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Hyaline articular cartilage dissected by papain: light
and scanning electron microscopy and
micromechanical studies
PATRICIA O'CONNOR, JANET D. BRERETON, AND D. L. GARDNER

From the Department ofHistopathology, University ofManchester, Oxford Road, Manchester M13 9PT, and
the University Hospital ofSouth Manchester, Withington, Manchester M20 8LR

SUMMARY Papain was used to digest the hyaline femoral condylar cartilages of 30 adult Wistar
rats. Matrix proteoglycan degradation was assessed by the light microscopy of paraffin sections
stained with toluidine blue. The extent of surface structural change was estimated by scanning
electron microscopy, and the structural integrity of the hyaline cartilage tested by the controlled
impact of a sharp pin. The results demonstrated an early loss of cartilage metachromasia, increasing
with time of papain digestion, and an alteration in the shape of the cartilage splits produced
mechanically. Accompanying the loss of matrix material was a conspicuous sequence of mor-

phological changes in cartilage surface structure. The results confirm a close relationship between
matrix integrity, mechanical properties, and fine structure.

An understanding of microscopic structure is essen-
tial for the interpretation of the mechanical
behaviour of hyaline articular cartilage, of joint lub-
rication, and of the mode of cartilage disruption and
failure in osteoarthrosis. Although cartilage mor-
phology has been exhaustively studied by light mic-
roscopy (LM)'-4 and electron microscopy (EM),'-"
and exposure of the internal structure for analysis has
been achieved by cutting, fracturing, freeze-
fracturing, and sectioning-techniques that incur
displacement and deformation of the tissue com-
ponents-there is little direct evidence to show that
enzymatic degradation prejudices mechanical stabil-
ity. The purpose of the present experiment was to use
an enzyme to remove hyaline cartilage from the
articulating surface to expose successive layers of
tissue for scanning electron microscopic (SEM)
examination. The structural integrity of the digested
material could then be tested by the method of pin-
pricking standardised in a previous study.'2 The
shape and alignment of the splits caused by pricking
reflect the collagen fibre arrangement at the cartilage
surface."'
The thiol proteinase papain was selected. Papain

attracted notoriety when the denatured enzyme was
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shown to be capable of causing collapse of rabbit
ears."4 It has been widely employed as a tool to pre-
pare cartilage for chemical analysis. This enzyme has
also been used to provoke experimental arthritis"5
and was selected in the present experiment because
of earlier observations'6 (lnoue S, unpublished) that
demonstrated its efficacy in degrading articular sur-
faces before SEM. Papain has also been used pre-
viously to degrade blocks of articular cartilage before
picro-sirius red polarisation microscopy'7 and trans-
mission electron microscopy (TEM)."
The procedure adopted in this study was to digest

whole rat femoral condyles with papain; to examine
the response of the degraded tissue to pin-prick test-
ing"2 13; and to study the pricked and non-pricked
digested material by SEM. Light microscopy was
used to examine full-thickness perpendicular cartil-
age sections at various stages of digestion and in
particular to analyse those early changes in the
intercellular matrix that might not be detectable by
SEM.

Materials and methods

Thirty-four 330-350 g inbred Wistar rats of a Man-
chester strain were killed and the lower ends of both
femurs removed. Twenty-six pairs of condyles were
used for SEM; 42, including 8 controls, for LM. A
further 38 normal, non-digested femoral condyles

320

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/ard.43.2.320 on 1 A
pril 1984. D

ow
nloaded from

 

http://ard.bmj.com/
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were available from a previous study"3 for compari-
son; of these 22 had been pin-pricked.
Enzyme digestion. Condyles were kept moist with

isotonic saline before suspension in a solution of
papain (EC No. 3. 4. 22. 2 Sigma) MW 20 700,
obtained in crystalline form from papaya latex. The
enzyme was made up in a buffer solution containing
Na2PO4 (0-05 M) and EDTA (0 01 M). L-cysteine
hydrochloride (0- 05 M) was also added to the buffer
to reduce the papain to its active form. The pH was
then adjusted to 6-5 with NaOH. Specimens were
digested in an enzyme solution (17 units/ml) at 37°C
with regular agitation. Digestion times were 15-240
min for specimens used for SEM, and 2-120 min for
condyles processed for LM. After digestion half of
each group of specimens were subjected to standard
pin-prick testing."2 Another 8 specimens were incu-
bated for 2-30 min with enzyme that had been inacti-
vated by boiling. In all cases digestion was terminated
by plunging the tissue into chilled isotonic saline.

Pin-prick technique. Each specimen was secured to
the pin-prick apparatus by a fine rod inserted into the
residual femoral shaft of the inverted condyle. The
rod was positioned above a ball-and-socket joint
situated on an adjustable platform. This arrangement
enabled a series of pricks to be made over the entire
articulating surface. The cartilage was pricked with a
0 5 mm diameter pin attached to the underside of a
pivoted arm. The position of weights on this arm and
the height of release of the pin above the articular
surface were kept constant and determined the
applied force and the depth of penetration.

Light microscopy. Tissue was fixed in neutral buf-
fered formalin, decalcified in ethylenediamine
tetra-acetic acid (EDTA), and prepared as 4-6 ,m
paraffin sections, which were stained with haematox-
ylin and eosin (HE) and with alcoholic toluidine blue
(TB).19 Sections from regions 1, 3, and 4 (Fig. 1) were
systematically analysed.
Scanning electron microscopy. Cartilage blocks

were collected into cold (4°C) cacodylate buffered
glutaraldehyde, pH 7 4, prepared for SEM by an
optimum technique20 and sputter-coated with gold-
palladium. Each specimen, divided into 4 anatomical
regions for assessment"2 (Fig. 1), was examined in a
Cambridge S4 10 SEM at an accelerating voltage of
20 kV.

Results

CONTROLS
Normal nondigested cartilage. The condylar cartilage
was 6-14 cells thick; the uncalcified tissue was 4-7
cells in depth with a 2-4 cell layer of flattened cells at
the surface, zone I. The articulating surface formed
an intact layer with fibrous tissue overlying hyaline

Fig. 1 Mercatorial projection ofthe articulating surfaces
ofratlowerend offemur illustrating4 regional divisions.
Arrow indicates longitudinal axis.

cartilage at the periarticular margins. Necrotic cells
or empty lacunae were absent. In TB-stained sections
there were pale staining regions in the pericellular
matrix and in a narrow - 2 ,um band superficially. On
SEM examination the surface was covered by a
characteristic array of tertiary (3ry) depressions,
20-30 ,um in diameter. Isolated depressions contained
central prominences. At magnifications greater than
x 5000 the surface was amorphous. The splits caused
by pin-pricking penetrated to the tideline, where they
frequently propagated along the uncalcified/calcified
cartilage interface; they were often deviated by
chondrocyte lacunae. Secondary crack formation
created irregular split outlines in perpendicular sec-
tion. En face the splits were elongated, unidirec-
tional, and layered (Fig. 2A).
Normal cartilage incubated with inactivated

enzyme. Condyles treated with heat-inactivated
enzyme had LM appearances similar to those of nor-
mal tissue.

TREATED
Cartilage degraded for 2-15 minutes. There was a
loss of TB-staining from a discrete band at the
articulating surface after 2 min digestion (Fig. 3a).
This band, thicker in region 1 than in 3 and 4, repre-
sented 15-25% of the uncalcified cartilage after 5
min treatment. Isolated, empty lacunae were now
visible superficially. The width of the non-staining
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Fig. 3A Unstained band ofcartilage at the surface in
region 3 after 2 min digestion with papain. (Toluidine blue,
x 212).

Fig. 2A Unidirectional layered split in non-digested
cartilage. (Scanning electron micrograph, x 244).

Fig. 2B Round pin-prick after 60 min digestion.
(Scanning electron micrograph, x 520).

Fig. 3B After 10 min digestion the unstained layer in
region 3 has increased. (Toluidine blue, x 212).
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band increased with increasing digestion times (Figs.
3A and B): by 15 min it had reached 70-85% of the
uncalcified cartilage in region 3 and 100% in region
1. The first SEM changes were seen after 15 min
digestion, when coarse fibre bundles appeared at the
articular margins. These bundles had a parallel,
latero-medial arrangement except at the extreme
edge of region 1, where they were organised
proximo-distally. Fibres, visible in the central
articulating areas conformed to a characteristic pat-
tern; in regions 1 and 2 the fibres were arranged
parallel to the longitudinal axis of the specimen,
those in regions 3 and 4 were transverse to the axis.
An increased number of 3ry features, particu-
larly between the fibre bundles, accompanied these
early changes. Splits were now reduced in length.

Cartilage degraded for 20-30 minutes. By 20 min
the unstained band had extended into the calcified
layer and by 30 min some areas of cartilage were
totally devoid of stain. However, a superficial zone of
flattened cells was still retained. Three forms of 3ry
structure were seen: (1) an elevation divided into 2
concentric areas (Fig. 4); (2) a dense central area in a
loose, fibrous network (Fig. 5); and (3) a distorted
body surrounded by a loose mesh of fibres. The latter
was restricted to the articular margins. Away from
the 3ry features fibres conformed to the characteris-
tic pattern. Associated with these surface appear-
ances were non-layered, elliptical splits.

Fig. 4 3ry features after 30 min digestion. (Scanning
electron micrograph, x 1830).

Fig. 5 Suspended 3ry structure after 30 min treatment.
(Scanning electron micrograph, x 4815).

Cartilage degraded for 60-240 minutes. Enzyme
treatment for 60 min resulted in a reduction in cartil-
age thickness with a scalloped surface contour in LM
section as round lacunae of the deeper zones, III and
IV, became exposed. These lacunae now appeared as
sharply defined depressions by SEM (Fig. 6). The
periarticular fibrous tissue and synovia were com-
pletely digested, exposing blood vessel canals of the
underlying bone. Round holes with short radiating
cracks and reduced secondary cracking resulted from
pricking this thinned cartilage (Fig. 2B).

Following 240 min digestion the calcified cartilage
was lost: bone was exposed with trabeculae visible
particularly around the condylar groove (Fig. 7). The
surface was covered by cracks. Shallow indentations
with radiating cracks were produced by pricking
exposed bone.

Discussion

The present results show that enzyme degradation of
rat femoral condylar cartilage by the thiol proteinase,
papain, causes progressive loss of the metachromatic
matrix and topographical changes that lead to com-
plete cartilage loss. The results confirm by direct
testing that these changes accompany deterioration
in mechanical integrity.

Papain selectively degrades cartilage proteoglycan
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Fig. 6 After 60 min digestion sharply defined
depressions with a central hole. (Scanning electron
micrograph, x 425).

Fig. 7 Exposed bone in region 2, the condylar groove,

after 240 min digestion. (Scanning electron micrograph,
x 19).

(PG),17 18 21 but collagen is highly resistant to protease
digestion.22 The changes reported in this paper are
due to removal of PG from the entire condylar sur-
face. This initially results in a loss ofTB staining from
the articular surface layers like that associated with
regressive changes in human cartilage.23 Poole"9 has
shown that complete loss ofTB staining infresh tissue
occurs when hexuronic acid falls below 42% of the
normal cartilage content. Thus after papain digestion
at least 58% of the PG has been disrupted and lost
from the unstained areas.
The digestion of cartilage by papain for less than 15

min results in a significant reduction in the capacity of
the cartilage to stain with alcoholic TB. Within this
period as much as 75% of the cartilage thickness may
lose some PG. It is therefore of the greatest interest
that, after this brief period of digestion, the morphol-
ogy of the cartilage surface, assessed by conventional
SEM, should not appear to be changed. It is also
significant that at this time a normal shape and pat-
tern of splits is retained after pin-prick testing.
One explanation for this differential loss of PG,

with retention of SEM morphology and split pat-
terns, is likely to be the decision to study by conven-
tional SEM preparative techniques material that had
been fixed and dehydrated. These methods are not
capable of resolving PG molecules and are also
notoriously liable to result in the loss of some PG.
Collagen fibres are resistant to these punitive techni-
ques and remain apparently intact. If it were possible
to adopt preparative procedures, such as very rapid
freezing, that conserve water, avoid fixation, and pro-
tect PG, and combine these with ultrastructural
examination at low temperature, early recognition of
the PG loss indicated by TB staining of cartilage
sections would be probable. A further investigation is
clearly most desirable. It is therefore planned to
examine digested articular cartilage by the technique
of single-stage, low-temperature replication. This
method allows the precision and resolution of TEM
to be applied to the study of fully hydrated, natural
biological surfaces. Low temperature replication has
been used successfully to investigate the surface
detail of normal articular surfaces.24
As digestion progresses, more PG is lost and col-

lagen fibres and marginal fibre bundles are
unmasked. The increase in the number and promi-
nence of 3ry features after preliminary papain
digestion suggests that the areas immediately sur-
rounding these structures have a relatively high PG to
collagen ratio when compared with the rest of the
surface. Removal of PG causes collapse of matrix to
form a moat around a central elevation; this is suc-
ceeded by exposure of a loose network of fibres as
more PG is lost. Tertiary features, present in zone I
cartilage, are thought to represent underlying super-
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ficial chondrocytes. They are covered by, and have

an intimate association with, the dense mat of col-
lagen fibres that run parallel to the articulating sur-

face.7 10 Once the midzone is exposed, depressions
are seen as cells are lost, implying that collagen fibres
are discretely arranged around the midzone chondro-
cytes.

After 60 min digestion PG loss is accompanied by
breakdown and loss of the remaining cartilage com-

ponents, comprising mainly collagen. There is now a

reduction in the overall thickness of the cartilage.
Papain may release or activate endogenous collagen-
ases. However, it is probable that removal of the PG
packing causes mechanical loosening and, eventu-
ally, rupture of the fibre network. The brittle nature
of the material seen after 240 min treatment is illus-
trated by the frequent occurrence of cracks and the
presence of lacunae similar to those found in compact
bone.25

In mechanical terms articular cartilage can be con-

sidered as a hydrated gel of PG molecules restrained
and reinforced by a collagen fibre network. Papain
treatment of this composite preferentially digests the
compression-resisting PG matrix. Splits caused in
normal cartilage conform with the orientation of
anisotropic surface collagen fibres."2 The layered and
tapered shape of each split is due in part to (1) change
in collagen fibre orientation with depth, (2) the com-
pression resistance of PG, and (3) the pattern of
energy dissipation as new fracture surfaces are cre-

ated. After brief papain digestion the collagen fibre
arrangement appears little affected, though the resis-
tance to compression of the residual PG is already
much reduced. This relatively early depletion of PG
is one reason why splits appear to reveal no layering
and are apparently fractured uniformly throughout
their depth. The shortening of the split, the decrease
in secondary damage beneath the surface, and the
production of round holes subsequently, reflect a

reduction in the anisotropy of the tissues, a conse-

quence of exposure of the random fibre network of
midzone cartilage. The shallow indentations pro-

duced in calcified cartilage and bone by pin-pricking
are caused by an increased hardness of the exposed
tissue.

Intra-articular injection of papain in vivo5212627
results in severe fibrillation and full thickness cartil-
age loss. The absence of cleft formation in the present
study implies that joint movement is necessary to
cause fibrillation by exacerbating the effects of diges-
tion. With or without articulation the end result of
papain digestion is full-thickness cartilage loss. The
present results support the hypothesis that early loss
of PG, such as may occur in osteoarthrosis,3 can lead
to the weakening and breakdown of all cartilage
components, eventually causing cartilage thinning. In

Hyaline articular cartilage dissected by papain 325

a further series of experiments these views will be
tested by low-temperature SEM28 and by single-stage
replication of frozen hydrated cartilage blocks.24

During the course of this study the Department of Histopathology
was in receipt of grants from the Arthritis and Rheumatism Council
for Research and the Medical Research Council.
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Book review
Bone and Joint Disease in the Elderly. Edited by V.
Wright. Pp. 305. £20-00. Churchill Livingstone:
Edinburgh. 1983.

In his introduction to this book Bernard Isaacs, professor of
geriatric medicine in Birmingham, describes the series of
which it forms a part. He writes: 'A series of volumes on
Medicine in Old Age is necessary and timely.It is not so very
long since teaching hospitals in the United Kingdom did not
admit patients over the age of 65.... Now medicine has
changed radically and the majority of physicians deal exten-
sively with elderly ill old patients.... This new series aims to
give doctors working with elderly patients a concise but
comprehensive guide to this new knowledge.' Each volume
of the series will deal with one system of the body or a
closely related group of problems, and this volume covers
bone and joint disease.
The first chapter gives an excellent epidemiological

appraisal of the subject. There follow chapters on the two
giants, osteoarthrosis and rheumatoid arthritis, and then
three chapters on the rarer conditions of polymyalgia
rheumatica, temporal arteritis, crystal deposition diseases,

and the other connective tissue diseases. At this stage a
non-specialist reader may feel that he is beginning to be lost
in the small print, a feeling likely to be exacerbated by the
next chapter, which is a detailed analysis of the associations
between rheumatic diseases and cancer. After this
osteomalacia and osteoporosis are covered, and then there
are two chapters on drugs in rheumatic diseases. The last
four chapters of the book cover mobility, physiotherapy,
aids and appliances, and orthopaedic surgery.

I think the editor has done well with his selection of titles
but not always so well in editing his contributors' writings.
The meaning of some sentences is not clear. Misprints are
relatively frequent and legends on graphs and tables are
sometimes difficult to understand. Named diseases are well
covered in the index, as are drugs, but if one starts with a
symptom or abnormality the index is less helpful. For
example neither'calcinosis' nor'nodules' are indexed.

Despite these criticisms I would, on the whole, recom-
mend this book and feel that these small volumes, which can
be fairly rapidly produced and are therefore up to date, are
an effective way of spreading expertise in the manage-ment
of the older patient. C. REISNER
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