the
cryofixed chondrocyte lacunae were maintai ned; specificaly
the pattern of the surrounding collagen matrix fiberswasintact
and comparableto conventionally fixed tissue (Figs. 6, 7, 8).

The collagen fibers of conventionally fixed samples
(Figs. 4, 6) showed no differencein comparison to cryo-fixed
cartilage collagen fibers. Both methods showed the collagen
fibers running parallel and perpendicular from the cacified
cartilage towards the surface. In the intermediate (or
transitional) zone they turn in order to build the tangential
zone at the surface [4]. The morphologic quality of thelarge
samples fixed by cryo-technique was comparable to that of
thesmall samples(Fig. 7, 8). Thecollagen fiberswereintact,
while chondrocytes were destroyed in both but maintained
the contours of the surrounding collagen matrix.

Discussion

This study compared the dimensional changes in
articular cartilage prepared for SEM by a conventional
techniquetothosein material fixed by immersion-freezingand
freeze-substitution. Cartilage shrank with the use of
cryotechniques by atotal of 11% compared to 28% during
conventional fixation. Use of sublimation-drying showed no
advantage over CPD and no further shrinkage was observed
five days after drying.

The histological effects of shrinkage in articular
cartilage attendant on cryotechniques and conventional
chemical fixation arewell documented [19, 26, 33, 37,49].1n
thesemorphol ogic studies, chondrocyte shrinkageisthefocus
of interest. Specimen shrinkagein cartilagefor SEM preparation
has been quantified only by Boyde and Jones[12], who found
avolumereduction of 25% to 30% with conventional chemical
fixation techniques. Our observationsare quitesimilar.

We used immersion-cryofixation followed by freeze-
subgtitution to preserve articular cartilage for morpho-logic
study with SEM becauseit is asimple and effective method
forimmediate preservation of large samples (wholerabbit knee
joints). The protocol tested here is based upon our own
experience and published recommendationsfor cryofixation
techniques. | sopentane precooled in LN, hasrelatively rapid
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cooling rates[52].

Propane provides better cooling rates but is very flammable,
especialy in large volumes [51, 53]. Freeze-substitution to
dissolve the ice from a frozen specimen is best performed
between-193K and-183K [2, 47,55, 59], followed by dowly
increasing the temperature. A mixture of organic liquidssuch
as acetone and methanol seemsto be best to substitute water
at thesetemperatures[31, 55]. Methanol canasobeused asa
substitute in the presence of high amounts of water [31, 55].
Additional crosslinking can be achieved by adding acrolein
and glutaraldehyde[16, 55, 60].

In our experiments we kept the cartilage attached to
the subchondral bone to avoid deformation of the sample,
whichif it had been dlowed to happen, would have made the
measurement of the dimensional changesamost impossible.
Furthermore, the shrinkage was only measured in two
dimensions. Area measurements are described as being
appropriate to quantify the dimensiona changes of tissue
during preservation [10, 12]. Shrinkage studies with other
tissuesdescribeequal changesinall threeaxes[3]. Also, when
inarticular cartilage different layers show different shrinkage
behavior [12], changesin the third dimension are considered
toinfluencetheareashrinkageresultsonly to aminor degree.
Thevalue of such comparative studies of fixation techniques
will not beinfluenced by thisfactor in any case.

Water and proteoglycan concentrations vary in
articular cartilage by depth and with location on the joint
surface [17, 43]. This heterogeneity could cause different
shrinkage behavior in different regions. Nuehring et al. [49]
observed thisin ahistological study of conventionally fixed
physeal cartilage. We compared samples from different
topographical regionsand did not find significantly different
shrinkage, perhaps because our measurement techniqueswere
not sensitive enough. The shrinkage behavior inthe different
cartilage layers was not investigated here.

Unfortunately, for technical reasons we could not
measure the dimensionsof frozen cubesprior tofixation. Itis
possiblethat dimensional changes during the actual freezing
process damage the matrix, but we saw no direct evidence of
that. Sincefixation and dehydration occur s multaneously, we
cannot know which process causes the shrinkage.

It has been reported before that preservation of tissue
by cryotechniques results in less shrinkage than when
conventiona chemical fixationisapplied. Thishasbeenrelated
to the belief that freeze-substitution is amore gentle process
[30]. Nevertheless, collapse phenomena or only slight
morphological signs of shrinkage have been described after
high pressure-freezing of growth plate cartilage, but no
quantification was reported in these cases and the analysis
wassubjective[26, 33, 56].

Why the shrinkage during cryopreservation appears
to be much less in cartilage tissue is an open question. In
other tissues, the cessation of enzymatic activity at low
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Figure 4. Conventional immersion-fixation (small sample).
Collagen fibersbending (arrow) towardsthe surface (S. surface
layer) to form a thin tangential layer (T). Multiple
chondrocytes-lacunae (C) intheintermediateand radial zone.

Figure 5. Cryofixation and freeze-substitution (whole knee
joint). The paralel running collagen fibers can be seen from
subchondral boneto surface (S). Thefibersare brokeninthe
intermediate/transitiona (1) zone (arrow). Tangentia (T) radia
(R) and calcified zone(C).

Figure 6. (right column) Conventional immersion-fixation
(small sample). Fracture (with possible sectioning artifact)
through two chondrocytes. The chondrocytesare surrounded
by itspericelular matrix (PC). Thecallagenisrunning vertically
pardle (arrow).

Figure 7. (right column) Cryofixed and freeze-substituted
cartilage(smdl sample, cacified/radia zone). Thechondrocyte
ultrastructure shows a characteristic sponge pattern (arrow).
The contours of the cryofixed chondrocyte lacunae are
maintained (arrow). Collagen fibers can beidentified running
pardle (arrow).

Figure 8. Cryofixed and freeze-substituted cartilage (whole
kneejoint, radia zone). Comparableto Fig. 7. Chondroctyes
(C) layingwithin parallel running collagen fibers (arrow).



M.J. Ké&betal.

temperature must be considered, but is not alikely factor in
cartilage. Water extraction is, however, agreat concernin a
tissue which contains 60-80% water [1, 46]. Bridgman and
Reese[16] suggested that freeze-substitution preservestissue
volumeif theorganic solventsdo not extract water asefficiently
as conventional means. Thishowever would not explain why
thereis less shrinkage during CPD when any residua water
would be removed. We believe that three factors could work
tominimizeshrinkagewith freeze-subdtitution: aldehyde cross-
linking of the matrix collagen molecules is more complete
leading to amore rigid framework. Water does not leave the
cartilage prior to this fixation because most of the water is
bound to some degree, which we assume makesit different to
cell water [24]. Proteoglycansare not extracted because, unlike
inaqueousfixatives, they areinsolublein the organic solvents
[32,33].

Two methods of drying were analyzed in this study.
Sublimation with t-butyl alcohol as described by Inoué and
Osatake[36] showed the same amount of dimensional change
of the cartilage samples as those dried by CPD. We tested t-
butyl alcohol becauseitissimpleto useand becauseit avoids
the high temperature required to pass the critical point for
CO,. Also, different effects have been described for different
drying agents. For example, Lodin et al. [42] and Boyde [8]
found that t-butyl a cohol caused shrinkageto tissue. However,
wewereunabletofind any differencesinarticular cartilage.

CPD iswidely usedindrying for SEM-studies[15, 20,
37, 39, 45, 50, 57]. It gives good preservation of structures,
however, the associated dimensional shrinkage has not been
avoided. Infact, in the whole process of sample fixation and
preparationfor SEM, CPD hasbeenthemain factor producing
shrinkage[12]. Inthedrying methodstested here, the freeze-
substituted samples showed 50% | ess shrinkage during CPD
than occurred with conventionally fixed material.

Boydeet al. found 9 % additional shrinkagein cartilage
within 2 days after CPD due to incomplete extraction of the
intermediatefluid[7, 12, 14]. Inour Sudy therewasno additiona
shrinkage within 5 days after drying. Itismost likely that the
prolonged periods in organic solvents used here removed
more unbound water and were responsiblefor the absence of
late (post drying) shrinkage.

Morphological examination by SEM showed
differences between conventionally fixed and cryofixed
specimens. Tissue processing in a near-native condition by
usinglow temperaturescan only beachieved, if water isfrozen
initsliquid state (true vitrification). When ice crystals begin
toform, asinthiscase caused by freezing at ambient pressure
and big sample size, tissue components become segregated
into phases of pure water and of concentrated biological
residues with consequent formation of segregation artifacts
[35, 56]. The cryofixed condrocytes show this characteristic
pattern clearly. However, their general contours (lacunae) were
maintained. The conventionally fixed chondrocytes do not
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show these characteristic changes. Nomgjor sgnsof shrinkage
could beobserved in either conventiona or cryofixed samples.
Immersion-freezing at 113 K isdescribed tointroducenoice
crystal artifacts within a zone of 10-30 pum thickness on the
samplesurface[52, 56]. However, chondrocytes al so showed
ice crystal damage, means segregation artifacts within this
zone. Thepresence of such artifactswithin thismaximally 30
pm thick zone, which areintroduced during primary freezing
[52], can beexplained by thelow thermal conductivity of this
tissue containing large amounts of water [1, 46, 58].

The large samples show the same morphology
(chondrocytes and collagen fibers) as the small samples,
though such large samples were not treated optimally in the
sense of cryotechnique. This may also be explained by the
high water content of the tissue, which allows an easy
exchange of substances and by the anatomy of the rabbit
knee joint, where the fixative can penetrate well through the
joint interspace. The collagen structure was well preserved
by cryofixation at the magnification used. Structure anadysis
at higher magnification was beyond the scope of this study.
For studying cartilage ultrastructure of chondrocytes and
proteoglycans powerful methods are available e.g. high-
pressurefreezing [25, 33, 35]. Themorphological findingsin
collagen structure correspond well to the findings of other
authors[19, 21, 23, 37, 45, 50, 54, 57].

Conclusions

Inthisstudy the shrinkage of articular cartilageduring
preservation by acryotechniquewas measured and compared
to the results of conventional fixation technique. Using
immersion-cryofixation a ambient pressurefollowed by freeze-
substitution, thetotal amount of cartilage shrinkagewas 11%,
17% less than that obtained during conventional fixation.
Morphological examination revealed an unaffected collagen
sructureand awell preserved pericellular collagen matrix, but
only chondrocytes indicated the formation of segregation
artifacts due to ice crystal damage. This low temperature
technique allows immediate preservation of large samples
(whole rabhbit knee joints) with now damage to collagen
structure.
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Cryotechniques and shrinkage of articular cartilage

Discussion with Reviewers

Reviewer |: Aldehydefixation in agueous solution had long
been recognized asharmful for articular surfaces. Also surface
irregul aritiesaremuch more sensitiveand reliable markersfor
cartilage preservation than area measurements.

Authors; We do not agree. In the current study the matrix
collagen structure was eva uated and not the articular surface.
All fixation dtersthe structure of tissue. Theadehydicfixation
iswidely and successfully used for articular cartilagefixation
and itsmodification of ultrastructureiswell knowntoo. If one
decides to use fixatives, there is not much choice but to use
aldehydes. In general, surface irregularities such as pits and
humpsareamorphological marker for cartilage preservation.
They are probably artifacts of the drying procedure and not
of glutaraldehydefixationitself. Itisnot thefixativeitself that
causesthe damage but rather the tissue whichisnot stiffened
enough to survive CPD without some alteration.

There are powerful techniques to preserve articular
cartilage (e.g. high-pressure freezing conventional fixation,
microwave enhanced fixation) but each of the methods has
advantages and disadvantages and therefore one has to
choose the method best suited to the specific research goal.
The low temperature technique which was evaluated hereis
not optimal in the sense of cryo-technique but is the only
method currently available which allows immediate
preservation of large samples with good preservation of the
matrix collagen structure in the low and middle ranges of
magnification. Theharm of adehydesisan important question
if, for example, the ultrastructure of molecules and proteo-
glycansis of interest.

Reviewer |: Cartilage specimensattached to subchondral bone
are quite bulky and problems arising from inhomo-genous
and/or impeded diffusion may consequently arise.

Author s Weagreeto someextent. L eaving the sub-chondral
bone attached makesthe cartilage more bulky and could lead
toincomplete diffusion. However, incompl etefixation should
be - as a consequence of leaving the subchondral bone -
limited to the calcified layer and radial zone close to the
subchondral bone. We did not observe any artifacts related
to these zones. Furthermore, an important strength of freeze-
fixation is its ability to penetrate very large specimens. We
found that al fixatives penetrate much further into the tissue
perhapsbecausethefixative doesnot react asrapidly. Certainly
theorganic solventsdiffuseinto tissuefaster than an aqueous
solution. Freeze-substitution seems better at penetration and
dehydration which explains the lower shrinkage. Removing
the subchondral boneleadsto significant artifactse.g. inthe
surface[62, 63, 66]. Also our experience showsthe cartilage
can deform without stabilizing subchondral bone and lead to
artifactsin the overall collagen fiber structure.
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Reviewer |: Thetroublesin preservation arisewhen extraction
and loss of soluble proteoglycans, glycoproteins and small
molecular weight specieswhich arenot or may benot befixed
by glutaraldehyde occur.

Authors. Fixatives work in several ways. For example,
conventional proteoglycan stains precipitate proteoglycans,
so that it does not dissolve and elute. Freeze-substitution
does the same for these soluble proteo-glycans and small
mol ecular weight species. We preci pitate them by substituting
the water with organic solventsin which these moleculesare
not soluble. Wefix the collagen so that it will bevery stiff and
not change shape; we arelessworried about its solubility and
elution. Othersworry that fixativesextract proteoglycans. We
believe they do, but only in aqueous media. Proteoglycans
are not soluble in methanol or acetone so freeze-substitution
does not extract them. The substanceswhich are not fixed by
aldehydes are precipitated i.e., rendered insoluble by the
fixationmedium.

Reviewer |: Nomatter how efficiently organic solventsextract
water, the residual water which may not have been removed,
would evaporate as instantaneoudly as the vacuum in the
columnishbuilt.

Author s Who can say how much water remainsin specimens?
However, there should be very little residual water in the
specimen if the protocol is followed correctly. Most of the
water in cartilage is bound to some degree. We assume this
makesit different from cell water. Water that isnot bound can
be substituted, water that is bound is not functionally
substituted by the organic solvent, since it cannot ,, hydrate’
theproteo-glycans. But thisis why itissoimportant tofix the
collagen matrix before the water isremoved. Water bound to
the proteoglycans puts tension on the collagen molecules
indirectly. Perhaps there is also water that is bound to the
collagen molecules directly and when that is removed, the
collagen shape changes dightly.

L. Edelmann: Did you try to reduce the shrinkage of
conventiondly fixed or freeze-substituted materia during CPD
by using higher concentrations or no chemical fixatives?
Authors Thismight beaninteresting question but wasbeyond
the scope of this study. The concentration of our fixativesis
widely used for the preservation of articular cartilage. Higher
or lower concentrations of fixations might lead to minimized
shrinkage but can on the other side lead to morphological
artifacts as well. Use of fixatives is necessary for the
stabilization and preservation of the sample. In earlier series
we tried different concentrations, but the protocol used in
this study was far superior to those used in other trials with
regard to artifactsand morphological quality.

R. Wroblewski: Did you try to use freeze-drying instead of
freeze-substitution?
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L. Edelmann: Small shrinkage val ues can be obtained when
following optimal freeze-drying protocols. Did youtry freeze-
drying?

Authors. The godl of this study was to compare a widely
used fixation technique and alow temperature method asused
for the study of articular cartilage under load in terms of
specimen shrinkage. Thereare preservation methodsavailable
other than those we used, e.g. high-pressure freezing and
freeze-drying. Freeze-drying is known to introduce less
shrinkage than CPD. Morphological studiesbased on freeze-
drying have been performed [64, 65]. Freeze-drying is a
technically demanding method and will of course introduce
itsown specific morphologica artifactsaswell.

During freeze-drying the ice is removed by low
temperature vacuum sublimation from outside to inside. If
melting or evaporating takes place before freeze-drying is
complete, what is difficult to control for large samples,
shrinkage of thetissue may occur [ 7]. With freeze-substitution
thesampleismaintained at the sametemperature which leads
to better temperature control. Shrinkage during freeze-drying
islower compared to conventional fixation but there will be
only aminimal difference compared with the shrinkage of
freeze-substi-tuted samples.
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