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Article focus
 � The drying of open living animal joints by 

laminar airflow subsequently causes del-
eterious changes to cartilage and in situ 
chondrocytes.

 � This leads to cartilage degeneration which 
has the characteristics of osteoarthritis (oa).

Key messages
 � properties of cartilage were studied by 

histology and modified Mankin score, 
and in situ fluorescently-labelled chon-
drocytes by confocal laser scanning 
microscopy (ClSM).

 � Some of the changes observed resembled 
the degeneration that occurs during early 
osteoarthritis.

 � The results strongly suggest that limiting 
cartilage drying by maintaining effective 
cartilage hydration is crucial so as to mini-
mise the damaging effect of laminar air-
flow on joint health.

Strengths and limitations
 � This is the first study demonstrating the 

effect of open joint drying by laminar air-
flow on the properties of cartilage and 
chondrocytes in an in vivo animal model.

Drying of open animal joints in vivo 
subsequently causes cartilage 
degeneration

Objectives
During open orthopaedic surgery, joints may be exposed to air, potentially leading to carti-
lage drying and chondrocyte death, however, the long-term effects of joint drying in vivo are 
poorly understood. We used an animal model to investigate the subsequent effects of joint 
drying on cartilage and chondrocytes.

Methods
The patellar groove of anaesthetised rats was exposed (sham-operated), or exposed and 
then subjected to laminar airflow (0.25m/s; 60 minutes) before wounds were sutured and 
animals recovered. Animals were monitored for up to eight weeks and then sacrificed. car-
tilage and chondrocyte properties were studied by histology and confocal microscopy, 
respectively.

Results
Joint drying caused extensive chondrocyte death within the superficial regions of carti-
lage. Histology of dried cartilage demonstrated a loss of surface integrity at four weeks, 
fibrillations at eight weeks, and an increased modified Mankin score (p < 0.001). carti-
lage thickness increased (p < 0.001), whereas chondrocyte density decreased at four weeks 
(p < 0.001), but then increased towards sham-operated levels (p < 0.01) at eight weeks. By 
week eight, chondrocyte pairing/clustering and cell volume increased (p < 0.05; p < 0.001, 
respectively).

Conclusions
These in vivo results demonstrated for the first time that as a result of laminar airflow, car-
tilage degeneration occurred which has characteristics similar to those seen in early osteo-
arthritis. Maintenance of adequate cartilage hydration during open orthopaedic surgery is 
therefore of paramount importance.

cite this article: Bone Joint Res 2016;5:137–144.

Keywords: cartilage; chondrocyte; osteoarthritis; drying; orthopaedic surgery

54.200BJR0010.1302/2046-3758.54.2000594
research-article2016

 � ReSeARCh

doi: 10.1302/2046-3758.54.2000594

Bone Joint Res 2016;5:137–144. 
Received: 9 October 2015;  
Accepted: 26 February 2016

S. I. Paterson,
N. M. eltawil,
A. h. R. W. Simpson,
A. K. Amin,
A. C. hall

University of Edinburgh, 
Edinburgh, United 
Kingdom

�� S. i. paterson, MSc, phD 
Student, Centre for integrative 
physiology, University of 
Edinburgh, Deanery of Biomedical 
Sciences, Hugh Robson Building, 
George Square, Edinburgh EH8 
9XD, UK.

�� N. M. Eltawil, BSc, phD, 
post-doctoral research assistant, 
Centre for integrative physiology, 
University of Edinburgh, Deanery 
of Biomedical Sciences, Hugh 
Robson Building, George Square, 
Edinburgh EH8 9XD, UK.

�� a. H. R. W. Simpson, 
Ma(Cantab), DM (oxon), 
FRCS(England & Edinburgh), 
George Harrison law professor of 
orthopaedic Surgery, Department 
of orthopaedics, Royal infirmary 
of Edinburgh, 51 little France 
Crescent, old Dalkeith Road, 
Edinburgh, EH16 4Sa, UK.

�� a. K. amin, MBChB, FRCS 
(Tr&orth), phD, Consultant 
Trauma and orthopaedic 
Surgeon, Department of 
orthopaedic and Trauma Surgery, 
University of Edinburgh, 51 little 
France Crescent, Edinburgh EH16 
4Sa, UK.

�� a. C. Hall, phD, BSc, Reader, 
Centre for integrative physiology, 
University of Edinburgh, Deanery 
of Biomedical Sciences, Hugh 
Robson Building, George Square, 
Edinburgh EH8 9XD, UK.

Correspondence should be sent to 
Dr a. Hall; email: a.hall@ed.ac.uk

mailto:a.hall@ed.ac.uk


138S. I. PaterSon, n. M. eltawIl, a. H. r. w. SIMPSon, a. K. aMIn, a. C. Hall

Bone & JoInt reSearCH 

 � The model cannot precisely mimic the changes occur-
ring during open human orthopaedic surgery.

 � Nevertheless, it is highly likely that the deleterious 
changes to cartilage and chondrocytes reported here 
may occur in human cartilage unless adequate carti-
lage hydration is maintained under laminar airflow.

Introduction
The effects of drying on articular cartilage are of relevance 
during commonly performed orthopaedic procedures 
such as the treatment of intra-articular fractures or uni-
compartmental joint arthroplasties. The majority of frac-
tures, especially those in larger joints such as the shoulder, 
elbow, hip, and knee, require open surgery for the resto-
ration of articular surface congruity. These procedures 
can be complex and lengthy, and the native articular car-
tilage is exposed to allow visual inspection and recon-
struction. in many orthopaedic theatres, the tissue is 
typically exposed to a constant laminar airflow of approx-
imately 0.4 m/s.1,2 articular cartilage is therefore at risk of 
drying unless regular irrigation is performed, however, 
there does not appear to be a defined protocol for carti-
lage irrigation and the tissue may be simply kept moist 
with saline-saturated gauze or irrigated at the surgeon’s 
discretion. There is a well-defined association between 
intra-articular fractures and secondary development of 
degenerative disorders within synovial joints.3 This raises 
the possibility that deleterious effects of articular cartilage 
drying during prolonged, complex surgery may decrease 
chondrocyte viability and potentially predispose the 
development of secondary osteoarthritis (oa).

Knee arthroplasty surgery for oa is now exclusively 
performed under laminar airflow and it is common prac-
tice to leave parts of the knee joint intact during surgery. 
For instance, during total knee arthroplasty (TKa) while 
the tibiotalar compartment is replaced, the patellar carti-
lage in the patellofemoral joint is often not resurfaced. 
Similarly, during partial knee arthroplasty the medial 
compartment of the knee joint is replaced but the lateral 
compartment and patellofemoral compartments are left 
intact. TKa surgery can last one to two hours and thus 
the native cartilage that is not replaced may be exposed 
to prolonged airflow. inferior outcomes following TKa 
have been attributed to patellofemoral pain,4 and follow-
ing partial knee arthroplasty to oa progression in the 
unresurfaced lateral compartment.5 post-operative prob-
lems associated with these procedures could be due to a 
variety of factors, including the possibility that cartilage 
drying from the exposure of these unresurfaced parts of 
the knee joint may have resulted in loss of chondrocyte 
viability and initiation, and progression of oa.

articular cartilage has a high water content (approxi-
mately 70% by weight) which increases in oa.6 in addi-
tion, the drying of cartilage in vitro changes the cartilage 
matrix and causes chondrocyte death. For example, 

Mitchell and Shepard7 reported changes to matrix con-
stituents and chondrocyte 3H-proline labelling of rabbit 
cartilage exposed to static air. after 60 minutes of drying, 
cartilage was ‘necrotic’ but the changes were prevented 
by Ringer’s lactate irrigating solution. Chondrocyte 
necrosis and histological changes to cartilage have also 
been described after exposure of rabbit knees to static air 
causing drying.8 interestingly, Speer et al9 noted that del-
eterious histochemical changes to rabbit cartilage follow-
ing short-term drying were reversible if cartilage was not 
exposed to mechanical load. pun et  al10 reported that 
chondrocyte death within human osteochondral explants 
correlated with length of exposure to (static) air and car-
tilage depth, and noted the particular sensitivity of super-
ficial zone (SZ) chondrocytes. von Keudell et  al11 
demonstrated that periodic re-wetting of cartilage in vitro 
with Ringer's lactate solution could limit SZ chondrocyte 
death. Recently, paterson et al12 reported that chondro-
cytes at the cut edge of bovine or human cartilage were 
more sensitive to drying by laminar airflow than those 
distant from the edge. in addition, whereas rehydration 
could restore the normal appearance of cartilage, the 
extent of chondrocyte death was unaltered.12

Chondrocyte death arising from cartilage drying is a 
particular concern as cell division is absent in healthy 
articular cartilage.13 The reduced cell number will place 
an increasing burden on matrix maintenance and turno-
ver by the remaining chondrocytes and there will be acel-
lular areas of cartilage which are effectively dead. articular 
cartilage has a very limited capacity for repair and the fibro- 
cartilaginous matrix produced is mechanically incompe-
tent.14,15 loss of SZ integrity is an early event in oa14 and 
thus maintenance of chondrocyte viability is crucial to 
prevent the oa cascade.16 previous work on cartilage 
explants exposed to air emphasised the sensitivity of chon-
drocytes to cartilage drying.12 However, the long-term 
behaviour of cartilage to laminar airflow in vivo has not, to 
our knowledge, been reported. The aim of this investiga-
tion was therefore to test the hypothesis that the drying of 
exposed living animal joints would subsequently lead to 
degenerative changes in articular cartilage.

Materials and Methods
Surgical procedures and in vivo cartilage drying - animals.  
a total of 24 male Sprague Dawley rats (eight weeks old) 
were anaesthetised (3% isoflurane) and the patella dis-
located laterally after medial parapatellar arthrotomy to 
expose the patellar groove.17 in preliminary experiments 
we observed that the amount of synovial fluid in opened 
joints between animals was variable and this appeared to 
influence the rate of cartilage drying and thus chondrocyte 
death. accordingly, to standardise the amount of syno-
vial fluid, excess synovial fluid was absorbed by gently 
swabbing with Melgisorb (Tendra 250600, Gothenburg, 
Sweden).18 The open joint was then exposed to lami-
nar airflow (0.25 m/s; 60 minutes) before the patellar 
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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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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).
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increased significantly (Fig. 5) compared with the sham 
controls at the same time point. However in samples from 
dried cartilage, there was no difference between the vol-
ume of chondrocytes at, or distant from, the fibrillations 
(1181 ± 256 vs 1379 ± 319 μm3, respectively; p > 0.05; 
N(n) = 4(1036); N(n) = 4(666), respectively).

Discussion
In vivo drying of an exposed animal joint several weeks 
following surgery had profound effects on the joint carti-
lage and its chondrocytes. While we did not observe any 
obvious external changes to the animals, histology and 
cartilage grading showed that degeneration was evident 
(Figs 1(a) and 1(B)). The thickness of cartilage (Fig. 2) 
dried during surgery and then subsequently studied after 
four or eight weeks increased significantly, and chondro-
cyte density decreased by approximately four fold at four 
weeks (Fig. 3). There was then a significant increase at 
eight weeks, but cell density was still less than that for 
sham-operated joints (Fig. 3(B)). in addition, by week 8, 
the extent of chondrocyte pairing/clustering (Fig. 4(B)) 
and cell volume (Fig. 5) increased significantly. These 
results highlighted the damaging effect of laminar airflow 
and raise questions as to why joint drying had such a 
marked effect on cartilage and chondrocytes.

Swabbing the open joint to remove excess synovial 
fluid was performed in an attempt to limit variability and 
standardise the experimental conditions. However, this 
procedure would not occur during orthopaedic surgery 
and instead any protective properties of synovial fluid 
could be washed away by irrigating saline, potentially 
increasing the sensitivity of the cartilage and chondro-
cytes to subsequent drying. it is also important to note 
that the whole open joint was exposed to laminar airflow 

and it was not possible for this to be focused solely on the 
cartilage. Thus, neighbouring tissues (synovium, ten-
dons, ligaments) would also have dried, perhaps in a way 
similar to that which occurs during orthopaedic surgery. 
However, we do not know if this had a permanent effect 
and influenced overall joint function, and cartilage prop-
erties in particular. While it is possible that these tissues 
may be capable of some repair and replacement of dead 
cells, this would not be the case for articular cartilage 
which has poor repair potential.14,15,27 However, the ani-
mals were monitored throughout, and no abnormal gait, 
external joint swelling or inflammation was observed. 
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additionally, during joint dissection, we did not observe 
any macroscopic deleterious changes to the soft tissues 
surrounding the joints or any evidence of inflammation. 
it may be that the whole exposed area was dried and 
damaged, but that the soft tissues recovered whereas the 
cartilage did not. Therefore it is possible that cartilage 
was the most sensitive tissue and that the other tissues 
were protected against the damaging effect of airflow, 
perhaps by their vascularised nature.

The data on chondrocyte density showed an initial 
decrease followed by a rise (Fig. 3(B)), whereas the results 
on chondrocyte viability showed no change over the 
same time course (Fig. 3(C)). This might be because the 
remains of dead chondrocytes were removed, e.g. by 
autophagy,28 and thus there was little labelled cellular 
debris. additionally, enzymes in serum can degrade 
nucleic acids and the remains of any dead cells would be 
removed, also leading to a lack of DNa labelling by pi.29 
Thus, the data on chondrocyte viability and density reflect 
the presence of viable chondrocytes, and any dead chon-
drocytes may not have been observed if no DNa material 
remained. it should also be noted that as these were axial 
ClSM images, it is possible that the reduced cell density 
at four weeks was due to the loss of chondrocytes within 
the SZ (Fig. 1(a)(e)). However, at eight weeks this zone 
may have disappeared (see Fig. 1(a)(f)) and chondro-
cytes in the mid zone were now near the damaged carti-
lage surface and would be imaged resulting in the 
increase in chondrocyte density.

it has been proposed that injuries causing chondro-
cyte death may stimulate the emergence and homing of 
chondrogenic progenitor cells (CpCs).30 We do not know 
what contribution to cartilage repair, if any, would be 
made by these cells following the death of chondrocytes 
by drying and the release of any ‘alarmins’.31 However, it 
is likely that as CpCs are located principally in the superfi-
cial zone,32 and since cells in this region are particularly 
sensitive to drying,12 the CpCs would be vulnerable. it is 
also possible that the rate of cartilage failure was too 
rapid for CpCs to play any effective role in repair.

Cartilage degeneration, as occurs in oa, is complex 
and results from risk factors such as age, genetic predis-
position, obesity, anatomical abnormalities and excessive 
load or joint injury.14 The changes to cartilage and chon-
drocytes following in vivo drying reported here are, in 
some respects, similar to early oa. our overall assess-
ment of cartilage properties showed an increase in the 
modified Mankin score (Fig. 1(B)), which is characteristic 
of oa development.33 in addition, cartilage thickening 
and swelling (Fig. 2), chondrocyte loss followed by an 
increase in cell numbers (Fig. 3B), chondrocyte clustering 
(Fig. 4(B)) and increased chondrocyte volume (Fig. 5) 
were observed, and are all similar to the changes in 
oa.23,34-36 Cartilage swelling from damage to the colla-
gen network leading to further water imbibition and 
over-hydration, is dramatic in early human femoral head 

oa where cartilage wet weight to dry weight increases by 
approximately 60%37 and this may markedly reduce 
load-bearing capacity.38 at four weeks, there was an ini-
tial decline in chondrocyte viability and density (Fig. 3(B)), 
but by eight weeks density had increased (Fig. 3(B)), with 
pairs and clusters and groups of cells being observed 
(Fig. 4(B)). This increase in chondrocyte death followed 
by a hyper-cellular response has also been reported dur-
ing oa development where it may be present as part of a 
‘repair’ response.23 Nonetheless, caution should be exer-
cised when extrapolating these results to the situation 
that might occur during or after open orthopaedic sur-
gery in humans. The effects we observed were very 
rapid compared with the time course of human oa 
development.14 Furthermore, the drying effect might be 
more marked because animal cartilage is thinner 
(200 μm to 400 μm) than human cartilage by an order 
of magnitude.6

at present, it is unknown how in vivo joint drying sub-
sequently leads to these deleterious effects. Cartilage dry-
ing could cause chondrocyte damage or death, 
irreparable damage to the extracellular matrix, or a com-
bination of these factors. The injury or death of chondro-
cytes is implicated in oa development.39,40 This could 
result in an increased release of degradative enzymes 
leading to cartilage breakdown,41 and/or the develop-
ment of cartilage areas which are effectively dead, inevi-
tably leading to matrix weakening or loss.42 alternatively, 
drying could cause damage to matrix proteins, leading to 
surface roughness43 or glycosaminoglycan (GaG) deple-
tion.9 While there is very little information on the effects 
of drying on matrix proteins and its recovery following 
rehydration, chondrocyte loss may ultimately lead to car-
tilage failure. Simon et  al,44 investigating the effects of 
localised freezing on in vivo rabbit cartilage, reported that 
at six months the cartilage was apparently intact, but 
there were no stainable chondrocytes. However, at 12 
months there was cartilage softening and fibrillations 
with chondrocyte clustering and other features resem-
bling oa. While this does not rule out a role for freezing 
damage to the cartilage matrix, the injury is more focused 
than drying and suggests that chondrocyte death is 
important. it is firmly established that chondrocyte death, 
whether by apoptosis, necrosis, autophagy,45 chondrop-
tosis,46 or a combination of these processes,28 is a crucial 
element in the process of cartilage degeneration. What is 
less clear is whether chondrocyte death precedes carti-
lage failure or is a consequence of it.

in summary, drying an exposed animal joint in vivo by 
laminar airflow leads to marked changes in cartilage and 
chondrocyte properties, the characteristics of which 
show some similarities to early oa. While the sequence of 
events following drying and its effects on cartilage integ-
rity and chondrocyte viability are unclear, the results 
emphasise the critical importance of maintaining carti-
lage hydration during surgery.12
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