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dislocation was reduced and the wound sutured in lay-
ers with coated Vicryl 6-0 (polyglactin 910; Ethicon Inc., 
Somerville, New Jersey). Control sham operations were 
performed in which the patella was displaced laterally, 
excess synovial fluid removed and the patella relocated 
without cartilage drying. Rats were given buprenor-
phine (0.01 mg/kg) subcutaneously and then allowed 
unrestricted activities in standard cages. Rats were ran-
domly assigned to the experimental groups (four in each 
group) and were killed either immediately after surgery 
(week 0) or at four to eight weeks after surgery, and knee 
joints dissected. Rats were maintained under standard 
conditions of housing and husbandry. Procedures were 
approved by the Local Ethics Committee and performed 
under a United Kingdom Home Office licence in accor-
dance with the Animals (Scientific Procedures) Act, 1986 
(United Kingdom).
Imaging of in situ chondrocytes by confocal laser scanning 
microscopy (CLSM). Knee joints were cleaned of loose tis-
sue and incubated with 5-chloromethylfluorescein diace-
tate (CMFDA) and propidium iodide (PI) (one hour; both 
10 µM; Invitrogen, Paisley, United Kingdom) to label liv-
ing or dead cells, respectively.19,20 Fluorescently-labelled 
chondrocytes were imaged using a Zeiss Axioskop 
LSM510 (Carl Zeiss, Cambridge, United Kingdom) at 
low magnification (�10 dry; NA � 0.3) for chondrocyte 
density and viability, or with a high magnification dip-
ping-water lens (DW; �40 objective lens; NA � 1.2) for 
chondrocyte morphology and volume.19,21

Cartilage histology. Joints were decalcified and paraffin-
embedded, sectioned at 5 µm intervals and stained with 
haematoxylin and eosin (H&E) and toluidine blue using 
standard protocols.22 For each joint, cartilage thickness 
was assessed in three non-consecutive full-depth histologi-
cal sections, obtained 200 µm apart using Image J software 
(National Institutes of Health, Bethesda, Maryland), and 
the measurements averaged. Cartilage degeneration was 
assessed using the modified Mankin score in which carti-
lage structure, cellular appearance and intensity of matrix 
staining were assessed and scored.23,24 The changes to the 
joint-dried samples were very clear and could be observed 
with only low magnification of cartilage samples. Thus we 
felt that it would be obvious for even a �blinded� assessor 
to differentiate between sham and dried cartilage by naked 
eye (macroscopic) or by just checking the slides under the 
microscope even without doing any further analysis/scor-
ing. We therefore thought it would be more appropriate 
for the sham and dried cartilage to be scored by separate 
assessors. Accordingly, one assessor (NE) scored the sham-
operated cartilage samples, while a different researcher 
(SP) independently scored the cartilage-dried samples 
using the same criteria, and the results were then collated.
Chondrocyte properties - density, viability and volume. For 
measurements of chondrocyte viability and density, a 
region of interest (ROI) (921 � 921 � 50 µm) was created 
using Volocity 3D (version 5.4.1; Perkin Elmer, Llantrisant, 

United Kingdom). A semi-automated protocol was then 
used to identify CMFDA- (green) and PI- (red) labelled 
cells and nuclei based on size and relative intensity.19 
Live and dead cells were identified by voxel intensity and 
the percentage of cell death (PCD � 100 � number of 
PI-labelled cells/number of PI-labelled cells dead � num-
ber of CMFDA-labelled cells, respectively) assessed within 
the ROI. Chondrocyte density was determined as the 
total number of chondrocytes (i.e. CMFDA-labelled and 
PI-labelled) within the ROI to give chondrocyte  number/
mm3. In situ chondrocyte volume was determined from 
the CLSM images from a �40 DW objective using a 
measurement protocol on Imaris (BitplaneAG, Zurich, 
Switzerland) as previously described.21 Cell arrangement 
was assessed visually using �40 images and Imaris soft-
ware to identify cells organised as single cells, pairs, or 
clusters (� 3 cells in a group).
Data analysis and presentation. Data were compared 
between groups and time points using one- or two-
way ANOVAs, or Student�s unpaired t-tests, as appro-
priate. Statistical tests and graphs were prepared using 
GraphPad Prism (GraphPad Software, La Jolla, California). 
Data are shown as means and 95% CI for N(n), where the 
number of rats is given as (N) and the number of samples 
from each animal is given as (n).

Results
Response of animals to joint drying. Animal behaviour 
was monitored routinely throughout the experimental 
periods as required for Home Office regulations. Pain 
behavioural signs such as curling toes, eversion of the 
foot, non-weight bearing, guarding and avoiding con-
tact with the limb were observed following surgical 
procedures.25 These signs disappeared within 24 hours 
of surgery in both sham-operated animals and animals 
exposed to joint drying, with no obvious difference 
observed in recovery time after the surgical procedure. 
Animals were also closely monitored for wound healing 
and development of any inflammatory signs such as red-
ness, swelling, abnormal gait and reduced spontaneous 
activity.26 The healing process of the incision and the 
inflammatory response to surgery were similar between 
sham-operated and experimental groups. Prior to sacri-
fice of animals at the different experimental points, joints 
were carefully examined, and there was no evidence of 
ulcerations, tenderness, swelling or redness in any of the 
animals. Similarly, on opening the joints, careful exami-
nation of the joint�s soft tissues was performed and no 
gross pathological changes were observed in the mus-
cles, tendons, ligaments or menisci in the sham-operated 
or experimental animals.
Changes to cartilage following in vivo drying. Following 
visual inspection of exposed sham-operated joints, no 
macroscopic fibrillations were observed, however, in 
dried joints fibrillations were present in one of four joints 
following four weeks of recovery, and in three of four 
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joints following eight weeks of recovery from  surgery. 
On histological cartilage sections stained with H&E or 
with toluidine blue, sham controls showed no signs 
of degeneration or loss of surface congruity and were 
assessed with a modified Mankin score of 0 (Fig. 1(A)(a-c) 
and� 1(B)). However, degeneration was observed in all 
recovered joints at four and eight weeks with examples 
shown in Figure 1(A)(d-f). After four weeks, the cartilage 
surface appeared uneven and there was loss of superfi-
cial zone (SZ) structure and the presence of empty lacu-
nae, indicating chondrocyte loss. The modified Mankin 
score increased significantly to six (Fig. 1(B)). By eight 
weeks, the SZ had almost completely disappeared with 
additional loss of the mid zone (MZ), there were deep 
fibrillations, and there was a further significant increase 
in the modified Mankin score. No change to histologi-
cal grading of the sham controls was observed over the 
eight-week period (Fig. 1(A)(a-c)); p � 0.05 by ANOVA; 
data not shown).

There was a significant and progressive increase in car-
tilage thickness following the surgical procedure (Fig. 2). 
Thus at week four, thickness increased 1.6-fold, from 

week four to week eight it increased 1.3-fold, and there 
was a two-fold increase overall during the eight-week 
period (Fig. 2). There was no significant change to the 
cartilage thickness of the sham controls over this period 
(Fig. 2; p � 0.05 by ANOVA; data not shown).
Viability and density of in situ chondrocytes following car-
tilage drying in vivo. Drying cartilage had marked effects 
on the viability and density of chondrocytes (Fig. 3(A)). 
For the sham control, no PI-labelled chondrocytes were 
observed (Fig. 3A(a)), chondrocyte density was approxi-
mately 170 000 cells/mm3 (Fig. 3(B)) and the percent-
age cell death (PCD) was negligible (Fig. 3(C)). There 
was no significant change to cell density or PCD of the 
sham controls over this period (p � 0.05 by ANOVA; 
data not shown). In contrast, following cartilage dry-
ing, there were no CMFDA-labelled chondrocytes, and 
the chondrocytes were labelled with PI, indicating that 
all the cells were dead (Fig. 3(A)b). By week four, some 
CMFDA-labelled cells were observed (Fig. 3(A)c), how-
ever, their density had declined significantly (more than 
fourfold) to approximately 35 000 cells/mm3. By week 
eight, more CMFDA-labelled chondrocytes were evident  
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Histological sections of sham-operated or dried in vivo articular cartilage and changes to the modified Mankin score following recovery from surgery. (A) Car-
tilage sections were obtained from sham-operated or dried joints at weeks 0, 4 and 8, respectively, and stained for H&E, and toluidine. (Bar � 50µm). (B) The 
modified Mankin score in H&E and toluidine-stained cartilage sections using criteria described in Materials and Methods. Data are means � 95% confidence 
intervals for N(n) � 4(4). (Asterisks denote significance levels; *p � 0.05, **p � 0.01, ***p � 0.001).
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Fig. 2

Cartilage thickness following in vivo joint drying. Full-depth cartilage thick-
ness was determined microscopically on histological sections obtained from 
decalcified joints as described in Materials and Methods. Data are means and 
95% confidence intervals for N(n) � 8(12). (Asterisks denote significance lev-
els; *p � 0.05, **p � 0.01, ***p � 0.001).

(Fig. 3(A)d), with a 2.8-fold increase in cell density to 
approximately 110 000 cells/mm3 (Fig. 3(B)) although 
noticeably the PCD had not changed significantly over 
the same time period (Fig. 3(C)).
Effect of in vivo drying on the properties of in situ chon-
drocytes. Figure 4(A) shows axial images of fluorescently- 
labelled chondrocytes within the patellar groove in 
sham-operated (control) joints (Figs 4(A)(a-c)), and after 
eight weeks at either the non-fibrillated (Fig. 4(A)(d-f)) 
or fibrillated areas (Fig. 4(A)(g-i)). Chondrocyte volume 
and distribution appeared normal in cartilage of sham-
operated joints, however, at eight weeks there were sig-
nificantly fewer single chondrocytes but a significantly 
greater proportion of pairs and clusters (Fig.� 4(B)). 
Chondrocyte volume also appeared to be larger compared 
with the images obtained in the sham control. As noted 
in histological sections (Fig. 1(A)), the cartilage became 
fibrillated, and these areas were devoid of chondrocytes 
(Fig.�4(A)(g-i)). Note that despite the dye being present, 
no PI-labelled chondrocytes were observed. Chondrocyte 
volume within dried cartilage eight weeks after recovery 
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Changes to in situ chondrocyte viability and density following in vivo open joint drying. (A) Labelled in situ chondrocytes in cartilage explants from the patellar 
groove were imaged by CLSM (axial view) in sham controls (Sham), at the initial time point of the experiments (week 0), and then following surgical recovery 
after four or eight weeks. (Bar � 100 µm). (B) Cell density and (C) viability were assessed from CLSM images (see Methods). (Data are means and 95% confi-
dence intervals for N(n) � 9(13)). (Asterisks denote significance levels; *p � 0.05, **p � 0.01, ***p � 0.001).








