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Introduction

The separation of the extracellular milieu from the cyto-
sol is especially important for articular chondrocytes,
given the atypical and arguably challenging environment
that these cells inhabit [77, 110, 117]. Chondrocytes,
like all other cells, must possess effective membrane
transport systems to minimize changes of cellular com-
position in the face of fluctuating surroundings [53, 82,
108]. They must also scavenge adequate precursor mol-
ecules for matrix macromolecule synthesis, a task hin-
dered by their remoteness from the vasculature [62, 110].

The realization in the last decade that characteriza-
tion of the cellular physiology of chondrocytes will fur-
ther our understanding of cartilage pathologies such as
osteoarthritis has led to increasing interest in the field of
chondrocyte membrane transport [2, 51, 53, 55, 82, 132].
In this short, and necessarily selective, review we will
consider the challenges faced by chondrocytes in articu-
lar cartilage, the ways in which these cells control their
intracellular composition, and the role of membrane
transporters in maintaining matrix integrity.

The Extracellular Matrix Presents Challenges to
the Chondrocyte

Although chondrocytes occupy less than 1% of articular
cartilage, they are responsible for maintaining the integ-

rity of the extracellular matrix by balancing macromo-
lecular synthesis with breakdown [110]. The matrix that
surrounds them confers a mechanically resilient surface
to the articulating bones within joints, and comprises
collagens (principally collagen II), other noncollagenous
proteins, and proteoglycans (Fig. 1) [88]. There have
been many surveys of the biochemistry of articular car-
tilage [for example, 14, 26, 58, 88] and a detailed con-
sideration of these individual components is beyond the
scope of this review. Here, it is sufficient to note that the
hydrated proteoglycans confer the matrix with resistance
to compression, and are constrained by the collagen fi-
brillar meshwork (the so-called ‘string and balloon’
model) [8, 9, 68, 113].

The proteoglycan structure, with highly sulfated gly-
cosaminoglycan (GAG) side chains, underlies the com-
pressive stiffness of the cartilage matrix. The high num-
bers of fixed negative charges on the GAGs attract free
cations and exclude free anions from the matrix. With
cation accumulation, water is osmotically imbibed, re-
sulting in a hydrated matrix which has a raised osmolar-
ity and lowered pH in comparison with other extracellu-
lar environments (Table 1) [8, 9, 14, 68, 76, 113, 117].

Two further, related issues compound the challenges
facing the chondrocyte. First, the avascularity of articu-
lar cartilage means that movement of hormones, cyto-
kines, nutrients and metabolites between the blood and
the cells is across large distances and along steep gradi-
ents [110]. As a consequence, chondrocytes experience
low partial pressures of oxygen, undergo predominantly
anaerobic glycolysis and must endure high concentra-
tions of the lactic acid they produce (and hence an acidic
extracellular pH) [53, 74, 110].

Second, mechanical loading during routine activi-
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ties, such as walking, exposes chondrocytes to profound
fluctuations in their physicochemical environment [87,
117]. The processes underlying these changes are to
some extent interrelated, making their identification and
characterization complex. Nonetheless, a number of dy-
namic and static consequences of loading can be listed.
On joint loading hydrostatic pressure within the matrix is
raised, tissue and cell deformation ensues and fluid flows
arise as a consequence of the hydraulic pressure gradi-
ents that are established. On removal of the load, pres-
sure falls and the matrix regains its steady-state confor-
mation. If loading is maintained, however, these dy-
namic components are followed by slower osmotic
consequences. Hence, static loading results in expres-
sion from the matrix of interstitial fluid along the pres-
sure gradients, raising the GAG fixed negative charge
density, the concentrations of extracellular cations and
osmolarity. This fluid expression will continue until hy-
drostatic and osmotic pressures balance within the ma-
trix, or until the load is removed and fluid can be imbibed
[47, 49, 76, 117]. While the proportion of total cartilage
fluid expressed during a walking cycle is low [34], the
incomplete recovery of fluid with repeated cycles means
that the amount of fluid lost may become significant.
Studies suggest that articular cartilage may lose up to 5%
of the interstitial fluid during normal walking cycles
[51, 117].

Such a difficult environment presents significant
challenges to the chondrocyte. Effective homeostasis to
counter the chronic hyperosmotic and acidic conditions
must occur, while transport processes to supply scarce
substrates for the anabolic processes in which the cell is

engaged and remove the products of this metabolism will
be required. Furthermore, the changes in the extracellu-
lar environment of the matrix associated with mechanical
load must be effectively countered. Intracellular cation
(Na+, K+, Ca2+, H+) concentrations fluctuate with load,
in response to altered electrochemical gradients for each
ion across the plasma membrane and altered activity of
membrane transport pathways for these ions. Aside from
mechanically-induced changes in membrane permeabil-
ity associated with deformation, other variables such as
pressure, osmolarity and pH are all well-recognized
regulators of membrane transport systems in other cell
types [22, 36, 54, 72, 100].

Despite the challenges presented by their extracel-
lular environment, chondrocytes can prosper within the
matrix. Their survival is fundamental to the maintenance
of cartilage integrity, and the sections which follow will
consider the homeostatic mechanisms by which they
do so.

Studies of Chondrocyte Physiology are Complicated
by the Surrounding Matrix

The extracellular matrix not only provides challenges for
chondrocytes, but also for scientists seeking to study the
cellular physiology of these cells. The use of well-
established techniques of radiotracer fluxes, fluorescence
imaging and electrophysiological measurements is at
best seriously complicated and at worst impossible for
cells in situ in matrix. Recent advances using confocal
microscopy [37] have allowed some limited fluoroprobe

Fig. 1. The extracellular environment of articular
chondrocytes. The high numbers of fixed negative
charges on the keratan sulfate (KS) and chondroitin
sulfate (CS) of glycosaminoglycan (GAG) chains
attracts mobile cations and excludes mobile anions
from the extracellular matrix. Adapted from [117].
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studies of chondrocyte composition and volume for cells
in intact cartilage slices, but most of the information
concerning chondrocyte membrane transport has derived
from experiments using isolated cells. There are draw-
backs to such experiments, notably the harsh enzymatic
digestion [40] to which the cells are subjected (reported
to destroy cell membrane proteins [41]), and the arguably
unphysiological environment [53, 120] of the culture me-
dia into which cells are liberated during digestion. As
Table 1 shows, isolation media are relatively lacking in
cations whereas there is an excess of anions, and osmo-
larity is lowered. To some extent, these disparities can
be minimized by supplementation of the extracellular
medium so that it more accurately reflects the composi-
tion of the matrix [for example, 55]. Such an approach
cannot, however, entirely reproduce the environment of
chondrocytesin situ, and in any case there is evidence
that some chondrocyte parameters, such as regulatory
volume responses, reset to match the environment of the
isolation medium [51]. The instability of the chondro-
cyte phenotype under culture conditions is an additional
problem [4], and to overcome the laborious digestion and
subsequent dedifferentiation of the cells, some workers
have turned instead to immortalized cell lines to study
chondrocyte cellular physiology [11]. Undoubtedly
these cells offer an easily-obtained, stable preparation,
although comparison with primary cells suggests that
their properties reflect only an approximation of those of
true chondrocytes. Furthermore, chondrocytes cultured
to monolayer confluency may not accurately reflectin
situ conditions; the appearance of gap junctions in these
cells for example [27, 44] suggests that their usefulness
is questionable.

Nevertheless, a combination of studies using intact
cartilage slices, isolated primary chondrocytes and cul-
tured cell lines has provided some basic information
about chondrocyte intracellular composition (Table 1).
It is worth noting the additional descriptions of the prop-
erties of growth plate cells and intervertebral disc cells.

Although there is value in comparing the properties of
these cells with articular chondrocytes, they are essen-
tially different cells and a single ‘cartilage cell’ does not
exist. We shall therefore focus almost exclusively on
articular chondrocytes in this review.

In keeping with a cell inhabiting a cation-rich,
anion-poor environment, intracellular [Na+] and [K+] are
raised [120] in comparison with other cell types such as
erythrocytes [107] (Table 1), although values reported
for intracellular pH and [Ca2+] are little different from
those commonly observed [11, 12, 132]. Chondrocyte
membrane potential has been determined in a variety of
studies, with values between −44 mV and −15 mV mea-
sured [39, 139, 140]. The magnitude of the challenges
presented to chondrocytes has encouraged recent char-
acterization of their membrane transport processes, and
although the available information is far from complete,
a picture is emerging of a cell equipped to contend with
its extracellular environment (Table 2).

We shall now turn our attention to the systems by
which chondrocytes control cellular volume, pH and
[Ca2+]—three parameters which are highly relevant in
the context of the extracellular environment experienced
by these cells—and then consider the membrane trans-
port processes for metabolite movement between the cell
and the matrix which have been characterized.

Chondrocytes Possess Volume
Regulatory Transporters

Chondrocyte cell volume, as for other cell types, will be
determined by a pump-leak model, a double Donnan
equilibrium existing between the intracellular compart-
ment and the matrix [110]. The effective exclusion of
Na+ ions from the cell is achieved by the activity of the
Na+-K+ ATPase and volume is maintained by altered
balance of leaks and pumps to hold cell water constant.
Unsurprisingly, given the elevated [Na+] of their sur-
roundings, chondrocytes have been reported to possess
high Na+-K+ ATPase activity, with expression and func-
tional activity upregulated in response to raised extracel-
lular [Na+] [81]. Furthermore, application of physiologi-
cal levels of hydrostatic pressure is reported to inhibit
Na+-K+ ATPase activity in isolated bovine chondrocytes
[52].

There have been reports that bovine and human
chondrocytes express multiple isoforms of the subunit
proteins of the ATPase (a1, 2, 3; b1, 2, 3) [80, 115].
In other cells there have been elegant expositions con-
sidering the consequences of multiple isoform expres-
sion [109]; in chondrocytes, however, the functional rel-
evance of potentially nine ATPase variants has yet to be
elucidated. Nevertheless, it has been suggested that
maintenance of a low [Na+] i:[K

+] i ratio is vital to main-
tain chondrocyte viability [115], and it is certainly the

Table 1. The composition of articular chondrocytes and of their ex-
tracellular matrix

Cytoplasm Matrix Serum/synovium

Na+ (mM) 40 240–350 140
K+ (mM) 120–140 7–12 5
Ca2+ (mM) 8 × 10−5 6–15 1.5
Cl− (mM) 60–90 60–100 140
HCO−

3 (mM) 20 15 23
SO4

2− (mM) 0.17 0.30 0.81

pH 7.1 6.6–6.9 7.4
Osmolarity (mOsm) 350–450 300

For comparison, the composition of serum and synovial fluid is also
tabulated. Table adapted from values cited by [12, 117]. Other values
R.J. Wilkins (unpublished observations).
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Table 2. Membrane transport pathways identified in articular chondrocytes

System Method employed Cell type tested Proposed function References

Flux Fluorescence Immunoblot PCR Electrophysiology

Na+-K+ ATPase Bovine Bovine;
Human

Bovine Maintenance of Na+ :
K+ ratio

Maintenance of
gradients

55, 79, 80, 81

115

Na+-K+-2Cl− symport
(NKCC)

Bovine Human Regulatory volume
increase

55, 116

Na+ × H+ antiport
(NHE)

Bovine;
Avian;
Human

Bovine;
Human

Bovine;
Human

pHi regulation 11, 28, 53, 116,
131, 132, 133,
136, 137

H+ ATPase Human;
Avian

H+ extrusion 11, 28

Na+-2HCO−
3 ×

Cl− carrier
Avian pHi regulation 28

Ca2+-ATPase Avian [Ca2+]i regulation 144
Na+ × Ca2+

antiport
Porcine [Ca2+]i regulation 96

Anion exchanger
(AE)

Bovine Avian Bovine;
Human

Bovine;
Human

pHi regulation
SO4

2− × OH− antiport?
Zn2+ uptake?

25, 28, 43,
127, 128

SAT1 Bovine;
Rodent

Bovine;
Rodent;
Human

SO4
2− uptake? 24, 84, 85

DTDST Bovine;
Human;
Rodent

SO4
2− uptake? 24, 102

System A Bovine Na+-dependent proline,
glycine, and glutamine
uptake

2, 19

System ASC
(ASCT)

Bovine Na+-dependent proline,
glycine, and glutamine
uptake

2, 19

System GLY
(GLYT)

Bovine Bovine Na+-dependent, Cl−-
dependent glycine
uptake

2

System N Bovine Na+-dependent glutamine
uptake

2

System L (LAT)
?b0+ (NBAT)

Bovine Na+-independent leucine
and tryptophan uptake

2, 19

Monocarboxylate
carrier (MCT)

Bovine Bovine;
Human

Lactic acid extrusion 135

Stretch-activated
gcation

Bovine;
Rodent;
Porcine

Ovine;
Human

Mechanotransduction? 44, 63, 139,
140, 142, 143

Calcium-activated
gK+

Equine;
Ovine;
Porcine;
Human

Regulatory volume
decrease?

45, 46, 123,
139, 140

Ca2+ channels Porcine Porcine;
Human

Signaling? 45, 64, 139

Na+ channels Human Ovine Mechanotransduction?
Maintenance of cell

volume?

116, 140

Volume-sensitive
organic osmolyte
anion channel

Bovine Regulatory volume
decrease

51

A variety of systems mediating exchange of solutes between the extracellular matrix and the cytoplasm have been characterized. These processes
confer regulatory capacity for cellular volume, pH and Ca2+ concentration, and permit the uptake and extrusion of metabolites.Seetext for
discussion of specific transport pathways.
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case that high cytoplasmic [K+] facilitates the activity of
many enzymes in other cell types [70].

Disturbances to chondrocyte volume occur — unlike
those experienced by most other cells in the body —
from anisosmotic challenges. Fluid expression will raise
extracellular osmolarity by up to 20mOsm [117] al-
though the onset of this osmotic shock will be gradual
(seconds to minutes), unlike the step changes imposed to
study volume regulation in many cell types. There is
now evidence that the rate of change of osmolarity can
dictate the responses activated by the cell [42] and this
should be borne in mind given the nature of the osmotic
shocks experienced by chondrocytesin situ. Notwith-
standing this question,in vitro flux studies show that the
bumetanide-inhibitable Na+-K+-2Cl− cotransporter can
perform pseudoregulatory volume increases (pseudo-
RVI) in bovine chondrocytes, while there are reports of
expression of the NKCC1 isoform of the cotransporter in
human chondrocytes [116]. The activity of this system is
reduced by hydrostatic pressures equivalent to those as-
sociated with joint loading (up to 150ATA) [52], al-
though to date there is no clear molecular explanation for
the effects of pressure on either this cotransporter or on
the Na+-K+ ATPase.

Whether activity of the cotransporter can effectively
minimize changes of chondrocyte volumein situ is un-
clear; confocal microscope measurements of chondro-
cyte volume in cartilage slices show that the cells per-
form RVI only following prior swelling and regulatory
volume decrease (RVD) suggesting that under physi-
ological conditions they behave as osmometers
[37]. Similarly, chondrocytes in intact matrix slices that
have been subjected to static loads are observed to have
reduced cellular volume in comparison with those from
unloaded tissue [17]. The absence of RVIin situ is not
uncommon, and for other cell types has been ascribed to
unfavorable Cl− gradients [61, 129]. It is possible, there-
fore, that the low levels of Cl− ions in the extracellular
matrix consign chondrocytes to remain shrunken for the
duration of static loading.

Raised extracellular osmolarity has also been shown
to activate Na+ × H+ exchange in chondrocytes [141].
In other cell types the amiloride-sensitive Na+ × H+ ex-
change operates in concert with Cl− × HCO3

− exchange
to mediate Na+Cl− uptake [60]. There is no evidence that
such a system plays a part in RVI processes in chondro-
cytes [53], and there are reasons to discount such a pos-
sibility (see below).

The response to reduced extracellular osmolarity has
also been characterized in chondrocytes. In common
with all animal cells, pathways have been identified by
which chondrocytes can offload osmolytes if swollen to
effect RVD [51, 55]. Sincein situ chondrocytes appear
to behave as osmometers, these pathways are probably
not implicated in restoration of cell volume in the after-

math of static loading. Nevertheless, they may be acti-
vated in chondrocytes which have been isolated into me-
dia in which the extracellular osmolarity is lower than
that of the matrix, exemplifying the complexities of
working with isolated cells. It is worth noting that RVD
systems may have a significant role during the onset of
osteoarthritis, where loss of proteoglycan decreases ex-
tracellular osmolarity and subsequent cell swelling oc-
curs [51].

Flux studies reveal that the K+-Cl− cotransporter
does not seem to be important functionally in the chon-
drocyte RVD response [55]. Instead, RVD can be ef-
fected by channel-mediated efflux of K+ and Cl− ions.
The efflux of both ions is tamoxifen-sensitive, and this
route also appears to mediate the efflux of organic os-
molytes, similar to the volume-sensitive organic osmo-
lyte anion channel (VSOAC) described in other cell
types [51, 111]. Although taurine is considered the clas-
sical organic substrate for VSOAC, there is persuasive
evidence that chondrocytes accumulate betaine, and lose
this compound on swelling [29, 51, 121]. The threshold
for activation of osmolyte efflux from bovine chondro-
cytes through volume-sensitive channels has been shown
to adapt to prevailing osmotic conditions. Hence,in
vitro the set-point for activation is found to be close to
the osmolarity experienced during cell preparation [51].

Na+ × H+ Exchange is an Important Determinant of
Chondrocyte pH

The regulation of pHi has been characterizedin vitro for
several types of cartilage cells, including bovine and hu-
man articular chondrocytes, avian growth plate chondro-
cytes and bovine intervertebral disc cells [11, 28, 53, 98].
Experiments show that the acidic extracellular environ-
ment (approximately pH 6.8) of chondrocytes promotes
the inward leak of H+ ions, so chondrocytes will be sub-
jected to chronic acid loading of their cytoplasm [134].
Acid extrusion to counteract this inward leak will there-
fore be vital if pH

i
is to be held steady. In addition to

acid extrusion by a bafilomycin-sensitive H+-ATPase,
pHi has been reported to be tightly regulated by the
amiloride-sensitive Na+ × H+ exchanger [11, 28, 53, 98].

That this system should play a dominant role in the
regulation of pHi in chondrocytes is not surprising, given
its ubiquity in mammalian cells and the steep inward
gradient of Na+ ions which can energize H+ extrusion.
The exclusion of anions from the extracellular matrix
might similarly suggest that HCO3

−-dependent systems
have little functional role in chondrocyte pHi regulation,
and to some extent this appears to be true. There is some
variability in the degree to which chondrocyte pHi regu-
lation is HCO3

−-dependent, most notably for bovine
chondrocytes which show minimal HCO3

−-dependent
pHi regulation [133]. In contrast, a Na+ and HCO3

−-
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dependent component similar to that reported in many
other cells including avian growth plate chondrocytes
[28] has been detected in human chondrocytes [11]. Re-
gardless of these differences, given theKm values for
HCO3

− ions of these systems in other cell types [6], it
seems that the low pH, HCO3

−-poor environment of the
extracellular matrix would in any case minimize their
activity in chondrocytes, or suggest a novel, adapted iso-
form.

The failure to detect any functionally significant
HCO3

−-dependent component of pHi regulation in bo-
vine articular chondrocytes is puzzling, especially given
that expression of the anion exchange isoform AE2 can
be demonstrated in these cells [43]. HCO3

− uptake on
simple anion exchange is often restricted by the Cl− gra-
dient [122], and it may be that HCO3

−-dependent sys-
tems in chondrocytes are constrained by the Cl− trans-
membrane distribution in a similar fashion to that already
outlined for the Na+-K+-2Cl− cotransporter. An alterna-
tive explanation for these findings might lie in minimal
carbonic anhydrase activity since the uncatalyzed hydra-
tion of CO2 has been reported to occur at a rate some 600
times slower than the enzyme-catalyzed reaction [20].
In accord with this, it has been reported that expression
of carbonic anhydrase in chondrocytes is very weak [35].

The central role implicated for Na+ × H+ exchange
in the regulation of cartilage cell pHi has understandably
meant that most attention has focused on the properties
of this transporter in chondrocytes. Hence, functional
studies show that acid extrusion mediated by Na+ × H+

exchange is sensitive to mechanical load. We have al-
ready noted the activation of Na+ × H+ exchange by
hyperosmotic shock [141]. Characterization of this re-
sponse indicates, in common with other cell types in
which osmotic sensitivity of the antiporter has been de-
scribed, the involvement of phosphorylation reactions,
and more particularly the activation of myosin light
chain kinase [141]. Although the value of Na+ × H+

exchange activation is not apparent with regard to vol-
ume regulation, it may provide a mechanism by which
the chondrocyte can protect cytoplasmic pH against the
extracellular acidification predicted to arise on joint
loading.

In chondrocytes, levels of hydrostatic pressure com-
parable to those experienced upon joint loading have also
been shown to modify acid extrusion. Exposure to hy-
drostatic pressures of 100–300 ATA are found to stimu-
late acid extrusion by Na+ × H+ exchange; phosphoryla-
tion processes are again involved in this response, al-
though in this case there is no indication of a role for
myosin light chain kinase [10]. The observation that
cAMP production is elevated in chondrocytes [7] upon
exposure to hydrostatic pressure suggests instead that
classical adenylate cyclase/protein kinase A (PKA) path-
ways may be involved.

In addition, studies characterizing the molecular
identity of the Na+ × H+ exchanger in chondrocytes sug-
gest that while the ‘housekeeper’ NHE1 is the dominant
isoform expressed by these cells, other isoforms may
also be present. Hence NHE3, more typically an epithe-
lial isoform, has been detected in bovine cells [136, 137],
and both NHE2 and NHE3 are declared to be present in
human cells [116]. No correlation of expression with
function has been performed in human cells, and the
reasons for multiple NHE isoforms in these cells remain
unexplained. Nevertheless, in bovine cells expression of
NHE3 is enhanced by exposure to serum and to proin-
flammatory cytokines [137], and this expression corre-
lates with the detection of functional NHE3 activity
[131]. In contrast to NHE1, NHE3 is inhibited by hy-
pertonicity and by PKA pathways, but activated by hy-
potonicity [5, 126], so it is possible to envisage altered
pHi responses to mechanical load under conditions where
exposure to cytokines is increased.

Intracellular Calcium Concentrations are Sensitive
to Mechanical Load

Chondrocyte cytosolic Ca2+ levels have been studied less
than cellular volume and pH. Nevertheless, there have
been recent advances in our understanding of the pro-
cesses that determine intracellular [Ca2+] in these cells.
In common with all mammalian cells, [Ca2+] i is main-
tained at low levels, approximately 80 nM [12]. There is
now good evidence for the operation of a vanadate-
sensitive Ca2+-ATPase, similar to that involved in Ca2+

homeostasis in many other cell types [50, 108, 144]. In
addition, there are reports of a Na+-dependent compo-
nent of Ca2+ extrusion, which is sensitive to analogues of
amiloride such as benzamil [13, 96]. It is perhaps not
surprising that — given the high concentrations of Na+

ions in the extracellular matrix — such a system has a
role to play in chondrocyte Ca2+ homeostasis. Despite
the observation that cytosolic Ca2+ ion levels are sensi-
tive to extracellular [Na+], this has yet to be supported by
the demonstration of Na+ × Ca2+ expression in chondro-
cytes [82]. There are now indications that both hyper-
osmolarity and hydrostatic pressure can modify [Ca2+] i

[R.J. Wilkins,unpublished observations], suggesting that
Ca2+ is also sensitive to these variables.

Chondrocyte [Ca2+] i will be set by the balance be-
tween Ca2+ extrusion by these systems, influx via mem-
brane channels, and Ca2+ release from intracellular
stores. Although there is no evidence for voltage-
activated Ca2+ channels, several channel pathways for
Ca2+ influx have been identified. Intracellular Ca2+ con-
centration has been found to be modified by extracellular
Ca2+ levels, in a La3+-sensitive fashion [45], observa-
tions interpreted as evidence for the presence of ‘toni-
cally active’ Ca2+ channels. Aside from a histamine-
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activated verapamil-inhibited Ca2+ influx in porcine
chondrocytes [64], there are also reports that components
of mechanical load can modulate the Ca2+ permeability
of the plasma membrane. High levels of cyclical pres-
surization induce a Gd3+-inhibited [Ca2+] i increase in
ovine chondrocytes, which can also be achieved by cell
swelling [140]. The demonstration that chondrocytes
possess a quinidine-sensitive Ca2+-activated K+ channel
explains the hyperpolarization of membrane potential
which is associated with such pressurization [46]. In ad-
dition, there are reports that fluid flow is able to induce
rises of [Ca2+] i in bovine chondrocytes [142,
143]. These rises reflect both Gd3+-inhibited Ca2+ influx
from the extracellular medium, and a release of Ca2+

from intracellular stores. The latter is initiated by inosi-
tol triphosphate mobilization and can be inhibited by
prior depletion of stores using thapsigargin. Finally,
there have been descriptions of mechanically- and ATP-
induced oscillations of [Ca2+] i in monolayer cultures of
porcine cells. Gap junction-mediated fluxes of Ca2+

have been suggested to play a role in this response [27,
44] although, as outlined earlier, the relevance of con-
fluent cultures of chondrocytes toin vivo circumstances
is not clear.

Recent studies suggest that intracellular Ca2+ levels
can also be modulated by changes in pH. Intracellular
alkalosis has been shown to elevate [Ca2+] i, a process
that is not dependent on the presence of Ca2+ ions in the
extracellular solution, and which can be inhibited by the
depletion of intracellular Ca2+ stores by thapsigargin
[12]. In contrast extracellular alkalinization activates a
Ni2+-inhibited [Ca2+] i rise, dependent on extracellular
Ca2+ levels [13].

Transport of Metabolites Remains Largely
Uncharacterized for Articular Chondrocytes

Although we have up until this point concentrated on the
regulation of the key cellular parameters associated with
cation composition, the transport of metabolites across
the plasma membrane will also have an important role to
play in maintaining chondrocyte biosynthetic output and
hence matrix integrity [110]. For such essential pro-
cesses, surprisingly little is known about the systems
present in the chondrocyte membrane that bring about
metabolite transport. Here, we will concentrate on the
transporters that have been identified in chondrocytes for
the essential nutrients sulfate and amino acids — both
precursors for matrix macromolecule synthesis — and
one metabolic waste product, lactic acid.

The divalent anionsulfate is required by chondro-
cytes for proteoglycan synthesis, and as we have already
pointed out, the fixed negative charges on chondroitin
and keratan sulfate chains are key to the establishment of
the compression-resistant hydrated extracellular matrix

[14]. Whether the SO4
2− availability within the cyto-

plasm ever limits the rate of sulfation of these GAGs in
healthy cells is a matter of discussion, since there seems
to be ample SO4

2− for this process within intracellular
pools including the sulfate donor PAPS (38-phospho-
adenosine 58-phosphosulfate) [127]. Notwithstanding
this question, an effective route for SO4

2− entry will be
required. The recent rapid expansion of information
about SO4

2− membrane transporters in other cell types
had led to the identification of a ‘superfamily’ of SO4

2−-
carrying systems [69]. Integrating this information with
what is known about chondrocyte SO4

2− transport is not
straightforward, but nevertheless certain conclusions can
be drawn.

Functional studies of SO4
2− uptake in bovine articu-

lar chondrocytes reveal large fluxes via a Na+-
independent system, which is inhibited by stilbenes such
as DIDS and SITS [38, 84, 85]. Hence, a role for the
sodium-dependent NaSi system identified in other cell
types [75] is precluded, and this is consistent with mo-
lecular studies which fail to demonstrate the expression
of this transporter [R.J. Wilkins,unpublished observa-
tions].

Instead, SO4
2− uptake is mediated by a low affinity

(Km ≈ 16 mM) system, reminiscent of the anion exchange
family of transporters [38]. Flux studies show that al-
though SO4

2− can be exchanged for HCO3
− or Cl− ions,

it is not dependent on these ions and still occurs follow-
ing their replacement. Furthermore, the process appears
to be sensitive to the transmembrane H+ gradient, being
stimulated by acidic extracellular pH [38]. These obser-
vations are taken as evidence for the operation of SO4

2−

× OH− exchange, similar to that previously reported for
hepatocyte and enterocyte brush border membrane SO4

2−

uptake [65, 104]. The ion preferences and kinetic prop-
erties of the SO4

2− uptake observed in chondrocytes do
not correlate with those of a single SO4

2− transporter
identified at the molecular level [84, 85, 127], suggesting
that several parallel pathways exist in these cells to me-
diate SO4

2− permeation. In agreement with this propo-
sition, the SO4

2− transport-systems SAT1 and DTDST
have been shown to be expressed in human and bovine
chondrocytes in addition to the simple anion exchanger
AE2 identified as a sometime SO4

2− transporter [43, 102,
106], although their relative contributions to SO4

2− up-
take remain uncharacterized.

The matrix undersulfation by growth plate chondro-
cytes associated with chondrodysplasias may, however,
be relevant in this context. The SO4

2− uptake properties
of undersulfating growth plate chondrocytes show some
differences from those of properly sulfating cells, with
the apparent Km for SO4

2− being increased [84, 85, R.J.
Wilkins, unpublished observations]. In parallel, there is
a differential expression of the candidate SO4

2− trans-
porters; while SAT-1 and DTDST expression remains
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unchanged, AE2 expression is markedly reduced [25].
These undersulfating cells may therefore help discrimi-
nate between the various systems for SO4

2− uptake in
articular chondrocytes.

Transport ofamino acids in mammalian cells is
complicated by the number and variety of transporters
which have been described, but a consensus — with four
or five superfamilies of transporters — is emerging, with
molecular biology contributing to our knowledge in this
context [1, 86]. For once, there are good detailed studies
of transport of these nutrients into chondrocytes [2, 19].
Their significance lies in the provision of sufficient sub-
strate to satisfy collagen and proteoglycan turnover, and
there is some evidence that inadequate uptake may com-
promise the maintenance of cartilage integrity [112]. In
bovine chondrocytes, functionalin vitro studies indicate
that amino acid uptake is mediated by both Na+-
dependent and independent transporters [2, 19]. Thus,
transport of proline, glycine and glutamine has been
shown to be mediated by the Na+-dependent systems A
(inhibited by a-methylaminoisobutyric acid) and ASC
(alanine-sensitive). Although little is known regarding
the sensitivity of amino acid transport to mechanical
load, experiments in which porcine chondrocytes were
exposed to long-term hypertonicity revealed a transient
upregulation of the activity of this transporter [29]. Al-
though the relevance of such a response is unclear, the
stimulation of Na+- and Cl−-dependent betaine uptake
which follows this event suggests that load (and presum-
ably the osmotic effects associated with it) can modify
the amino acid transporters under consideration here.
In addition, a highly specific Na+-dependent uptake of
glycine, also dependent on extracellular Cl− ions has
been observed and is ascribed to system Gly (sarcosine-
inhibited) [2]. In accord with this functional finding, ex-

pression of the glycine transporter GLYT1 has been
demonstrated in bovine articular chondrocytes [2]. In
addition, Na+-independent uptake of leucine, inhibited
by BCH (2-amino-2-norbornane carboxylic acid) was as-
cribed to system L (although system b0+ could equally be
responsible for this uptake [21]). These systems, as
might be expected for a cell type situated at some dis-
tance from the vasculature, have low Km values for their
substrates and hence confer high affinity uptake proper-
ties on chondrocytes [2, 19]. Finally, the transport of
arginine which, as the synthetic precursor of nitric oxide
must be taken up at significant rates, has yet to be char-
acterized.

It would be remiss to conclude consideration of nu-
trient uptake systems without addressing the membrane
pathways present forglucoseuptake. We have already
indicated that the vascular environment of chondrocytes
means that exchange between the plasma and the cyto-
plasm must occur across large distances. Such an ar-
rangement might be expected to indicate high affinity
transport systems by which to scavenge glucose from the
extracellular matrix [95]. Aside from one report indicat-
ing that insulin-like actions of cytokines such as IGF-1
can modulate glucose metabolism by a pathway involv-
ing the glucose carrier GLUT4 [124], we are not aware
of any published studies that have addressed the ques-
tion. Nevertheless, glucose must permeate the chondro-
cyte membrane, and — in the relatively hypoxic envi-
ronment of the extracellular matrix — enter glycolytic
pathways, with consequent production of lactic acid.

There have been a variety of studies demonstrating
high rates oflactic acid production by chondrocytes [74,
110], which are modified by levels of load and by Po2.
In contrast to reports in which lactic acid production by
intervertebral disc cells has been shown to rise as Po2

Table 3. The effects of mechanical load on chondrocyte matrix macromolecule synthesis

Parameter
Effects on
matrix synthesis Comments Reference

D
yn

am
ic

ef
fe

ct
s ↑ Hydrostatic pressure ↑

↓ if t > min
56, 57, 93, 101, 114, 121

↑ Flow ↑ 16, 18

↑ Cell/matrix deformation ↑ 16

↑ Streaming potentials ↑ 16

S
ta

tic
ef

fe
ct

s

↑ Osmolarity ↓ at t > min Optimal synthesis occurs at tissue osmolarity 66, 118, 119, 121
↑ [Na+]o

(Constant osmolarity)
↓ 121

↑ H+ ↓ Optimal synthesis occurs at tissue pH 91, 121, 134
↑ [Ca2+]o No direct effect Extracellular Ca2+ required to maintain

chondrocyte phenotype
3, 30, 31, 32, 33, 73,

89, 90
Intracellular Ca2+ promotes synthesis 23

The various components of mechanical load can be broadly grouped as dynamic (immediate onset following load) or static (delayed onset,
seconds-hours) phenomena.
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decreases (a ‘positive Pasteur’ effect [62]), low Po2 in-
hibits lactic acid production in articular chondrocytes (a
‘negative Pasteur’ effect [74]). Regardless of the re-
sponse of glycolytic metabolism to Po2 levels, the cell

must possess transporters for lactic acid efflux. We have
already seen that membrane transporters that can extrude
H+ ions operate in chondrocytes. Other dedicated sys-
tems will exist, however, by which lactate−-H+ can be

Fig. 2. The involvement of plasma membrane transport processes in the maintenance of cartilage integrity. The balance between synthetic and
degradative processes is modulated by intracellular composition. The application of load elicits a variety of changes to the physical and chemical
environment experienced by chondrocytes. Plasma membrane transport processes determining the composition of the intracellular milieu are
sensitive to such changes, and their altered activity could modify cytoplasmic composition and thereby cartilage turnover. In addition, the activity
of transport pathways for nutrients such as SO4

2−, amino acids and glucose will dictate the availability of substrates for matrix macromolecule
synthesis. For clarity, other determinants of cytoplasmic composition, such as intracellular stores, and other potential transduction pathways of
mechanical load have been excluded (adapted from [130]).

Table 4. The effects of components of mechanical load upon chondrocyte cellular physiology

↑ Mechanical
deformation/flow

↑ Hydrostatic
pressure

↑ Osmolarity ↑ [Na+]o ↑ [H+]o ↑ [Ca2+]o

↓ Na+/K+-ATPase[52] ↑ Na+/K+-ATPase[79] ↑ Na+/K+-ATPase[55, 81]

↑ gCa2+[142, 143] ↓ gCa2+[60, 78]

↑ gK+[139] ↓ gK+[52] ↓ gK+[55] ↓ gK+[55]

↓ VSOAC[111] ↓ VSOAC[51]

↓ NKCC[52] ↑ NKCC [55]

↑ Na+ × H+ exchange[10] ↑ Na+ × H+

exchange[141]
↑ Na+ × H+ exchange[132] ↓ Na+ × H+

exchange[48]

↑ Ca2+-ATPase ↑ Ca2+-ATPase ↑ Ca2+-ATPase[105]

↓ Na+ × Ca2+

exchange[96]

↑[Na+] i ↑ [Na+] i
[48]

↓ [H+] i
[132] ↑ [H+] i

[134]

↓ [Ca2+] i
[96} ↓ [Ca2+] i

[13] ↑ [Ca2+] i
[12]

↑ cAMP[7] ↑ cAMP[94]

Each of the components identified will increase following the application of load. The reported effects of such increases on the activity of a variety
of transport systems and signaling pathways are listed, although discrimination between the actions of interrelated cues (osmolarity and cation
concentration, for example) are not necessarily clear cut. Refer to text for details. Numbers are references which exemplify the effect described; all
unnumbered effects R.J. Wilkins (unpublished observations). Italicized effects indicate reports of effects on cells other than articular chondrocytes.
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transported out of chondrocytes. Studies in which lactic
acid transport has been measured in chondrocytes show
that these cells possess a saturable transport system, in-
hibitable bya-CHC, an inhibitor of H+-monocarboxylate
transport [125, 135]. A family of monocarboxylate
transporters, termed MCT, has been identified [97], and
in chondrocytes it appears that two of these carriers are
expressed. In addition to the ‘housekeeper’ isoform
MCT1, expression of MCT4 has been demonstrated in
both human and bovine articular chondrocytes [135].
MCT4 has previously been identified in glycolytic tis-
sues such as ‘red’ skeletal muscle fibers, and this finding
is in keeping with the kinetic properties determined for
these cells [97].

Mechanical Load Modifies Chondrocyte
Composition and Influences Cartilage Synthesis

There is little doubt that mechanical load is required to
maintain cartilage integrity. Matrix proteoglycan is lost
from cartilage in immobilized joints, while within an
individual joint, the matrix shows distinct differences
between loaded and unloaded areas with increased pro-
teoglycan content correlated to loaded regions. Me-
chanical cues may therefore enable chondrocytes to
maintain the matrix to withstand the customary loads and
forces associated with a particular joint [59, 71, 87, 99,
101].

Many in vitro studies characterizing the effects of
the various aspects of mechanical loading on the main-
tenance of matrix integrity by chondrocytes have been
made (Table 3), and although diverse in nature, trends
have become apparent. Thus, dynamic loading is ob-
served to stimulate proteoglycan and protein synthesis
(although excessively high hydrostatic pressures or
strains reduce synthesis), whereas static components are
associated with decreased synthesis [47, 56, 67, 83, 92,
103, 138].

In contrast to the many studies summarized in Table
3, until recently very few studies addressed directly the
manner in which load is translated into altered macro-
molecule turnover. Several pathways have been impli-
cated in mechanotransduction [110, 130], although here
we are primarily concerned with the consequences of
load for chondrocyte intracellular composition.

As the earlier sections have shown, the homeostatic
mechanisms that control chondrocyte intracellular com-
position are, to varying degrees, sensitive to components
of load. The sensitivities summarized in Table 4 may be
one route in which load could be translated into a cellular
response [121, 130] (Fig. 2). When chondrocytes are
exposed to simulated load (hyperosmolarity, acidity,
pressure), changes in [Na+] i, [K+] i, pHi and [Ca2+] i occur
as a result of altered transporter activity, and such dis-
turbances modify macromolecular synthesis in a similar

fashion to the component of load being simulated. For
example, by actions on transporters which we have out-
lined, hyperosmolarity or prolonged hydrostatic pressure
can raise [Na+] i and in turn depress matrix synthesis in
isolated bovine chondrocytes [10, 141]. Similarly,in
vitro studies in which bovine chondrocyte pHi is acidi-
fied by incubation in acidic media show reduced matrix
synthesis under these conditions [119, 121, 134]. A
complicated interdependence between intracellular vari-
ables must exist: given the effects of pH on [Ca2+] i de-
scribed earlier, the effects of joint loading on extracel-
lular and intracellular pH could drive matrix synthesis
indirectly via changes in [Ca2+] i.

Concluding Remarks

In this review, we have outlined the challenges faced by
articular chondrocytes, and the homeostatic mechanisms
that they employ to meet them. Our knowledge of the
processes involved has grown in recent years and con-
tinues to improve. Understanding how chondrocytes en-
dure the insults of their extracellular environment, while
at the same time sustaining cartilage matrix integrity, is
fundamental. Defective membrane transporter function
is now known to underlie many disease processes; es-
tablishing whether the same is true for cartilage patholo-
gies such as osteoarthritis remains the goal for physiolo-
gists and pharmacologists who work on the transport
systems we have described in this review.

We thank Dr. Jill Urban for helpful discussions. This work was sup-
ported by grants from the Arthritis Research Campaign, UK, the
European Convention and the Royal Society, UK. JAB holds a Martin
Wronker Prize Studentship funded by the University of Oxford.
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