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Abstract

The cellular mechanisms by which articular cartilage 
responds to load are poorly understood, but such responses 
may involve regulation at the level of protein translation 
rather than synthesis of mRNA. We investigated the 
role of translational control in cyclically (0.5 Hz, 0.1 
Hz and 0.05 Hz) and statically loaded porcine articular 
cartilage explants. Messenger RNA was extracted for 
real time polymerase chain reaction (RT-PCR) and newly 
synthesised proteins were measured by their incorporation 
of radiolabelled 35S[methionine/cysteine] or 35SO4. 
Some medium from loaded and unloaded explants was 
immunoblotted for type II collagen, CTGF and TIMP3. The 
pathways that control protein translation were investigated 
by immunoblotting explant lysates for PKR, PERK (PKR 
like endoplasmic reticulum kinase), eIF2a (eukaryotic 
initiation factor 2a), eEFs (eukaryotic elongation factors), 
and AMP-dependent kinase. Explants were also loaded in 
the presence of inhibitors of PKR, the fi broblast growth 
factor (FGF) receptor and PI3 kinase. Cyclic loading 
caused complete global translational arrest as evidenced 
by a total suppression of new protein synthesis whilst 
maintaining mRNA levels. Translational arrest did not 
occur following static loading and was partly dependent 
upon the load frequency. There was a rebound increase in 
protein synthesis when labelling was performed after load 
had been withdrawn. Phosphorylation of PKR occurred 
in explants following cyclic load and inhibition of PKR 
modestly reversed suppression of newly synthesised 
proteins suggesting that PKR, at least in part, was 
responsible for loading induced translational arrest. These 
results show that translational control provides a rapid 
and potentially important mechanism for controlling the 
synthetic responses of articular chondrocytes in response 
to different types of mechanical load.
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Introduction

The importance of mechanical factors in controlling 
the functions of articular chondrocytes is undisputed. 
Mechanical factors contribute to the development of OA: 
joints that are immobilised appear protected from OA 
(Stecher and Karnosh, 1947; Etherington and Spector, 
1995), repeated overuse of specifi c joints predisposes 
to degenerative disease (coal miners’ back, foundry 
workers’ elbow), and injury that results in destabilisation 
of the joint, and which presumably leads to abnormal 
shear in the joint is a strong risk factor for premature 
disease (Lohmander et al., 2007). On the other hand, 
physiological joint loading may protect articular cartilage; 
increased exercise in middle aged men leads to an increase 
in sulphated proteoglycan in the joint as assessed by an 
increase in hydration of the matrix by MRI (Buschmann 
et al., 1999), and patients who lose the ability to weight 
bear, rapidly lose cartilage volume (Vanwanseele et al., 
2002). The cellular mechanotransducers that mediate 
cellular responses to loading are not fully characterised, 
but might involve integrins (Millward-Sadler et al., 1999; 
Lee et al., 2002), ion channels (Lee et al., 2000; Wu and 
Chen, 2000), intracellular calcium signalling (Roberts 
et al., 2001; Valhmu and Raia, 2002), TGFb (Neu et al., 
2007) and pericellular FGF2 (Vincent et al., 2002; Vincent 
et al., 2004; Vincent et al., 2007).
 Chondrocyte responses to mechanostimulation in vitro 
have been studied for several decades. Such experiments 
have been performed on cartilage explants, as well as 
isolated chondrocytes encapsulated within an artifi cial 
matrix. A number of cellular outcomes have been measured 
including synthesis of matrix proteins such as aggrecan 
and type II collagen, metabolic labelling of secreted and 
cellular proteins, catabolic activation assessed by release 
of glycosaminoglycan (GAG), and gene induction of 
candidate regulatory molecules in cartilage such as 
tissue inhibitors of metalloproteinase (TIMP) and matrix 
metalloproteinases (MMPs). Mechanical regulation of 
matrix synthesis in articular cartilage is perhaps the most 
studied, but the publications in this fi eld are at times 
contradictory, suggesting that control is complex. The 
concept that cyclic mechanical stimulation of articular 
cartilage promotes synthesis of matrix proteins (Korver et 
al., 1992; van Kampen et al., 1994; Lee et al., 2003) and 
static stimulation leads to suppression of these molecules 
(Gray et al., 1988; Burton-Wurster et al., 1993) does 
not always hold true (Gray et al., 1989; Steinmeyer and 
Knue, 1997; Fehrenbacher et al., 2003; Ackermann and 
Steinmeyer, 2005). It is apparent, from close scrutiny 
of these papers, that control of anabolic cell processes 
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is dependent upon other complex variables such as the 
frequency of cyclic load (Larsson et al., 1991; Kim et 
al., 1994; Parkkinen et al., 1992; Parkkinen et al., 1993; 
Valhmu et al., 1998; Buschmann et al., 1999; Sauerland 
et al., 2003; Sah et al., 1989), the amplitude and duration 
of the load (Wong et al., 1999; Bachrach et al., 1995), 
the nature of the force i.e. compressive versus shear 
(Fitzgerald et al., 2006; Neu et al., 2007) and, probably, 
the age and derivation of tissue in which the experiment 
is performed. The loading regimes range widely in the 
published papers and interpretation of some of these studies 
is also complicated by the fact that some have studied gene 
expression at mRNA level, whilst others the protein. One 
element that does emerge from many of these papers is 
that where regulation is seen, response rates are often very 
rapid leading to speculation that mechanical loading may 
control cellular responses at the level of protein translation 
or by post translational mechanisms.
 Whilst investigating the control of secretion of 
chondrocyte proteins by mechanical loading, we chanced 
upon the observation that cyclic loads led to global 
translational arrest. Our aim was to characterise this 
phenomenon in more detail and to investigate the signalling 
pathways that might control it. 

Materials and Methods

Tissue and reagents
Porcine articular cartilage explants (6 mm diameter, by 
2.5 mm ±0.2 mm) were removed by punch biopsy from 
the femoral condyles of 6-9 month old animals and rested 
overnight in serum free Dulbecco’s Minimal Essential 
Medium (DMEM) (supplemented with penicillin and 
streptomycin). 35S[methionine/cysteine] ([met/cys]) and 
35SO4 was obtained from Amersham, Pharmacia Biotech 
(Amersham, UK). Antibodies to TIMP3, PKR, eIF2a, 
eEF2, S6 ribosomal protein, p70 S6 kinase, eIF4E, PERK, 
AMP-dependent kinase including their phosphorylated 
forms were purchased from Cell Signalling Technology 
(Beverly, MA, USA). CTGF antibodies were from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Secondary 
antibodies were from Dako (Ely, UK). Type II collagen 
antibody was kindly provided by Professor Vic Duance, 
University of Cardiff, UK. Inhibitors to PKR (527450, 1 
μM), PI3K (Ly 294002, 20 μM) were from Calbiochem/
Merck (Nottingham, UK), and FGFR (SB402451, 250nM) 
was synthesised following published protocols (Hamby et 
al., 1997). rFGF2 was purchased from Peprotech (London, 
UK). Human IL-1β was expressed in E. coli and the 
recombinant protein was purifi ed in house as previously 
described (Bird and Saklatvala, 1990). Aliquots of IL-1β 
were stored in phosphate buffered saline (PBS) at -20 °C.

Loading of cartilage explants
Cartilage explants were placed between two polyethylene 
frits, then loaded (0.2 MPa) (unconfi ned) in serum free 
medium either cyclically (0.5, 0.1 or 0.05 Hz) or by 
static compression for between 15 min and 5 h. Loading 
was performed in a pneumatically driven loading rig as 

described previously (Vincent et al., 2007) on a square 
waveform with slowed ramp speed to produce a sinusoidal-
like waveform. 0.2 MPa loads resulted in a maximum 
measured strain (by a Draper external micrometer) of 5.7 
% over 4 h. The loading rod was in contact with the tissue 
at the start of the experiment in order to minimise impact. 
Control (non-loaded) explants were placed between 
polyethylene frits and cultured adjacent to loaded samples.

Extraction of mRNA from cartilage explants
Explants were loaded or left unloaded for 4 h then snap 
frozen and pulverised. For RNA extraction duplicate 
explants were pooled. mRNA was extracted and purifi ed 
from explants using Qiagen (Hilden, Germany) RNeasy 
Kit according to the manufacturer’s instructions. 1 μg of 
RNA was reverse transcribed into cDNA in a 20 μl reaction 
containing 1 μl of random primers (Invitrogen, Paisley, UK;  
48190-011, 3 μg/μL), 1 μL of dNTP (Invitrogen 18427-
088, 10 mM), 4 μL of 5X First-Strand buffer (Invitrogen 
18064-014, SuperScript II kit), 2 μL of dithiothreitol (DTT) 
(Invitrogen, 0.1 M), 1 μL of RNase inhibitor (Promega, 
Southampton, UK; N2615), 1 μL of SuperScript II reverse 
transcriptase (Invitrogen 18064-014, 200 units) and 10 μL 
of RNase-free water (Qiagen RNeasy Kit) in a thermal 
cycler. The resulting cDNA was then amplifi ed using real 
time PCR with SYBR Green PCR Master Mix (Applied 
Biosystems/Life Technologies, Foster City, CA, USA) and 
specifi c forward and reverse primers (Table 1).

Metabolic labelling of articular cartilage explants
One hour prior to loading, explants were washed into 
methionine/cysteine-free medium. 35S [met/cys] (50 μCi) 
was added to fresh medium (500 μL) 30 min following 
initiation of loading, or was added to the explant culture 
after loading had been completed (in fresh medium). Where 
explants were stimulated with IL-1 (10 ng/mL), cytokine 

Table 1. Primers used in the present study.

Aggrecan
Forward: -5’- CCA GAA TCT AGC AGG GAG TCA TC-3’
Reverse: -5’-AGG CGA GGT GGC TTC AGT C-3’

Collagen II
Forward: -5’-CCA TCT GGC TTC CAG GGA C-3’
Reverse: -5’- CC ACG AGG CC AGG AGC T-3’

GAPDH
Forward: -5’- GAT CGA GTT GG GGC TGT GAC T-3’
Reverse: -5’- ACA TGG CCT CCA AGG AGT AAG A-3’

MMP3
Forward: 5’-CTT ACA GAC CTG GCT CGG TT-3’
Reverse: 5’-TAT ACT TGA AGG AAG AGG TG-3’

TIMP1
Forward: 5’-CTG CGG ATA CTT CCA CAG GT-3’
Reverse: 5’ CAA AAC TGC AGG TGG TGA TG-3’
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was added at the time of initiation of loading. Labelling was 
performed for a minimum of 4 h. Appropriate non-loaded 
controls were labelled in the presence of the polyethylene 
frits and were placed in the incubator adjacent to loaded 
samples. Medium was removed and explants extracted 
using a dissociative lysis buffer. Proteins were run on 
NuPage 4-12 % Tris/Gly gradient gels (Invitrogen) under 
reduced conditions, dried and silver stained. Newly 
synthesised proteins were visualised by autoradiography. 
Some explants were stimulated with rFGF2 (50 ng/mL) 
prior to labelling. Where the effect of an inhibitor was 
being assessed, the explant was pre-incubated with the 
inhibitor for at least 12 h prior to loading (to ensure full 
equilibration). Fresh inhibitor was added with each change 
of medium.
 For 35SO4 incorporation, explants were loaded as 
above, but incubated with 25 μCi/mL 35SO4. Explants and 
media were separately digested (2 h, 65 °C) in 0.25 mL 
of 25 μg/mL papain in 0.05 M sodium phosphate, 1 mM 
EDTA, 2 mM N-acetylcysteine. Glycosaminoglycans were 
precipitated with 10 % cetyl pyridinium chloride (CPC) 
and washed three times with 3 % CPC. The pellets were 
dissolved in formic acid, mixed with 3 mL scintillant and 
counted in a liquid scintillation counter.

Immunoblotting for secreted proteins
To verify the suppression of protein synthesis with 
cyclic loading, samples of explant media from loaded 
and non-loaded explants were immunoblotted for known 
constitutively secreted chondrocyte proteins (type 
II collagen, connective tissue growth factor (CTGF) 
and tissue inhibitor of metalloproteinase 3, (TIMP3)). 
Explants were loaded as before and medium collected for 
4 h either during the loading cycle or following cessation 
of loading. Medium collection was commenced 30 min 
after loading in order to allow protein that was already 
translated and destined for cellular secretion to be exported 
and discarded. Medium was concentrated by acetone 
precipitation (400 μL of acetone per 100 μL of medium), 
dried, then solubilised with sodium dodecyl sulphate 
(SDS) sample buffer. Proteins were resolved by 8 % SDS-
polyacrylamide gel electrophoresis (PAGE), transferred 
onto polyvinylidenefl uoride (PVDF), then immunoblotted 
with anti collagen, anti CTGF or anti TIMP3 antibodies 
(all at 1:1000). Bands were visualised by enhanced 
chemiluminescence (ECL). For protein quantifi cation, 
autoradiographs were scanned at a resolution of 600 
dpi and protein bands were quantifi ed by Quantity One 
software from Bio-Rad  (Hemel Hempstead, UK). A paired 
t-test was performed to detect signifi cant differences in 
the PKR inhibitor-treated samples, as well as the degree 
of translational arrest with changes in loading frequency.

Immunoblotting for intracellular signalling proteins
Four explants were loaded for each time point, ranging 
from 2 min to 4 h. Explants were lysed in a dissociative 
buffer containing protease, and phosphatase inhibitors. 
Lysates were mixed with sample buffer, containing DTT 
(10 mmol), concentrated by acetone precipitation as 
above, and run on 12 % SDS-PAGE. Immunoblotting was 
performed as for type II collagen (above).

Results

Cyclic loading of articular cartilage explants results 
in global suppression of protein synthesis
The response of articular chondrocytes to cyclic loading was 
investigated through metabolic labelling whereby newly 
synthesised proteins are visualised by autoradiography 
through their incorporation of 35S[met/cys]. Articular 
cartilage explants were cyclically loaded (L) (0.2 MPa, 
0.5 Hz) or non-loaded (C) and newly synthesised proteins 
assessed by the incorporation of 35S[met/cys] into cellular 
and secreted proteins. (Fig. 1A). Several secreted proteins 
were seen in the non-loaded explants which have been 
identifi ed previously (Vincent et al., 2002). These included 
prominent bands at 150-190 kDa, which include type II 
collagen, a strong band at around 39 kDa (osteonectin, also 
known as SPARC), and a strong band below this which is 
the C-pro peptide of type II collagen. Loaded patterns were 
characterised by complete absence of secreted and cellular 
(Fig. 1A, Loaded) newly synthesised protein. Owing to 
the unexpected nature of this result, the experiment was 
repeated several times. In total we performed 12 labelling 
experiments, each one with experimental replicates (i.e., 2 
loaded and 2 unloaded samples). Complete suppression of 
new protein synthesis was seen in 11 out of 12 experiments. 
A partial response was seen in one experiment.
 IL-1 is a known strong catabolic stimulus and induces a 
number of newly synthesised proteins that can be detected 
by metabolic labelling including MMPs, TIMP1, gp38 and 
serum amyloid A (Vincent et al., 2002). Cartilage explants 
were stimulated with IL-1 in the presence or absence of 
cyclic loading to see whether strong cytokine stimulation 
was able to overcome the cellular arrest of protein 
translation. IL-1 changed the pattern of secreted proteins 
consistent with what we have published previously. This 
pattern was completely suppressed when stimulation was 
performed at the same time as cyclic loading (Fig. 1B).
 We also performed a similar experiment where we 
labelled loaded cartilage explants with 35[SO4] to detect 
newly synthesised proteoglycan. In accordance with the 
complete suppression of all newly synthesised proteins, 
we found that loading strongly suppressed incorporation 
of SO4 into matrix proteins (Fig. 1C), representative of 
3 similar experiments). IL-1, which characteristically 
partially suppresses proteoglycan synthesis, is shown as 
a control (Fig. 1C, IL-1).
 One possibility was that cyclic loading was preventing 
the diffusion of radiolabel into the explant. We checked that 
cyclic loading did not interfere negatively with diffusion 
into the explant by examining the diffusion of Safranin 
O in loaded or non-loaded explants. Far from preventing 
diffusion through the explant, loading positively increased 
the diffusion of Safranin O in loaded compared to non-
loaded explants (data not shown).
 To support further our observation, we also 
immunoblotted a selection of known constitutively 
secreted chondrocyte proteins: CTGF, TIMP3 and type 
II collagen. Cyclic load caused complete suppression of 
CTGF protein secretion during a 4 h cyclic load compared 
to non-loaded explants (Fig. 1D, CTGF). This experiment 
was representative of a total of 5 separate experiments. Two 
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of the western blots from the aforementioned experiments 
were stripped and re-probed for TIMP3 (Fig. 1D, TIMP3). 
Type II collagen was also detected in the medium of non-
loaded explants, and was completely suppressed when 
explants were loaded. This result is representative of a 
further 4 experiments.

Cyclic load does not suppress gene transcription
We next examined whether suppression of protein synthesis 
upon loading was due to suppression of transcription. 
mRNA was extracted from explants which had been either 
rested or cyclically loaded for 4 h as above. RT-PCR was 
performed for a number of chondrocyte genes including 
type II collagen, aggrecan, MMP3, tissue inhibitor of 
metalloproteinase (TIMP)-1, and the house keeping gene 
GAPDH (Fig. 2). Whilst modest changes in the fold change 

were seen, these did not reach statistical signifi cance, and 
the suppression of protein synthesis could not be accounted 
for by suppression of gene transcription. This indicated that 
suppression of protein production was most likely due to 
translational arrest.

A rebound increase in protein synthesis is seen in 
loaded explants when load is withdrawn
To exclude the possibility that loading had caused 
irreversible chondrocyte injury, some explants were loaded 
for 4.5 h as above, rested overnight, then labelled the 
following day for 4 h with 35S [met/cys] as before. Fig. 
3A shows that when labelling was performed following 
(as opposed to during) loading, there was a rebound 
increase in protein synthesis in both the cellular and 
secreted fractions (Fig. 3A, OL). Global protein synthesis 

Fig. 1. Cyclic mechanical load of articular cartilage causes global suppression of protein synthesis. Articular 
cartilage explants were rested in serum free medium overnight then washed into methionine/cysteine free medium for 
1 h. Explants were either loaded cyclically (0.5 Hz, L), or left unloaded (c) for 30 min. Medium was exchanged and 
35S[met/cys] was added. Loading continued for 4 h after which the medium was removed and explants lysed. Media 
and lysates were resolved by SDS-PAGE, gels dried and newly synthesised proteins visualised by autoradiography 
(A). Some explants were loaded and labelled as above whilst stimulated simultaneously with IL1 (10 ng/mL) (L+IL1) 
(B). Some explants were loaded as above but in the presence of 35SO4 to measure newly synthesised proteoglycan. 
IL-1 is shown as a control (C). n = 3, statistical signifi cance by non-paired t-test is shown. Media from loaded and 
unloaded explants (4 h) were immunoblotted for selected proteins, CTGF, TIMP3 and Collagen II (D).
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recovered and there was selective super-induction of some 
of the secreted proteins. Those bands which were stronger 
in the off-loading pattern (OL)  included those below 191 
kDa (this region contains type II collagen, fi bronectin 
and some complement components (Hermansson et al., 
2004)), MMPs (in the region of the 51 kDa marker) and 
TIMP1 (the smear below the prominent C-propeptide 
band of type II collagen at 28 kDa). This is consistent with 
our previous observation (Vincent et al., 2004). In order 
to determine how quickly the chondrocytes recovered 
after a period of loading, a series of similar experiments 
were performed where the interval following loading was 
shortened. In these experiments, rather than performing 
metabolic labelling, we studied the secretion of type 
II collagen into the medium by western blot. Cartilage 
explants were loaded for either 15, 30 or 60 min then 
medium was collected during the last 2 h of a 2 h, 4 h, 6 
h or overnight (O/N) rest period. Medium samples were 
immunoblotted for type II collagen. This demonstrated that 
an overnight recovery period (approximately 15 h) was 
necessary to see resumption of protein synthesis and that 
this was irrespective of how long the cartilage was loaded 
for (15, 30 or 60 min) (Fig. 3B). There did not appear to 
be a super-induction of type II collagen in the off-loading 
period by Western blot.

Cyclic but not static loads cause translational arrest 
and is frequency dependent
We next investigated whether translational arrest was 
induced by static as well as cyclic loads at varying 

frequencies. Such experiments revealed that high 
frequency cyclic loads (0.5 Hz, 1:1) were the most potent 
at suppressing protein synthesis, whilst static compression 
(SL) showed no suppression at all, and resembled the rested 
explants (Fig.4A). In the case of cyclic loads at 0.1 (1:9) 
Hz, an intermediate response was observed (Fig. 4B). The 
combined results of 6 experiments were quantifi ed and are 
shown in Fig. 4C. These results demonstrate that loading 
at 0.1 Hz was consistently less effective at suppressing 
protein secretion compared to loads at 0.5 Hz. Even though 
translational arrest was to some extent frequency of load 
dependent, the load frequency did not appear to have a 
linear relationship with the degree of translational arrest 
(loading at 0.05 Hz looked similar to 0.1 Hz, Fig. 4B). The 
fact that translational arrest was not stimulated by static 
loading perhaps suggests that the cell is responding to the 
‘release’ phase of the individual load cycle rather than the 
‘compression’ phase.

Translational arrest is not mediated by FGF2 
activation but is partially PKR dependent
Previously, we have demonstrated that there is an FGF-
dependent activation of the extracellularly regulated kinase 
(ERK) upon cyclic loading of articular chondrocytes 
(Vincent et al., 2004). We asked whether mechanical 
arrest was mediated through FGF receptor tyrosine kinase 
activation. Cartilage explants were rested overnight in the 
FGFR inhibitor, SB4024541 (250 nM), which blocks FGF 
signalling by binding to the intracellular ATP binding site 
of the receptor. Explants were either loaded or rested in the 

Fig. 2. mRNA levels of selected matrix genes following cyclic loading of cartilage explants. mRNA was extracted 
from loaded and non-loaded explants (2 explants per analysis) and RT-PCR performed. Data for 4 chondrocyte genes 
are shown and expressed as the fold change relative to GAPDH. n = 4, NS= non-signifi cant by non-paired t-test .
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presence or absence of the inhibitor (FGFRi). Inhibition 
of FGF signalling had no effect on the translational arrest 
following cyclic loading (Figure 5(A)). SB402451 was 
shown to be effective in this explant system as it was 
able to inhibit ERK activation upon loading and rFGF2 
stimulation (data not shown).
 Protein translation requires three principal steps 
involving a number of eukaryotic initiation (eIF) and 
elongation (eEF) factors (reviewed in (Proud, 2007)). The 
initial step involves recruitment of Met-tRNAi (initiator) to 
the 40S ribosome. This step involves eIF2a and is followed 
by an eIF4E-dependent recruitment of the ribosome to 
the mRNA. Finally the strand is elongated, a process 

which requires various eEFs. These eukaryotic factors are 
phosphorylated by cellular kinases which either promote 
cellular translation (phosphorylated eIF4E) or suppress 
it (phosphorylated eIF2a and eEFs). Well described pro-
translation pathways include one involving the mammalian 
target of Rapamycin (mTOR) pathway which is activated 
by PI3kinase and leads to phosphorylation of p70 S6 
kinase and its substrate the S6 ribosomal protein. There 
are a number of pathways that result in global translational 
arrest. Of these, the best described include PKR and 
AMP-dependent kinase (for reviews see Williams, 2001 
and Hardie, 2007). We studied whether translational arrest 
could be inhibited by a well validated inhibitor of PKR 

Fig. 3. Overnight off-loading results in rebound protein synthesis. Cartilage explants were loaded as before, but 
after 4 h of loading explants were rested for approximately 15 h i.e. off-loaded (OL). The explants were then exchanged 
into met/cys free medium and labelled with 35S[met/cys] for 4 h. Cellular and secreted proteins were resolved and 
visualised as before (A). To assess the duration of rest required to initiate a recovery in protein synthesis, cartilage 
explants were loaded for 15, 30 or 60 min (L15, 30, 60) then rested for varying periods from 2 h to overnight (15 h). 
Medium was collected from the last 2 h of each period and run on 4-12 % SDS-PAGE. Gels were transferred and 
western blotted with an anti-type II collagen antibody (1:1000) (B).

Fig. 4. Translational arrest is frequency of load dependent. Cartilage explants were either rested (c), statically loaded 
(SL) or cyclically loaded, 0.5 Hz (L) for 4.5 h. Medium collected for the last 4 h of loading and was western blotted 
for type II collagen as above (Fig. 3B) (A). A similar experiment was performed, but cyclical loading was varied so 
as to produce either 0.5 Hz, 0.1 Hz or 0.05 Hz cyclic loading over 4.5 h (B). Protein bands from 6 experiments were 
quantifi ed and are shown in (C). Differences between 0.5 Hz loading and 0.1 Hz loading compared to non-loaded 
explants are shown. Signifi cance is by non paired t-test.
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(Jammi et al., 2003), and also tested whether the PI3K 
inhibitor Ly294002, was able to induce translational arrest 
in chondrocytes. Explants were pre-incubated with the 
relevant inhibitor and metabolically labelled as before. 
No change in the pattern of newly synthesised protein was 
apparent in the rested or loaded explants in the presence 
of the Ly inhibitor suggesting that blocking this pathway 
in isolation was insuffi cient to induce translational arrest 
in chondrocytes. When explants were pre-incubated with 
the PKR inhibitor (at a dose which inhibited DTT-induced 
PKR phosphorylation (not shown)), there was a subtle 

increase in the pattern of newly synthesised proteins, seen 
in the cellular, but not secreted, fractions (Fig. 5B, L+PKRi, 
cellular). To verify whether this was a real effect, 3 separate 
experiments were performed in which type II collagen was 
immunoblotted from the medium of loaded, or non-loaded, 
explants in the presence of the PKR inhibitor or its vehicle 
control (DMSO 0.001 %). Fig. 5C shows a representative 
western blot, and the quantifi ed bands from the three 
experiments. They confi rm a subtle increase in collagen 
secretion when loading was performed in the presence of 
the PKR inhibitor (1 μM). No response was seen at 0.1 μM, 

Fig. 5. Loading-induced translational arrest is partially dependent upon PKR, but not PI3 kinase or FGFR 
activation. Explants were pre-incubated with the FGFR inhibitor, SB402451 (100 nM), or vehicle (0.1 % DMSO), 
then either stimulated with rFGF2 (50 ng/mL) or were cyclically loaded (0.5 Hz) as above (L). Metabolic labelling 
was performed as above and secreted and cellular proteins viewed by autoradiography (A). Also, explants were 
pre-incubated with either the PI3 kinase inhibitor, Ly (1 μM), or with the PKRi (1 μM) then loaded and labelled as 
above (B). Additionally, 3 further experiments were also performed in the presence of the PKR inhibitor (1 or 0.1 
μM) or vehicle (veh), but media were western blotted for type II collagen. The bands were quantifi ed and statistical 
signifi cance determined by a non paired t-test (C). A representative western blot is also shown. NL – non-loaded, 
L – loaded.
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nor at 10 μM, although the latter was deemed to be toxic 
as the explants failed to recover protein synthesis once the 
load had been withdrawn (data not shown).

Loading induces phosphorylation of PKR but not 
eIF2a
We next tested whether PKR was phosphorylated in loaded 
explants. For these experiments, 3 explants were pooled 
and the lysates concentrated by acetone precipitation. 
Fig. 6A demonstrates phosphorylation of PKR at 5, 10 
and 30 min following initiation of loading. Interestingly, 
if explants were loaded for 10 min then rested for either 
10 or 30 min (L10+10, L10+30), phosphorylation of 
PKR was completely inhibited, suggesting that PKR is 
highly sensitive to cyclic loading. eIF2a, which is a key 
initiating factor in protein translation and which is directly 
phosphorylated by PKR was next tested. Surprisingly, 
we were unable to demonstrate phosphorylation of eIF2a 
either at early time points (data not shown), or after 4 h 
of loading (Fig. 5B). Stimulation of the explants with 
DTT, a reducing agent that induces translational arrest 
by stimulating the ‘unfolded protein response’ caused 
phosphorylation of both PKR and eIF2a. As translational 
arrest was only partially affected by PKR inhibition, the 
results suggested that PKR was not the principal pathway 
responsible for translational arrest upon cyclic loading. 
We also looked for phosphorylation of components of 
other pathways known to infl uence protein translation 
including S6kinase, PERK (PKR-like ER kinase) and 
AMP-dependent kinase, as well as the phosphorylation of 

other eukaryotic factors including eEIF4E, and eEF2. We 
were unable to demonstrate consistent activation of any 
of these other molecules in response to loading cartilage 
explants (data not shown).

Discussion

Our results suggest that there is a highly robust frequency-
dependent arrest of protein translation when articular 
cartilage is cyclically loaded. This causes complete 
cessation of newly synthesised secreted and cellular 
proteins within 15 min of loading whilst not substantially 
affecting mRNA levels. A 15 h rest period following loading 
allows the cells to resume protein translation leading to 
recovery of global synthesis with rebound of selective 
proteins. Our results also showed that loading-induced 
translational arrest was able to overcome IL1 stimulation 
of articular chondrocytes as seen by complete inhibition 
of the metabolic labelling patterns when cartilage explants 
were loaded and stimulated with IL-1 simultaneously. 
Others have demonstrated the suppression of IL-1-
induced production of nitric oxide and prostaglandin E2 
when agarose encapsulated chondrocytes were cyclically 
loaded (Chowdhury et al., 2008), and it is conceivable 
that translational arrest could account for these changes.
 The pervading view is that cyclic, but not static, loading 
is anabolic and causes an increase in synthesis of matrix 
proteins. So how do our fi ndings fi t with those already 
published? Two possible explanations emerge on review 

Fig. 6. Loading induces phosphorylation of PKR. Explants (in triplicate) were cyclically loaded for each time 
point (5, 10 and 30 min), were left unloaded (C), or were loaded for 10 min then off-loaded for either 10 (L10+10) or 
30 min (L10+30). Explants were lysed, triplicates pooled and lysates concentrated by acetone precipitation. Lysates 
were western blotted for phopho PKR (PPKR) and reprobed for total PKR (PKR) (A). A similar experiment was 
performed for phosphorylation of eIF2a in which explants were rested (C4) or cyclically loaded (L4) for 4 h. The 
reducing agent DTT (4h stimulation) was used as a positive control for both experiments (DTT and DTT4) (B).
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of the published literature. The fi rst is that a number of 
publications have looked only at mRNA levels and made 
assumptions about the ‘anabolic’ nature of the stimulus 
accordingly. Data regarding the protein response in these 
studies is missing (Jin et al., 2000; Smith et al., 2000; 
Fehrenbacher et al., 2003; Ikenoue et al., 2003; Fitzgerald 
et al., 2006).  Secondly, in some publications protein levels 
have been measured but this has been done after loading. 
In other words, these measurements could represent the 
‘rebound’ phase of protein synthesis that we describe after 
load withdrawal (Palmoski and Brandt, 1984; De Croos 
et al., 2006). Indeed, we ourselves previously published 
that cyclic loading causes an FGF-dependent increase in 
TIMP1 protein in articular cartilage explants. These had 
been metabolically labelled (35S[met/cys]) during a 5 h 
period following the cessation of load (Vincent et al., 
2004). In some studies, metabolic labelling was performed 
both during and after load withdrawal. These studies 
invariably show an increase in matrix production during 
the withdrawal phase (Sah et al., 1989;  Kim et al., 1994; 
Burton-Wurster et al., 1993;  Neu  et al., 2007).  Finally, 
there remain a number of publications in which protein 
and proteoglycan synthesis is detected/regulated when 
measurements are made during cyclic or static loading 
(Palmoski and Brandt, 1984; Gray et al., 1988; Gray et 
al. 1989; Sah et al., 1989; Larsson et al., 1991; Kim et 
al., 1994; Steinmeyer and Knue, 1997; Wong et al., 1999; 
Sauerland et al., 2003). In these cases, it is not possible 
to rationalise why our data are at odds. Not only are the 
methodologies for detecting protein and proteoglycan 
synthesis different from the ones we employed (in older 
publications GAG release, or total explant incorporation of 
radiolabel, relatively crude measures, were used), but the 
loading protocols are highly varied making comparisons 
very difficult. Factors such as age of tissue, species, 
presence of serum in medium, absolute tissue strain 
and strain rate, may also contribute to these apparent 
inconsistencies. The absence of serum in our experiments 
is worthy of further discussion. Serum starvation is well 
known to induce translational arrest in eukaryotic cells 
by a PKR/EIF2 dependent mechanism (Montine and 
Henshaw, 1989; Patel et al., 2000; Daher et al., 2009), 
presumably representing an evolutionarily conserved 
pathway whereby a cell is able to turn off energy expensive 
cellular activity (protein translation) when food is scarce. 
Although our experiments were performed in serum-free 
medium it seems unlikely that this contributed to the 
translational arrest upon loading. Firstly, the control (and 
statically-loaded) explants were also in serum free medium 
and secreted protein ‘normally’, and secondly, there was a 
rebound increase in protein synthesis seen in the explants 
that had been loaded, despite being maintained in serum-
free medium for the full duration of the experiment. The 
only shared conclusion, from the aforementioned studies 
as well as ours, is that the data point towards an important 
role for load frequency in determining the cellular outcome.
 The enormous variability in cellular responses to 
loading in vitro does raise the question of whether in 
vitro loading of cartilage explants is physiological, and/
or informative. It is certainly the case that removal of 
cartilage from its radial attachments within the joint as 

well its basal attachments to subchondral bone will alter 
the biomechanical properties of the tissue. Application 
of ‘physiological’ loads will necessarily therefore lead 
to non-physiological strain within the explant. The huge 
variability in load frequencies that have been used in 
different studies further indicates the problems researchers 
have in deciding what constitutes physiological load. There 
are other considerations also. We have previously shown 
that removal of cartilage explants from the joint produces 
a strong cellular response in chondrocytes and results in 
the activation of infl ammatory mitogen activated protein 
kinase pathways as well as causing the release of the growth 
factor FGF2 (Vincent et al., 2002; Gruber et al., 2004). 
Although we ‘rested’ our explants for 24 h prior to loading, 
it may nonetheless mean that explants used for loading 
studies are quite different in their responses compared to 
intact, non-injured cartilage. This may also explain why the 
non-loaded cartilage in this and other studies is apparently 
highly synthetic. Even if we accept these concerns, a 
number of in vitro outcome measures have been verifi ed 
in vivo in response to loading (such as the increase in 
GAG synthesis), and importantly, in vitro loading studies 
have confi rmed the highly mechanosensitive nature of the 
chondrocyte. Readouts of mechanosensitive responses 
provide a useful tool for studying up stream mechanisms 
of mechanosensing in cartilage and are likely to inform 
physiological responses in vivo.
 Control of translation is an essential and highly 
conserved response, which allows cells to respond rapidly 
to changes in their environment either to shut down 
synthesis (amino acid deprivation, viral infection and cell 
stress) or to increase growth when the environment is 
favourable. PKR was fi rst described as a kinase activated 
by double stranded RNA, thus potentially representing 
a novel innate pathway leading to suppression of viral 
replication by inhibiting viral protein translation (Nanduri 
et al., 2000; Garcia et al., 2006; Sen and Peters, 2007). PKR 
phosphorylates eIF2a directly leading to suppression of 
translation initiation (Colthurst et al., 1987). It also induces 
the phosphatase PP2A which prevents phosphorylation 
of eIF4E thus inhibiting binding of the ribosome to 5’cap 
mRNAs (Xu and Williams, 2000). AMP-dependent kinase 
is activated by a reduction in the ratio of AMP:ATP; 
in other words, when cellular energy stores are low. 
This has the effect of rapidly turning off high energy 
requiring activities (tRNA elongation) to preserve energy 
supplies. At least two established mechanisms have been 
described for translational arrest by AMP-dependent 
kinase; these include the phosphorylation of eEF kinase 
which phosphorylates eEFs and results in a reduction of 
elongation, and another which leads to the suppression of 
the mTOR complex (reviewed in (Hardie, 2007)). It is not 
entirely clear what the mechanism of translational arrest 
is in loaded articular cartilage explants. We demonstrated 
a consistent, but modest increase in phosphorylation of 
PKR but were unable to show phosphorylation of eIF2a 
or changes in the phosphorylation status of eIF4E. When 
we inhibited PKR a modest reversal of translational arrest 
was apparent in the pattern of labelled cellular proteins 
and the secretion of type II collagen consistent with partial 
involvement of this pathway. This pathway has been shown 
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to be active in chondrocytes although not specifi cally by 
cyclic loading (Gilbert et al., 2002; Tam et al., 2007). We 
investigated a number of additional translation pathways 
including the p70 S6 kinase, AMP-dependent kinase 
and PERK (a kinase involved in translational regulation 
following endoplasmic reticulum stress). None of these 
was consistently regulated although we recognise that 
such experiments inevitably capture only a ‘snapshot’ 
of the cellular response, and transient activation of any 
of these pathways may have been missed. The recent 
identifi cation of a novel eIF2a-independent pathway of 
translational arrest indicates that there are likely to be 
other, as yet unidentifi ed, pathways that might be involved 
(Wang and Proud, 2008). Whatever the mechanism, it is 
the case that control of protein synthesis at the level of 
translation could provide a rapid and energy effi cient way 
of modulating chondrocyte responses to changes in the 
mechanical environment of the joint.
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Editor’s Note: All questions/comments by the reviewers 
were answered by text changes. There is hence no 
“Discussion with Reviewers” section.


