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Abstract

Chondrocytes are the cells of articular cartilage responsible for the production and 

maintenance of their extracellular matrix (ECM). They exist in a unique environment 

of low partial pressures of oxygen, low pH and avascularity (Urban, 1994). The 

chondrocyte environment is also challenged by constant osmotic fluxes during 

osmolarity changes induced by joint loading. This thesis investigates the ion 

channels expressed by chondrocytes and examines the possible functions for these 

channels.

Whole cell and single channel electrophysiological experiments identified chloride, 

sodium, potassium and non-selective cation conductances in isolated canine 

chondrocytes. Whole-cell current clamp measurements of membrane potential 

(Vm) showed that chondrocytes have very depolarised Vm compared to other ceil 

types (in the range of -8 to -14mV, measured from bovine, ovine, equine and canine 

chondrocytes).

Permeability experiments carried out in whole-cell voltage clamp mode determined 

that the non-selective cation current was selective for calcium over sodium and 

potassium at a level similar to that of the transient receptor potential vanilloid type 

five and six channels (TRPV5 and 6). RT-PCR detected mRNA for TRPV4 and TRPV5 

channels. The effect of these channels on chondrocyte membrane potential {Vm) 

was determined using whole-cell current-clamp electrophysiology. Experiments 

with the selective TPRV5 inhibitor econazole suggest that TRPV5 is constitutively 

active and important for setting the depolarised Vm. Conversely, TRPV4 appeared 

to be inactive at rest and when activated by the selective agonist 4 a-phorbol 12,13-



didecanoate indirectly caused an increase in potassium conductance and thus 

membrane hyperpolarisation.

A low conductance sodium channel was also identified. Sensitivity to low 

concentrations of amiloride and benzamil indicate that this channel is the epithelial 

sodium channel (ENaC). Whole-cell current-clamp showed that this ENaC had a 

small but significant contribution to the Vm.

A mixed population of chloride channels was found in the chondrocyte using single 

channel and whole-cell current and voltage clamp recordings. This population 

consisted of a maxi-chloride channel and a calcium-activated chloride channel.

A model of chondrocyte Vm was then developed combining the approach of 

Hodgkin and Huxley (1952b) with parameters measured in the patch clamp 

experiments. This model was able to simulate many of the effects of inhibition of 

channel conductances on the resting membrane potential. Whole-cell current 

clamp experiments using inhibitors of the ion conductances discovered previously, 

verified the models predictions.

This thesis then tested the hypothesis that the depolarised Vm of chondrocytes 

facilitates volume regulation. Cell volume experiments discovered that at more 

negative Vm chondrocytes were unable to regulate their volume upon hypotonic 

challenge. At more positive potentials, cell volume recovery was significantly 

greater. This is likely to be due to the greater driving force for potassium efflux and 

suggests that the depolarised Vm is an adaptation which allows the chondrocyte to

ii

effectively regulate its volume.
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Introduction

1.1 Joints, cartilage and chondrocytes

Synovial joints connect long bones of the skeleton, allowing free movement. They 

form a cavity between bones which contains synovial fluid; this acts as a lubricant to 

decrease friction between the bones meeting at the synovial joint and absorbs 

shock (Lee & Urban, 1997). Articular cartilage is a type of hyaline cartilage that 

covers the surface of bones which meet at a synovial joint (Mankin, 1982). As a 

joint moves, cartilage is vital for smooth articulation, reducing friction and shock 

absorption (Tatari, 2007).

Cartilage can be separated into distinct regions according to the depth of the tissue. 

The superficial zone is the furthest away from the bone, accounting for 10-20% of 

the tissue. The medial zone accounts for up to 60% of the tissue, whilst the deep 

zone accounts for up to 30% (Brighton et ai, 1973). The morphology of 

chondrocytes, the cells of cartilage, varies according to the region of cartilage in 

which they lie. Superficially, they are small and flattened (Archer & Francis-West, 

2003), becoming more ovoid in shape when situated in the medial zone. In the deep 

zone they may form short columns of large, round cells (Brighton et ai., 1973). A 

fourth layer of cartilage is present at the interface between cartilage and bone, 

known as the calcified zone. Very few chondrocytes are found in this region 

(Martel-Pelletier et al., 2008). Throughout cartilage, chondrocytes occur singularly 

within spaces called lacunae in the extracellular matrix (ECM) (Stockwell, 1975).
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A chondrocytes primary function is to synthesise and secrete proteoglycans.

collagen and non-collagenous proteins to maintain the ECM (Fassbender, 1987). The 

ECM is made up of a collagen fibre meshwork and negatively charged 

proteoglycans, which attract positive cations (Broom & Marra, 1985). 

Proteoglycans contribute to cartilage rigidity, stability and durability during 

compression (Redini, 2001) and bind water, which can make up 65-80% of cartilage 

(Martel-Pelletier et al., 2008). They consist of a core protein attached to 

glycosaminoglycan (GAG) molecules, and water binds to the carboxyl and sulphate 

groups in these molecules. Despite being linked by the core protein, because these 

GAGs are negatively charged they repel each other, creating a mesh network, within 

which water molecules become immobilised (figure 1.1) (Maroudas & Evans, 1972).

Fixed negative charges 
on GAG chains aggrecan

collagen
^.fibril

mobile

chondrocyte
ECM 0

mobile
cations

GAG
chains

Figure 1.1 Schematic showing the location of a chondrocyte embedded in cartilage and the 

structure of its extracellular matrix.

Types II, IX and XI collagen form a tensile fibril network within cartilage, supporting 

the proteoglycans. Type VI collagens form adjacent to chondrocytes and may be
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involved in attachment of the chondrocyte to the extracellular matrix (Bruckner &

Van der Rest, 1994). In the superficial zone of cartilage collagen can account for up 

to 65% of tissue content. Non-collagenous proteins, such as Anchorin CM, are also 

involved in chondrocyte anchorage (Fernandez et al.t 1990). Chondrocytes maintain 

cartilage by establishing a balance between replacing degraded macromolecules 

and increasing synthesis in response to injury (Martin & Buckwalter, 2000). In 

return, the cartilage matrix protects chondrocytes from mechanical stress placed on 

the joint (Buckwalter & Mankin, 1998; Martin & Buckwalter, 2000). There is a 

relatively high matrix to cell volume ratio, particularly in mammalian articular 

cartilage where chondrocytes occupy no more than 10% of the total tissue volume 

(Stockwell, 1971). Arguably, the most important requirement of the ECM 

synthesised by articular chondrocytes is that it is able to withstand physical 

deformation as a joint articulates. Chondrocyte metabolic activity is directly 

correlated with the weight of mechanical stress placed on the cartilage; increased 

activity when the cartilage is heavily loaded provides maximum proteoglycan 

content (Urban, 1994). The ability of articular cartilage to withstand and respond to 

pressure and shearing forces is vital for it to fulfil its function.

Articular cartilage provides a challenging environment for the chondrocyte for three 

main reasons. Firstly, articular cartilage is avascular. Many nutrients, therefore, face 

steep concentration gradients and large travel distances; indeed, most 

nutrient/waste exchange occurs through diffusion from the synovial fluid (Lee & 

Urban, 1997; Allan, 1998). This avascularity also results in very low partial pressures 

of oxygen at the chondrocyte level (Wilkins et al.f 2000; Gibson et al., 2008). 

Secondly, the ECM has a lower pH and higher osmolarity than most other cellular
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environments (Browning et ai, 1999)* The network of negatively charged

proteoglycans surrounding each chondrocyte attracts positive cations resulting in a 

lowered extra-cellular pH. The hypoxic environment caused by the tissues 

avascularity (oxygen concentrations within cartilage reduce near to the cartilage- 

bone margin to almost zero (Otte7 1991)) adds to the low pH as the chondrocytes 

undergo mainly anaerobic glycolysis, thus creating excess lactic acid. In turn, this 

build-up of excess acid is difficult to remove due to the avascularity of the ceil 

environment. Finally, the ECM surrounding the cells is constantly changing. As any 

joint moves it is thought that chondrocytes react to the increased mechanical stress 

with cell deformation by changing intracellular ion concentrations to try and 

maintain homeostasis of the ECM. It is also thought that with differing mechanical 

loads, chondrocyte secretions are altered, with proteoglycans and enzymes being 

secreted. This could be in response to intracellular calcium waves, as seen in other 

tissues (Sudhof, 2004). These intracellular changes may be caused by altered ion 

channel activity, which in turn will affect the current across the ceil membrane as 

ions enter the cell. Once the mechanical loading ceases the chondrocyte can return 

to its resting state. However, it has been shown that with maintained mechanical 

loading the chondrocyte will react and change more slowly (Guilak et ol., 1999a). 

This could enable the cartilage to alter its composition to respond to the demands 

of the body. Alternatively, it appears that with repeated loading cycles the articular 

cartilage may be unable to recover fully from mechanical stresses (Urban, 1994). 

The processes which lead from these stresses and mechanical loads to changes in 

chondrocyte function are not understood. It is believed that the signals transduced 

by ion channels within a chondrocyte membrane enable these cells to regulate the
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ECM {Erickson et al., 2001; Yellowley et al., 2002; Sanchez & Wilkins, 2004; Sanchez

et al., 2006). It is also believed that these channels may change (in number, 

composition etc.) in order to cope with the maintenance of the changing ECM 

(Buckwalter & Mankin, 1998). If we can understand how these processes interact, 

and can be pharmacologically controlled, we can potentially modulate their 

function with the intention of preventing or controlling cartilage degeneration. An 

emerging potential target for control of cartilage deterioration is the chondrocyte 

resting membrane potential (RMP).

1.2 Chondrocyte resting membrane potential

Until quite recently, the concept of the RMP being important for the control of 

chondrocyte function had not been widely discussed; however there are a number 

of clues emerging that this may be as important for chondrocytes as it is for other 

cells. Studies on the RMP of chondrocytes have found values varying between - 

12mV (Wright et al., 1992) and “43mV (Ponce, 2006), which are generally 

considered relatively depolarised potentials, but similar to other non-excitable cells 

(Freedman, 1998).

The RMP has been shown to be central to the secretion and synthesis of substances 

in a variety of other cell types (Breittmayer et al., 1996; McCarty, 1999; Penyige et 

al., 2002). In general terms, the RMP of cells is central to the control of its function 

and its signalling with the local cellular environment. When the cell is at its RMP, ion 

movement into and out of the cell is at equilibrium. When a cell membrane is 

depolarised away from the RMP the cell generally becomes active, and this 

frequently leads to increases in cytosolic calcium ions and secretion (Sudhof, 2004;
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Berridge, 2005). A similar scheme has been hypothesised for the chondrocyte (Hall

et al., 1996b). The suggestion is that as mechanical stress is placed on the 

chondrocyte this ionic equilibrium is disrupted, ion movements occur and cell 

signalling is altered. It seems likely, therefore, that if the RMP of chondrocytes is 

changed by ion channel manipulation, their ability to produce ECM will be 

compromised. This conjecture is indeed supported by experiments where RMP 

modifying ion channel blockers reduced the production of matrix mRNAs (Wu & 

Chen, 2000b), proteins and sulphated glycosaminoglycans (Mouw et al., 2007). 

Chondrocyte proliferation is also inhibited by blockers of ion channels (Wu & Chen, 

2000b; Wohlrab et al., 2002) and apoptosis increased (Grishko et al., 2010) As with 

other cells, the chondrocyte RMP is determined by the balance of positive and 

negative ion permeabilities in the cell membrane. These permeabilities are, in turn, 

established by the chondrocyte channelome (the complement of expressed ion 

channels and porins).

Ultimately, the RMP of any cell is determined by the behaviour of its compliment of 

ion channels. Ion channels are the essential components that control ion 

movement in and out of the cell (Hodgkin & Huxley, 1952a). They are embedded 

within the plasma membrane and usually consist of one or more subunits with a 

central aqueous pore, which opens by conformational change (reviewed by 

Catterall, 1995). The stimulus for opening (gating) is specific to each ion channel, 

and may be voltage, chemically or mechanically induced (Sachs, 1991; Unwin, 

1993).
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The Goldman-Hodgkin-Katz (GHK) voltage equation can be used to calculate a value

for the RMP, when the cell is in equilibrium (Goldman, 1943; Hodgkin & Katz, 

1949b).

RMP = —l (PN^Na+^0Ut+ PK+lK+1out + PcrlCl^in + *VlX+]tmtA 

F \ ^Ara+[^a+]in + ^jr+t^+]in + ^cr[^“]out + Px+V^+]in )

Where, PNa+f PK+and Pcr are the relative permeabilities of the combined sodium 

channels, potassium channels, and the chloride channels. The GHK equation 

describes how a change of relative permeability of the membrane to individual ions 

affects the RMP. The GHK equation was developed by Hodgkin and Huxley to 

calculate changes in membrane potential from individual ionic currents. This is 

discussed more in Chapter 7.

In neurones and striated muscle, there is the general principle that voltage-gated 

sodium channels (NaVx) are largely responsible for the upstroke of an action 

potential and delayed rectifier potassium channels (Kvx) are responsible for the 

repolarisation of the cell following the action potential. In the example of a 

neurone, there are additional voltage-gated calcium channels (CaVx), which 

facilitate secretion of neurotransmitter. There are also a plethora of other ion 

channels which control the RMP, the ease with which a cell can be stimulated to fire 

an action potential (excitability) and the speed at which an action potential 

conducts. A chondrocyte does not conduct action potentials however, and so a 

fundamental question was "does the chondrocyte express ion channels?" The most 

basic answer to that question ("yes") has been known for some time. However the
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next two questions would be, which ion channels does it express and what do they

do?

1.3 Which ion channels are expressed in chondrocytes?

The process of identifying which ion channels and transporters are expressed in 

chondrocytes is the first aim of this thesis, but work has already begun in this area 

by my own and in other groups. It has been discovered that chondrocytes possess 

aquaporins (Mobasheri et al.f 2004b}, and several members of the potassium 

channel family (Grandolfo etaL, 1990; Wilson etal., 2004; Mobasheri etal., 2007b). 

Voltage-gated channels including calcium, hydrogen, chloride and sodium channels 

(Sugimoto et al.f 1996a; Zuscik et a!., 1997) have been shown to be present, along 

with several different transporters, for example, the Na+/H+ antiporter, the 

Na+/KVcr cotransporter and the Na+/K+-ATPase (Wilkins & Hall, 1992). Groups thus 

far have concentrated mainly on the potassium channel family or voltage-gated 

channels. This thesis aims to investigate the contributions of these and other, as 

yet unidentified, ion channels to chondrocyte function.

1.3.1 Potassium channels

1.3.1.1 Voltage-gated potassium channels

One of the first discovered ion conductances in biology was the potassium delayed 

rectifier (Katz, 1949). The ion channels underlying this are now known to be Kv 

channels, members of the Kv potassium channel family. This family is one of the 

largest ion channel families with at least 40 members of six transmembrane 

domains (Grissmer et ai, 1994). Interestingly, these were also one of the earliest
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ion channels discovered in chondrocytes (Walsh et ai., 1992). Kv channels have now 

been reported in chondrocytes by a number of authors and have been shown to be 

archetypal slowly inactivating ion channels (Wilson et ai, 2004; Mobasheri et al., 

2005a; Ponce, 2006).

Relatively few studies have attempted to establish the molecular identity of the 

delayed rectifier in chondrocytes. However, reports suggest that these channels are 

similar between species (chicken, canine, equine, and elephant) in terms of their 

steady-state half-activation voltage and slope (Wilson et ai, 2004; Mobasheri et al., 

2005a; Ponce, 2006). Half activation parameters and activation time constant data 

taken from a number of studies suggest that the potassium channel of 

chondrocytes is likely to be a member of the Kv 1.x (Mobasheri et al., 2005a). 

Pharmacological data are discussed in Mobasheri et al (2005a) and are not entirely 

consistent for Kv 1.x channels or one particular Kv channel. Immunohistochemical 

and RT-PCR data from the same study, have unequivocally revealed the presence of 

Kv 1.4 subunits in equine chondrocytes. Kv 1.6 has been revealed in murine 

chondrocytes (Clark et al., 2010). Since Kv channels are known to exist as functional 

heteromultimers (Villalonga et al., 2010) it is suggested that articular chondrocytes 

may express Kv 1.x, probably as a heteromultimer including the Kv 1.4 or Kv 1.6 

subunits and probably some other, as yet unidentified, Kv subunit(s) (Barrett-Jolley 

et al., 2010).

13.1.2 Inwardly rectifying potassium channels

Katp channels are a subfamily of inwardly rectifying potassium channels and are the 

only member of this group to have been shown in articular chondrocytes

9



(Mobasheri et a!., 2007b). These channels are closed by intracellular ATP and thus

serve to couple metabolism to membrane excitability (Quayle et al.r 1997; Ashcroft 

& Gribble, 1998; Minami et al., 2004). Structurally these channels exist as 

heteromultimers. Each functioning protein consists of four ATP binding cassette 

proteins (SUR) surrounding four inwardly rectifying potassium channel subunits (Kir 

6.x) (Babenko et al., 1998). In addition to being opened by decreasing intracellular 

ATP, Katp channels are also frequently observed to be opened by low oxygen 

tension and hypoxia (Dart & Standen, 1994). This suggests that these channels are 

important in hypoxia-mediated cell signalling (Phillis, 2004). As the chondrocyte 

exists at such low partial pressures of oxygen, it is suggested that the KAtp channel 

seen in chondrocytes may be important for regulation of cartilage metabolism and 

sensing ATP levels within the cell (Mobasheri etal., 2005b).

13.1.3 Calcium-activated potassium channels

Several studies have identified calcium-activated potassium channels in 

chondrocytes (Grandolfo et al., 1992; Long & Walsh, 1994; Martina et al., 1997; 

Mozrzymas et al., 1997). These channels are reported to be opened by stretch and 

there are two theories as to the exact mode of activation. These can be termed 

either calcium dependent or calcium independent mechanisms. The calcium 

dependent hypothesis would require that stretch led to an increase in intracellular 

Ca2+ and that this activated the BK channel. Indeed a number of studies show 

changes in intracellular Ca2+ with osmotic or other mechanical challenge (Grandolfo 

et al., 1998; Guilak et al., 1999b; Yellowley et al., 2002; Sanchez et al., 2003; 

Sanchez & Wilkins, 2004). The source of such Ca2+ is controversial, but potentially.
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dogma states that it must come from either influx (e.gv a channel or other 

transporter protein (Sanchez et al., 2003; Sanchez & Wilkins, 2004; Phan et al., 

2009)) or from intracellular stores (Grandolfo etal., 1998). The calcium independent 

hypothesis would involve either direct sensing of stretch by the channel itself, or 

coupling of the channel to other mechanoreceptors such as integrins (Mobasheri, 

2002). The function of BK activation by stretch is still unknown, but there are a few 

clear possibilities. Firstly, the BK channel could be acting as an "osmolyte" channel 

(Hall et al., 1996b; Kerrigan & Hall, 2008), since activation of potassium 

conductances will allow potassium ions to leave, decrease intracellular osmotic 

potential and facilitate regulatory volume decrease. Secondly, it is possible that it is 

the influence of the BK channel on the membrane potential which is critical, as it is 

in vascular tissue (Ledoux et al., 2006). In addition to the body of work showing the 

presence of BK channels, there have also been a few reports of SK activity in 

chondrocytes, although no functional explanation for its presence (Wright et at, 

1996; Lee etal., 2000; Ramage etal., 2008; Funabashi et al., 2010).

1.3.2 Sodium channels

The epithelial sodium channel (ENaC) is known to be responsible for sodium control 

in the kidney and colon, and has been shown to be important for the cellular 

control of volume in hepatocytes (Rossier et al., 2002). It is also found in lung tissue 

(Mall et al., 1998), and the taste buds (Lindemann, 2001). It is a member of the 

degenerin (DEG) and ENaC superfamily (Mano & Driscoll, 1999). ENaC is a 

heteromeric channel, formed of up to four subunits; a, |3, 6, and y (Canessa et al., 

1994) and is closely related to the acid sensing ion channels.
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This channel is thought to be one of the most selective sodium ion channels and is

significantly more permeable to sodium than potassium (Eaton et al.f 1995). 

Immunohistochemistry studies have shown that this channel is expressed in the 

chondrocyte (Trujillo et ai, 1999b), however, to date there has been no functional 

evidence shown.

Voltage-gated sodium channels (V6SC) are integral membrane proteins that are 

activated in response to voltage-changes across the plasma membrane (Catterall, 

1995). The presence of tetrodotoxin sensitive VGSC has been reported in rabbit 

chondrocytes and in chondrocytes from osteoarthritic cartilage (Sugimoto et al., 

1996a; Ramage et ai, 2008).

13.3 Calcium channels

Voltage-gated calcium channels (VGCC) are a group of calcium permeable voltage

gated ion channels found in excitable cells (e.g., glial cells, neurones, etc. (Catterall, 

1991)). The presence of L-type VGCCs in chondrocytes was suggested by Wright et 

al (1996) on the basis of pharmacological inhibition of calcium-dependent 

hyperpolarization by somatostatin and cadmium. This was supported by evidence of 

VGCC activity in growth plate chondrocytes, which was inhibited by cadmium 

(Zuscik et al., 1997). It should be noted that whilst this is a plausible hypothesis, 

both somatostatin and cadmium affect a range of other ion channels including 

transient receptor potential channels (Carlton et al., 2004), which may be present in 

chondrocytes. Ultrastructural studies have confirmed the presence of L-type VGCCs 

in mouse limb bud chondrocytes (Shakibaei & Mobasheri, 2003). These channels 

appear to be organized around (5-1 integrin receptors with kinases and cytoskeletal
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complexes in close proximity. The presence of L-type (and T-type) calcium channels

in chondrocytes was recently supported by Mancilla et al (2007), however, Sanchez 

and Wilkins (2004) found that osmotically induced changes in intracellular calcium 

ions were not influenced by more selective L-type calcium channel blockers 

(including verapamil). In contrast aggrecan and collagen synthesis induced by 

electrical stimulation of cartilage is dependent upon the activity of VGCCs (Xu et al.f 

2009). Clearly, further evidence for the presence of this channel is needed to clarify 

these data.

1.3.4 Transient receptor potential channels

Transient receptor potential channels (TRPs) are a super-family of related ion 

channels that are relatively non-selectively permeable to cations1. TRPs are found in 

many cell types, from yeast to mammals and several have been proposed to exist in 

chondrocytes (Gavenis et al., 2009; Phan et al., 2009). There are 6 sub-families: 

canonical (TRPC), melastatin (TRPM), vanilloid (TRPV), ankyrin (TRPA), polycystin 

(TRPP), mucolipin (TRPML) and TRPN (no-mechanoreceptor potential C) (Alexander 

et al., 2008). The TRPC and TRPM subfamilies have seven and eight channel 

members, respectively. The TRPV and TRPP subfamilies have six and two channel 

members, whilst TRPA and TRPML each have one channel member (Kang et al., 

2007). All functional TRP channels have the same basic structure of six

1
Transient Receptor Potential Channels. Authors: David E. Clapham, Bernd Nilius, Grzegorz 

Owsianik. Last modified on 2010-04-07. Accessed on 2010-06-24. IUPHAR database (IUPHAR-DB), 

http://www.iuphar-db.org/DATABASE/FamilyMenuForward?familyld=78.
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transmembrane units with cytosolic N and C termini (Owsianik et al.t 2006). Whilst

TRP channels can be modulated by a number of stimuli, none of the channels show 

substantial voltage sensitivity. The TRPC group mainly function as calcium store- 

dependent channels, activated by a decrease in intracellular calcium (Clapham et 

a!., 2001). They have a selectivity for Ca2+ over Na+ of between 1 and 6 (Kang et al.f 

2007). The TRPV subfamily is also thought of as the mechano-sensitive group, as its 

members can be modulated by a number of physical stimuli. The subfamily can be 

further divided into two groups based on cation selectivity; TRPV1-4 have a rather 

low selectivity between mono and di-vaient cations and are only slightly more 

permeable to calcium (Pca/pNa of less than 10) whereas TRPV5 and 6 are highly 

permeable to calcium (Pca/Pwa can be greater than 100). TRPV1-4 stimuli include 

temperature (and capsaicin), phorbol-diesters and possibly mechanical stimuli such 

as stress. These channels are often thought of as the pain receptor channels, due to 

the nature of the stimuli they are sensitive to (reviewed by Patapoutian et al., 

2009).

TRPV4 is the only TRP channel to have been identified in non-diseased cultured 

chondrocyte (Phan et a/., 2009). A study on osteoarthritic chondrocytes found 

several TRP channel types; TRPC1, 3 and 6, TRPM1, 5 and 7, and TRPV1 and V6 

(Gavenis et al., 2009).

1.3.5 Chloride channels

Chloride channels are found in almost every animal cell (Nilius et al., 1997) and have 

been shown to be involved in the regulation of cell volume, regulation of pH, 

control of cell membrane potential and also involved in the transport of amino acids
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(Gronemeier et alv 1994). The largest sub-family within the chloride channel group

is the CIC family, which contains nine members (CIC 1-9). Of these nine, only four 

are thought to be membrane bound proteins (CIC-1, 2 Ka and Kb), the others all 

have intracellular localisations (Estevez et ai, 2004). There are four other members 

of the chloride channel family, all functionally distinct from one another. These are 

the maxi-chloride channel, the volume-regulated chloride channel (VRAC), the 

calcium-activated channel and the cystic fibrosis transmembrane regulator (CFTR).

Voltage-dependent chloride channels and the maxi-chloride channel have been 

demonstrated functionally in chondrocytes (Sugimoto et a!., 1996a; Tsuga et al., 

2002), although there has been no molecular identification of the exact subtype. It 

has been shown that this large-conductance chloride channel contributes to the 

RMP of chondrocytes, as pharmacological inhibition of the channel significantly 

depolarised the membrane (Tsuga et al., 2002). In addition to this, inhibition of this 

channel appears to have necrotic effects on the chondrocyte, suggesting that the 

activity of this channel plays an important part in chondrocyte survival (Wohlrab et 

al., 2004). Of course, these necrotic effects could occur due to the effect that 

inhibition of this channel has on the membrane potential, rather than as a result of 

direct action on the chloride channel.

Another chloride channel family member found in chondrocytes is the CFTR (Liang 

et al., 2010). Whilst the function of this channel in chondrocytes remains unknown, 

in other tissues the CFTR can function as a regulator of other ion channels, such as 

ENaC and VGCCs, both of which are known to be expressed in chondrocytes (Mall et 

al., 1998; Nilius & Droogmans, 2003; Arniges et al., 2004).
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1.3.6 Hydrogen channels

The expression of voltage-activated hydrogen channels (VAHC) in chondrocytes has 

been demonstrated electrophysiologically (Sanchez et al., 2006). In other cell types 

VAHCs are known to have roles in pH homeostasis, being able to rapidly induce an 

increase in intracellular pH through efflux of hydrogen ions (DeCoursey, 1991). In 

microglia, VAHCs have been shown to influence cell response to osmotic challenges, 

this has also been demonstrated in chondrocytes by use of fluorescence 

experiments (Morihata et al., 2000; Sanchez etal., 2003).

1.3.7 Acid-sensing ion channels

Two further ion channels recently identified in chondrocytes are the acid sensing 

channel, ASICla and ASIC3 (Kolker et al., 2010; Yuan et al., 2010) and the 

connexin43 hemichannel (Knight et al., 2009). ASIC are very small cation selective 

channels closely related to ENaC (reviewed by Wemmie et al., 2006). As their name 

implies, they are opened by extracellular protons. This is particularly relevant to 

chondrocyte biology since chondrocytes are routinely exposed to relatively acidic 

conditions, as low as pH 6.6 for example (Wilkins et al., 2000). In vitro studies show 

that these channels mediate an increase in intracellular calcium upon exposure of 

chondrocytes to acidic conditions. This intracellular Ca2+ is likely to be a signal for 

production of enzymes and for proliferation. Potentially, inappropriate increases in 

calcium could result in cell death from either necrosis or apoptosis (Kolker et al., 

2010; Yuan et al., 2010). The role of the connexin 43 is possibly more complex. 

Knight et al (2009) found it to be constitutively active in about 40% of chondrocytes, 

and as such it might be expected to profoundly depolarize the membrane. In
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summary, the suggested scheme of connexin43 involvement was that mechanical

stimulation of chondrocyte cilia activates the hemichannel which then acts as a 

conduit for ATP release. This released ATP then acts on chondrocyte membranes 

(via P2 purinoceptors) to increase intracellular Ca2+ (Knight etal., 2009).

1.3.8 Aquaporin channels

Aquaporins (AQP) are a family of small integral membrane proteins related to the 

major intrinsic protein (MIP), sometimes called AQ.P0 (Agre et ai, 1993). The first 

AQP discovered, AQP1, was identified during experiments investigating the identity 

of the rhesus blood group antigens (Denker et al., 1988). Oocytes from Xenopus 

iaevis microinjected with in vitro-transcribed mRNA of AQP1 (previously known as 

CHIP28) exhibited increased osmotic water permeability compared to uninjected 

controls. This observation, combined with the reversible inhibition induced by 

mercuric chloride, provided the first molecular evidence for water channels 

(Preston et al., 1992). Since the identification of AQP1 the field has expanded to 

now include study of AQP in all types of organisms. Over a dozen AQP have been 

identified in mammals. The classical AQP transport water exclusively. However, a 

second class of AQP has now been identified (Rojek et al., 2008), these so-called 

aquaglyceroporins also transport small, uncharged molecules such as glycerol and 

urea; examples include AQP3, AQP7, and AQP9 (Carbrey et al., 2003). Many models 

of chondrocyte function involve changes in volume (Hall et al., 1996b). For this to 

occur there must be pathways for the movement of water into and out of the cell. 

The discovery of AQP channels in chondrocytes would appear to provide an 

appropriate mechanism (Mobasheri & Marples, 2004; Mobasheri et al., 2004a;
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Mobasheri et al., 2004b; May et al.t 2007). Studies have shown a loss of volume

regulation with inhibition of AQP channels (May et al., 2007) and reductions in 

migration and adhesion of chondrocytes (Liang et al., 2008).

1.3.9 Ion pumps and co-transporters

Three ion pumps have been identified in chondrocytes; the Na+/H+ antiporter, the 

Na+/K+/Cr cotransporter (NKCC) and the Na+/K+-ATPase (Wilkins & Hall, 1992; 

Trujillo et al., 1999a). These are membrane-bound proteins responsible for 

maintaining the intracellular concentrations of the appropriate ions. The Na+/K+- 

ATPase has a high number of copies per chondrocyte (~1.5xl05 Mobasheri et al., 

1998)) and will upregulate its numbers following a sustained increase in intracellular 

sodium. The intracellular sodium concentration will, of course, be dependent on 

extracellular factors. Therefore it is likely that this pump is able to play a role in the 

adaptation of a chondrocyte to its extracellular environment (Trujillo et al., 1999b). 

Increasing amount of evidence is showing that ion pumps may also be important in 

the control of chondrocyte volume and this is discussed further below.

1.4 What do chondrocyte ion channels do?

To fully understand the function of chondrocyte ion channels it is necessary to know 

exactly how each channel contributes to the RMP. One way to do this is to measure 

the RMP and apply agonists and antagonists of the particular ion channel of 

interest. This has some major disadvantages however. The first of these is that one 

would need rather selective activators and inhibitors for each ion channel. For many 

ion channels these simply do not exist. The second disadvantage is that the 

behaviour of ion channels will differ in different ionic and thermal conditions and
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with different levels of dissolved oxygen and carbon dioxide. It is difficult to be 

confident of the level of each of these variables in vivo and to complicate matters 

further the variables are likely to also change in disease states. To set-up totally 

physiological (and pathophysiological) conditions covering each of the possible 

combinations is unrealistic. Furthermore, the in vivo chondrocyte is likely to be 

exposed to various hormones, autacoids and mediators. One would need to study 

ion channels with and without each of these in each of the possible combinations of 

physiological variables. A final disadvantage is that as the cell RMP is dynamically 

linked to the function of several different ion channels, one could determine that a 

particular ion channel blocker initiated a change in RMP, but this change may have 

involved other ion channels too, which were themselves affected by the change of 

RMP. One approach to tackling these problems is to follow the procedures used to 

study the function of neurones and muscle (Hodgkin et ai, 1949; Ling & Gerard, 

1949; Weidmann, 1951; Hodgkin & Huxley, 1952b). One can attempt to identify 

each of the major ion channels expressed in the chondrocyte membrane and build a 

computer simulation of their activities. Variables for parameters such as 

temperature and ionic composition can be included and estimates made of how 

these would change with variations of cellular environment. Having built such a 

model one can investigate the predicted effects on RMP of any one of the known 

ion channels. When one has clear "results" one can then check back in various in 

vitro models to see if specific challenges do result in the predicted outputs. If the 

model matches the data then it strengthens the validity of the model, if there is a 

mismatch the model must be refined and modified. This is an iterative process. This 

model can be loosely based on the work of Hodgkin and Huxley (Hodgkin & Huxley,
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1952b), which describes how changes in ionic current density affect the RMP.

Further refinement of this basic model will then introduce changes of membrane 

potential with time using linear differential equations.

1.5 Volume regulation

Chondrocytes location, embedded in cartilage, means that these cells are subjected 

to significant dynamic loads during physical activity (Eckstein et ai, 1999). The limb 

joints in a galloping horse, for example, will routinely experience compressive forces 

of 7,500 Newtons (Setterbo et at., 2009). Contact pressures have been directly 

measured in human hip joints and are reported to be as high as ISMPa (Hodge et 

a!., 1986). Under pressure, cartilage exudes fluid (McCutchen, 1962) and thus 

decreases in volume. This involves changes in water content of the interstitial 

component of cartilage and consequent changes in extracellular osmotic potential 

(Mow et al., 1992; Mow et al., 1999; Sivan et at., 2006). Typical osmolarities for 

many mammalian cells are in the region of SOOmOsm. However, under load, the 

osmolarity of the extracellular matrix of cartilage is believed to be approximately 

480m0sm (Urban, 1994). More recently, osmolarities as high as 550mOsm have 

been used to model the three dimensional microenvironment of chondrocytes 

under load (Xu et al., 2010). Changes in osmotic pressure are reversible upon 

relaxation (Mow et al., 1992; Urban, 1994) and so during normal usage 

chondrocytes will be cyclically exposed to both increasing and decreasing osmotic 

forces. Healthy chondrocytes are able to regulate their volume with remarkable 

resilience throughout these osmotic pressure cycles (Bush & Hall, 2001a). However,
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chondrocytes swell during the decreasing phases of the osmotic pressure cycle 

(Bush & Hall, 2001b) and are vulnerable to damage (Bush et a!., 2005).

When subjected to osmotic challenge any cell has to react to overcome the changes 

in osmolarity, and maintain its volume. Exactly how the chondrocyte maintains its 

volume is unknown, although it is thought that the cell uses ion channels to 

manipulate its intracellular osmolarity to oppose any passive water uptake or loss. 

There are two methods of cell volume control; regulatory volume increase (RVI) and 

regulatory volume decrease (RVD).

1.5.1 RVD

When a cell is submitted to a hypotonic challenge it swells due to the passive 

uptake of water via osmosis. As the cell takes up an increasing volume of water the 

cells will oppose this by effluxing ions, thus decreasing the intracellular osmolarity 

until it is once more in equilibrium with the extracellular environment. The exact 

mechanisms of ion channel involvement are not currently known, although there 

have been various hypotheses. It is likely that the passive water movement which 

occurs in both RVi and RVD is facilitated by aquaporin channels. How the cell moves 

ions to oppose water flux is less clear, however.

The open probability of stretch-activated ion channels generally increases in 

response to mechanical deformation of the plasma membrane (Sachs, 1991). 

Although very little is known about chondrocyte stretch-activated ion channels and 

the macromolecular complexes in which they function, it is thought that they may 

be linked to the cytoskeleton via bl- integrins (Mobasheri et a!., 2002). This may be

responsible for their gating by transmitting extracellular physical forces of stretch or
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pressure to the channels, causing them to undergo a conformational change.

Activation of these ion channels may lead to changes in cell activity via alteration of 

the resting membrane potential (Mobasheri et al., 2002). This is supported by 

studies using ion channel blockers that disrupt the process of mechanotransduction 

(Wu & Chen, 2000a; Mouw et al., 2007). Other studies have suggested that there 

are "osmo-sensing" channels in the cell membrane which somehow react to the 

change in osmoiarity and thus increase the intracellular ionic concentration allowing 

an efflux of sufficient ions to drive a decrease in cell volume (regulatory volume 

decrease) (Hall et al., 1996b). The identity of these channels has, however, 

remained unknown.

It is possible that the channel responsible for ion efflux is a potassium channel 

(Hoffmann & Dunham, 1995; Hoffmann et al., 2009). As the cell volume increases it 

seems likely that the membrane stretches in response. It has been suggested that 

the BK channel may be activated by membrane stretch and therefore an efflux of 

potassium is responsible for returning the cell back to its original volume, however 

the exact mechanism for this is unknown (Long & Walsh, 1994; Mobasheri et al., 

2010). One would also expect there to be a matching anion efflux (chloride, for 

example) to maintain electroneutrality and reduce the total loss of potassium ions. 

A maxi-chloride channel could potentially provide this efflux and possibly explain 

why it is thought to be a volume-sensing channel (Tsuga et al., 2002).

1.5.2 RVI

RV1 is the process by which a cell recovers its volume following a hypertonic 

challenge. When exposed to a hypertonic solution a cell will shrink in volume, as
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water passively leaves the cell via aquaporins in the membrane. To oppose this

shrink, a cell will try to influx ions so that water will follow back into the cell. 

Numerous mechanisms have been proposed for this, with the most popular being 

that RVI is controlled by various Na+ pumps. As the cell shrinks these pumps can 

operate in reverse-mode and return ions to the cell, increasing intracellular 

osmolarity and drawing water back in. One of the pumps implicated in this is the 

NKCC co-transporter. This has been shown to be involved in cell volume increase in 

smooth muscle and kidney cells (Lytle, 1997; Russell, 2000). However, a recent 

study found that although the NKCC is present in growth-plate chondrocytes 

significant inhibition of this channel did not block the RVI process in chondrocytes 

(Bush et al.f 2010). All the channels and transporters involved in this process are yet 

to be identified.

1.6 Volume control and cartilage degeneration?

Osteoarthritis is the most prevalent connective tissue disease of both humans and 

other animals, including cats and dogs, where the incidence of disease in larger 

breeds can approach 75%. In humans the incidence is at 60% in men and 70% in 

women over the age of 65 (Goldring & Goldring, 2007). This degenerative disease is 

usually only detected once the patient has experienced significant pain in a joint, by 

which time damage to the tissue is irreversible. The processes leading to this 

condition are not well understood, although it is believed it may result from trauma, 

joint abnormalities and/or ageing. It is believed that these changes may be a result 

of, or cause, changes in chondrocyte function. For example, ageing results in
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structural and compositional changes within cartilage, causing a loss of strength and

volume of the tissue (Simon & Green, 1971; Creamer & Hochberg, 1997).

Chondrocytes are responsible for the secretion of proteoglycans to maintain the 

strength of cartilage, which, in turn, determines its water content. It is thought that 

as the ageing/degenerative process happens, proteoglycan production decreases 

and as a result less water is bound within the network. This leads to a softening of 

the cartilage, commonly known as chondromalacia, and an increase in water in the 

joint (Stockwell, 1991). This instability within the joint eventually leads to cartilage 

erosion and, ultimately, loss of function as the cartilage is no longer able to protect 

the bones from the mechanical stresses placed upon it. As water is no longer bound 

within the tissue these stresses result in greater variations in hydrostatic pressure. 

These greater osmotic pressures are thought to further exacerbate the 

degeneration process, leading to further joint instability as tissue volume increases 

(Bush & Hall, 2003; Wilson et al., 2004). Decrease in osmotic potential (increased 

water content) has been linked to the early onset of osteoarthritis (Stockwell, 1991) 

and loss of volume control has been specifically linked to chondrocyte death and 

the progression of osteoarthritis (Bush & Hall, 2003; Bush et al., 2005). The exact 

processes leading to this point, however, remain unknown. Apoptosis of 

chondrocytes, the mechanism of controlled cell death, has been linked to the 

pathogenesis of osteoarthritis, however, little is known about the processes 

involved. Indeed, chondrocyte apoptosis could be a result of the disease, rather 

than a causative factor. (Kerr et al., 1972; Mobasheri, 2002; Kim & Blanco, 2007).
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It has been reported that chondrocytes from osteoarthritic tissue appear distended, 

having swollen to fill the space available in the lacunae (Stockwell, 1991). One 

explanation for this is that as the proteoglycan content decreases and water 

content increases, the cells counteract this by uptake of water through osmosis, 

leading to cell swelling greater than that seen in healthy cartilage as the cells try to 

maintain an iso-osmotic environment (Bush & Hall, 2005). In many tissues, failure 

or malfunction of ion channels may cause the pathways that allow the cells to self- 

regulate to become blocked or imbalanced. In addition to this, changes in function 

of ion channels will affect the BMP of the cell, which may, in turn, affect cell 

function. It has been shown that certain chondrocyte secretions (various matrix 

mRNAs) can be affected by alteration of the BMP using ion channel inhibitors but 

the mechanisms underlying this are unknown (Wu & Chen, 2000b).

1.7 Aims

This work has two main aims. The first aim is to determine the types and functions 

of ion channels expressed in articular chondrocytes, in a number of species, using 

electrophysiology and polymerase chain reaction. Once channels have been 

identified, measuring the chondrocyte BMP and examining the effect of each of 

these ion channels on the BMP will lead into the second aim, which is to produce a 

mathematical model of membrane potential. Iterative testing and refining of this 

model will be performed, using in vitro experiments on chondrocytes. The function 

of identified channels will be investigated, with particular emphasis on the control 

of cellular volume. A model of chondrocyte volume will be built which can again be 

tested and refined based on the results from the in vivo experiments.
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2

Methods

2.1 Tissue dissection and cell culture

Canine cartilage was removed from stifle and elbow condyles of large, skeletally 

mature, bull terrier types euthanatized for unrelated clinical reasons (body mass 12- 

16kg; age <4 years). Bovine, ovine and equine joints were sourced from a local 

abattoir. All tissue was less than 36 hours post mortem when dissected.

Figure 2.1 Canine stifle joint showing areas where cartilage is removed from. The joint has been 

opened up by removal of the joint capsule. Arrows show area on condyle from which cartilage 

scrapings were taken. Strips of cartilage were peeled from the condyles and transferred immediately 

to Dulbecco's Modified Eagles Medium supplemented with penicillin-streptomycin and fungizone as 

described in the text.

For canine articular cartilage, stifle and elbow joints were dissected and scrapings 

removed from the condyles (figure 1). Equine, ovine and bovine cartilage scrapings 

were removed from the metacarpophalangeal joint. The cartilage pieces were then 

washed in Dulbeccos Modified Eagles Medium (DMEM) supplemented with 

lOOOmg/L glucose, 4mM L-glutamine and 110 mg/L sodium pyruvate, 2%
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Penicillin/Streptomycin solution (10000:10000ug) and 1% Fungizone-antimyotic

solution (250ug/ml). The shavings were placed in sterile filtered DMEM with 0.1% 

collagenase type II and incubated overnight for 14-16 hours at 37°C with shaking.

Isolated cells were then filtered, centrifuged at 3000g and resuspended in DMEM. 

This was repeated three times to wash the cells before cells were suspended in 

DMEM, as above, plus 10% Foetal Calf Serum. The cell solution was then put into 

culture flasks and incubated for two days before being washed, centrifuged and 

resuspended in fresh medium with serum. Cells were then left to culture until 

confluent. Cells were considered ready for patch clamping when they reached 70- 

100% confluence.

Smooth muscle cells were isolated from rat aorta for membrane potential 

measurements. Aortic tissue was placed into chilled zero calcium buffer containing 

(in mM): 137 NaCI, 5.4 KCI, 0.44 NaHzPCU, 0.42 Na2HP04, 1 MgCI2, 10 HEPES and 10 

glucose, pH 7.4 with NaOH. All connective tissue was cleaned off and the aorta was 

cut transversely to form rings of smooth muscle. These rings were then incubated 

for 55 minutes at 35°C in a O.lmM calcium buffer and enzyme mix containing 1.4 

mg ml1 papain, 0.9 mg ml'1 dithioerythritol and 0.9 mg ml'1 bovine serum albumin 

(BSA). The O.lmM calcium buffer had the same composition as the zero calcium 

buffer with the addition of O.lmM CaCl2. After enzyme treatment the aortic tissue 

was removed from the mixture and washed twice in O.lmM calcium buffer with 0.9 

mg ml1 BSA. The tissue was then transferred into O.lmM calcium buffer (with no 

BSA) and triturated with a Pasteur pipette until single cells were dispersed. The cell
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suspension was then transferred to glass-bottomed dishes ready for 

eiectrophysiology.

All ceil isolation and culture reagents were from Invitrogen, UK.

2.2 Eiectrophysiology

Cells were passaged with lx trypsin and resuspended in DM EM, before being plated 

out and left to lightly adhere to glass-bottomed electrophysiological recording 

chambers ready for patch clamping. Cells were used when freshly isolated, at first 

expansion and then up to and including the 3rd passage. Previous studies have 

shown that chondrocytes in culture begin to lose their differentiated phenotype in 

later passages (Kang et al.t 2007). The differentiated chondrocytes of cartilage in 

vivo express type II collagen, which is endogenous to this tissue, and this has been 

found to be true for first, second and third passage chondrocytes. However, as the 

passage number increases the chondrocytes become de-differentiated, iose their 

phenotype and start producing type I collagen, endogenous to skin, tendon and 

bone tissue, in place of type II. Thus experiments on chondrocytes of passage 

number 4 and above were not carried out as these chondrocytes appear to lose 

their phenotype.

Patch pipettes were fabricated using fire-polished 1.5mm o.d. borosilicate glass

capillary tubes (Sutter Instrument, Novato CA, USA supplied by INTRACEL, UK). They

were pulled using a two-step electrode puller (Narishige, Japan) and when filled

with the various pipette solutions had a resistance in the range of 3-8MOhm

depending on their usage. Pipettes used for single-channel recordings had higher

resistances than those used for whole-cell experiments in order to reduce noise on
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the recordings. All solutions used in electrophysiological experiments are detailed 

in Table 1 {extracellular solutions) or Table 2 (intracellular solutions). Junction 

potentials are shown in Table 3 for the relevant extracellular and intracellular 

solution pairings and were calculated using JpCalc (Barry & Lynch, 1991).

All reagents used in electrophysiology were from Sigma-Aldrich, UK, unless stated 

otherwise.

2.2.1 Inside-out patch clamp

To achieve an inside-out patch, a cell-attached patch was first formed by moving 

the pipette into contact with the cell surface. Applying negative pressure to the cell 

membrane achieved a giga-seal, and patches of the cell membrane were excised by 

moving the pipette away. This exposed the cytosolic surface of the membrane to 

the intracellular bath solution. Single channel activity was measured in voltage 

clamp and recorded with an Axopatch 200a amplifier (Axon Instruments, USA). Data 

were typically filtered at 2kHz and sampled at 10kHz with a DigiData 1200B 

interface attached to a PC typically running the WinEDR software (Dr. John 

Dempster, University of Strathclyde).

Ail single channel experiments were performed under "potassium-free" conditions, 

see Tables 1 and 2 for solutions. Previously, large conductance potassium channels 

have been identified in chondrocytes by my group, and others (Grandolfo et a!., 

1992; Mobasheri et al.t 2010), so this thesis initially set out to investigate what 

other conductances may be present. Eliminating potassium from the experimental 

solutions would allow smaller conductances to be seen.
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Single-channel all-points amplitude histograms were created in WinEDR.

Amplitudes taken at various holding potentials were used to create current-voltage 

[IV) curves and from the equation of the fitted line channel reversal potentials 

[Vrev) and slope conductances (g) could be calculated. Raw channel recordings 

were fitted using QuB software (Qin et al, SUNY, Buffalo, NY) to calculate open 

probabilities.

2.2.I.I. Equilibrium Potentials

The Nernst equation is a formula which allows the calculation of the equilibrium 

potential (E/) that occurs due to the separation of charged ions by a selectively 

permeable membrane. Due to the differential distribution of ions in the 

intracellular and extracellular solutions it is not known where the equilibrium 

potentials for each ion lies. Using the Nernst equation (Equation 1) it is possible to 

calculate the £/ for each ion within the solutions.

Ej — —58 * z * log Equation 1

where; Ej is the equilibrium potential of the ion, z is the valency of the ion and [I]in 

and [I]out are, respectively, the intracellular and extracellular concentrations of the 

ion. For a pure selective ion channel the Et equates to the reversal potential (l/rev) of 

the channel at which the channel current is zero. This calculated Vrevcar\ then be 

compared to the experimentally measured value taken from the IVcurves.

2.2.2 Whole-cell voltage clamp

For whole-cell clamp a giga-seal was achieved as described above for inside-out 

patch clamp. Applying additional negative pressure ruptured the cell membrane to
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form a whole-cell seal. All voltage-clamp experiments were performed using the

same equipment set-up as the single-channel experiments.

Tail currents were used to measure non-selective cation currents. Tail currents 

consisted of a Is voltage step at OmV followed by a step at 80mV for 3s before 

stepping to -80mV. This protocol was repeated 14 times, on each iteration the pulse 

potential increased by +10mv, to a maximum holding voltage of +50mV.

Voltage ramps were used to record whole-cell benzamil- and gadolinium-sensitive 

currents. Voltage ramp protocols consisted of a 50ms voltage step at OmV followed 

by a 4.5s linear ramp from -6QmV to +80mV. This was repeated every 50s. 

Difference currents were obtained by subtraction of a ramp in the presence of 

benzamil and/or gadolinium from that run in vehicle control. Full details are given 

in the relevant chapters.

To study the relative whole-cell permeability of monovalent cations and calcium 

ions, solutions containing the appropriate ion to be tested were used (see Table 1 

and Chapter 3) Permeability ratios were calculated using the equations of Voets et 

al. (2002), using the reversal potentials (Vrev) of the gadolinium-sensitive current- 

voltage ramps.

For monovalent cations:

Px/Pnu ” exp(AVrev * F/RT) Equation 2

Where, Px/PNa is the ratio of the permeability of ion x relative to sodium, AVrev is 

the difference in reversal potential between the conductance of ion x and that of 

sodium, F is Faradays constant (value of 96,485.3415 C moF1 used here), R is the gas

31



constant (taken to be 8.314472 J K"1 mol'1) and T Is temperature (293K in these 

experiments).

For calcium ions:

Pca/PNa = (1 + exp(yrev * F/RT}) * tt«“]^«^]0^(vv«v.F/Rr)-[Ma]8-g[C,]e

Equation 3

Where, [Na]i and [Na]e are the intracellular and extracellular sodium 

concentrations, respectively, [Cs]* and [Cs]e are the intracellular and extracellular 

caesium concentrations, respectively, Vrev is the reversal potential of the calcium 

conductance, F, R and I have the same definitions as above and a is defined as the 

permeability ratio of sodium to caesium:

a = Pcs/Pno. Equation 4

2.2.3 Whole-cell current clamp

RMP were measured in current clamp mode by three different amplifiers (Axon 

Axopatch 200a, 200b, Cairns Optoclamp) and by sharp electrode recordings. For 

RMP recordings using sharp electrodes (NPI SEC-05LX amplifier), electrodes were 

filled with 1 or 2M KCI and had resistance of approximately lOOmOhm. The 

extracellular solution was physiological saline (Table 1).

The effect of temperature on the RMP was measured using the same set up as 

above (Axopatch 200b amplifier) and the bath solution was monitored by a 

temperature control unit (TC-lOnpi).

2.2.4 Video imaging and Switch Clamp
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Switch-clamp voltage clamp methods involve a rapid switching between current 

injections and voltage measurements as a cell is clamped. The voltage measured 

from the membrane is compared to a holding voltage and the difference between 

the two is then used in the next round to inject the appropriate current to bring the 

membrane to the desired voltage.

Cells were voltage clamped with single sharp electrodes filled with 1 or 2M KCI, 

under switch clamp mode (SEC 05L.X, NPI amplifier). When filled electrodes had a 

resistance of approximately lOOmOhm. Input voltage pulses were viewed on an 

oscilloscope (Tektronix 2225 50MHz) and switching frequency was 35kHz.

Cells were videoed whilst under switch clamp with a Hitachi (KP-M3E/K CCD) 

camera attached to a Nikon Eclipse microscope magnification ~1000x.

2.2.5 Voltage-sensitive dye membrane potential measurements

To measure the membrane potential with optical dyes oxonol VI was used (Apell & 

Bersch, 1987; Wohlrab et al., 2001). Oxonol VI (100-300nM) was added to the 

perfusion solution, for at least 15 minutes prior to commencement of recording. 

Perforated patch methods were used, where 200nM amphotericin B (stock 

concentration 30mg/ml in DMSO) was added to the pipette solution (physiological 

saline, table 2) to puncture the membrane held by the pipette. The optical system 

(Hitachi KP-M3E/K CCD camera attached to a Nikon Eclipse microscope, G-2A filter 

set, magnification ~1000x) was calibrated by measuring the average intensity in a 

chondrocyte, under perforated patch clamp at a range of membrane potentials. 

The intensity versus voltage calibration curve was then used to extrapolate 

membrane potentials of surrounding un-clamped chondrocytes.
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23 Cell volume measurements

Cells were visualised under a Philips Toucam Hi-resolution webcam attached to the 

eyepiece of the microscope (NIKON, 400x magnification). YAWCAM software 

(www.yawcam.com) was used to capture and file images every 10 seconds. Ceils 

were bathed in physiological saline for at least 20 minutes prior to recording 

starting. A hypertonic solution was created by addition of ISOmM sucrose to 

physiological saline to create a solution of 489mOsm. For experiments which 

required cells to experience a hypotonic shock, the bathing solution at the start of 

the experiment was the 489mOsm physiological saline and the cells were subjected 

to the usual physiological saline (309) to provide the hypotonic challenge.
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2.4 RT-PCR

2.4.1 Primer Design

Nucleotide sequences of the channels were sourced from the NCBI nucleotide 

database2. To identify areas of homology between sequences, FASTA sequences 

were input into ClustalW (Chenna et al., 2003) for alignment. Once an area of 

homology had been found, the sequence was input into Primers (Rozen & 

Skaletsky, 2000). Primer picking conditions were left on standard settings. Primer 

pairs produced by PrimerB were then analysed by NetPrimer (PREMIER Biosoft 

International, Palo Alto, CA). Primer pairs with none or few hairpins, dimers and 

repeat and runs were selected for use in PCR.

2.4.2 RNA extraction and preparation of cDNA from chondrocytes

Total RNA was extracted from first expansion canine chondrocytes by use of an 

RNeasy Mini Kit (Qiagen, UK) according to manufacturer's instructions. Briefly, cells 

were lysed by addition of a lysis buffer then centrifuged. The supernatant was used 

in all subsequent stages and the pellet discarded. The sample was cleaned by 

addition of ethanol before being transferred to an RNeasy mini column (from kit) 

and centrifuged. The spin column now containing the total RNA was washed before 

elution of the total RNA by addition of RNase-free water. Total RNA was then 

purified by elimination of genomic DNA using deoxyribonuclease I, Amplification 

Grade (Invitrogen, UK). Isolated total RNA was then used as a template to create

1 http://www.ncbi.nim.nih.gov/nuccore/
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first-strand cDNA by Superscript II Reverse Transcriptase (Invitrogen, UK). Ipl of 

this cDNA was used as a template for PCR using the primer sets in Table 3. A 

negative control ("-RT") was created for every tissue by the substitution of reverse 

transcriptase for RNase-free water in the mix. This "-RT" was then used alongside 

the prepared cDNA in every PCR reaction. Substituting RNase-free water for the 

reverse transcriptase prevents synthesisation of first strand cDNA from the total 

RNA therefore there will be no product produced during the subsequent PCR 

reaction. The PCR reaction mix (BIOTAQ. DNA Polymerase kit; BIOLINE, UK) 

consisted of: 5pl 10xNH4buffer Ipl lOOmM dNTP mix, 1.5pl 50mM MgCbsolution, 

Ipl BIOTAQ DNA polymerase, 2pl of forward primer and 2pl of reverse primer made 

up to 50pl with double-distilled water. PCR was performed with 40 cycles in total on 

a Techgene FTGene2D thermocycler (Techne, UK). PCR consisted of an initial 

denaturation step at 92°C for 30s, an annealing step at the appropriate temperature 

for 30s and an extension step of 72°C for 60s. Individual annealing temperatures for 

each of the primer sets are shown in Table 3. If running the PCR at the appropriate 

annealing temperature failed to produce a product then touchdown PCR was run. 

Touchdown PCR consisted of an initial denaturation step at 920C for 30s, an 

annealing step at 65°C for 30s and an extension step of 72°C for 60s. The annealing 

step was decreased by 1°C with each cycle to a final temp of 56°C. PCR products 

(lOpI) were separated by electrophoresis on a 1.5% agarose gel (2 hours at 80mV) 

and the bands were visualised by Gel Red (Biotium, Cambridge, UK) staining using a 

UV transilluminator (BioRad, UK). Sequencing was performed by Beckman Coulter 

Genomics (Essex, UK).
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2.4.3 RNA extraction and preparation of cDNA from animal tissue

Rat mesenteric artery, tracheal smooth muscle and cardiac muscle and canine 

mesenteric artery were dissected out and placed in appropriate volumes of 

RNAlater (Sigma, UK) to stabilise and protect cellular RNA. For extraction of total 

RNA, tissue samples were removed from RNAlater and weighed. 30mg of tissue was 

placed in a lysis buffer before being homogenised then centrifuged, the supernatant 

was removed and total RNA then extracted as above. The PCR cycles were as 

described above in 2.4.2. These tissue samples were used to identify positive 

controls from the primer pairs.
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Channel Source

(Accession

number or

citation)

Species

mRNA

Primer pair sequences (S' - 3'; Top

= Forward Bottom = Reverse)

Size

(bp)

Annealing

TmO

TRPC3 FJ205711 Canine GCATTCTCAATCAGCCAACA 176 62

GTTGCTTGGCTCTTGTCCTC

(Walker et Canine ATTATGGTCTGGTTCTTGG 331 59

a!., 2001) GAGAAGCTGAGCACAACAGC

(Gavenis et Fluman CTGCAAATGAGAGCTTTGGC 388 57

al.r 2009) AACTTCCATTCTACATCACTGTC

(Rose et ai, Rat TCAGGCGGGCAGTCCACATGAT 601 70

2007) GCCCGTGTCTCTCCAGGGGTTC

(Rose et al., Rat TGGAACCCCTGGAGAGACACGG 801 70

2007) CGTTTGCAGGGAGAATGTACGCGA

TRPC6 (Walker et Canine TT CCT GTTCCCTT C AACCT G 372 62

at., 2001) GTTCCCCTTCATTCACCTCA

(Gavenis et Human AAGACATCTTCAAGTTCATGGTC 322 60

ai, 2009) TCAGCGTCATCCTCAATTTCC

TRPV4 EF561643 Canine AGCGAGACATTCAGCACCTT 621 62

AGCATCGTCAGTCCTCCACT

TRPV5 BC110554 Murine G CCCCTAAC AT CTT CCCT CT 165 61

T GT CC ATATTT CTT CCACTT

AY762624 Rat CACAGTGATGCTGGAGAGGA ~300- 62

GTGGCTATTGCTGCTTAGGG 350

AY206695 Human CCATGCTACTCAGGGACGAT 62

CATGCCAAGCACTCTTTCAA 178

(Li et ai, Rat TT G GTGCCT CTCG CTACTTT 62

2010) CAG AGTTCGT CCCT CT CCT G 265

(Kunert-Keil Murine CGTTGGTTCTTACGGGTTGAA 63

et ai, 2006) GTTTGG AG AACCACAG AG CCT CTA 172

TRPV6 NM_022413 Murine TGTCCTTTGCTCTGGTGTTG 244 62

TCAAAGGTGCTGAACAGTGC

NM_053686 Rat AGATGATTTTTGGCGACCTG 205 61

GGCAGGTCCACGTTGTAGTT
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DQ013292

AY225461

(Wilkens et

al., 2009)

(Teerapornp

untakit et

al., 2009)

Rabbit

Human

Bovine

Rat

GCACCTTTGAGCTGTTCCTC

GATGAGCAGGTTGAGCATGA

CTCAAGCCCAGGACCAATAA

AGAGCAAGGGGAGAAATGGT

GCCCTGCGAACTATAGCGTGGATCT

-GCCCT

TGGAAGGCCTGTGCGTAGCG

ATCCGCCGCTATGCAC

AGTTTTTCTGGTCACTGTTTTT

131

169

328

80

62

62

68

62

TREK-1 AF171068 Human AGGTGGGAGAGTTCAGAGCA 300 62

CAGCAATCTCTTCACCAGCA

TRAAK AF302842 Rat ATCACTACCATCGGCTACGG 187 62

GCACATGCCACTTCAAGAAA

CIC-1 NM_001003 Canine AAT G G ATTTCCCCTTTG ACC 433 62

124.1 TCCGCAGGGTATAGGCATAG

GAGGCTGGACTTGTGTGTCA 181 62

GGAAGCCCTGTGGAGTATCA

G G AG CCT G CAG AT CAAAG AC 192 62

GATTGGTCGATGCAGCAGTA

GAPDH AB038240.1 Canine CATCAACGGGAAGTCCATCT 429 62

GTGGAAGCAGGGATGATGTT

Table 4. Primer sequences for each of the channel proteins investigated. Primers were purchased 

from Sigma-Aldrich {Cambridge, UK).
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2.5 Analysis

Electrophysiological data were digitised and analysed using the WinEDR and 

WinWCP programs (John Dempster, University of Strathclyde). All membrane 

potentials are corrected for liquid junction potentials estimated using JPCalc (Barry 

& Lynch, 1991). Unless otherwise stated, statistical significance was assessed by t- 

test or ANOVA, as appropriate, in Minitab (Minitab Ltd, UK) with statistical 

significance defined as P<0.05. Figures were prepared using SigmaPlot (Systat 

Software, Inc. [SSI], San Jose, CA). All values are quoted as meaniSEM, with sample 

size = n.
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3

Transient Receptor Potential Channels

3.1 Introduction

The transient receptor potential (TRP) channel family is one of the largest ion 

channel families, it contains more than 20 individual ion channels, divided into 

seven subgroups. They are generally thought of as non-selective cation channels, 

due to the majority of the groups having no or little selectivity for one cation over 

another, or even for mono- and di-valents. However, the physiological properties of 

these channels, in particular their mode of activation, can differ significantly.

TRPV4 is the only TRP channel to have been identified in non-diseased isolated 

chondrocytes (Phan et oi, 2009). In most tissues TRPV4 is non-selective for mono- 

and di-valents, however, under chondrocyte physiological conditions its selectivity 

for calcium increases, and calcium becomes the primary conducted ion. TRPV4 is 

known to be activated by a number of factors including heat (>27°C), phorbol 

esters, arachidonic acid and hypo-osmotic cell swelling (Liedtke et o/., 2000; Voets 

et al., 2002). it has also been shown to promote chondrogenesis by inducing SOX9 

transcription through the Ca2+/calmodulin pathway (Muramatsu et al., 2007). In 

chondrocytes TRPV4 has been shown to respond to hypo-osmotic stress whereby it 

becomes activated and influxes calcium into the cell. The hypothesis behind this is 

that this calcium influx activates a calcium-activated potassium channel, allowing 

efflux of potassium which in turn will drive water out of the cell, reducing cell 

volume (Phan etaL, 2009).
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Several TRP channels have been identified in human osteoarthritic patients (Gavenis 

et ai, 2009). The expression of these in culture throughout two different passages 

was determined. TRP channels identified were the TRPC1, 3 and 6, TRPM1, 5 and 1, 

and TRPV1 and V6. No functional hypotheses for these channels have been 

provided and none of these channels have been described in healthy chondrocytes, 

so far.

This chapter investigates a non-selective cation conductance seen in potassium-free 

solutions, characterises this conductance using single channel and whole-cell 

electrophysioiogy and investigates the expression of several TRP channels in 

chondrocytes using RT-PCR. Then the effect of the identified TRP channels on 

membrane potential is determined, using a variety of pharmacological agents and 

temperature.

3.2 Methods

As described in Chapter 2, inside-out patch clamp with potassium-free conditions 

was used for all single channel data shown and for whole-cell voltage clamp tail 

currents, in separate experiments whole-cell voltage ramps were run in sodium 

methanesulfonate (NaMS) solutions (Tables 1 and 2). Permeability was measured 

from the reversal potential of difference currents run with IQOpM gadolinium III 

(Gd3+). Gd3+ was prepared as a stock solution in distilled water before being diluted 

to the appropriate concentration in the electrophysiological bath solution. 

Econazole and 4 a-phorbol 12,13-didecanoate (PDD) stocks were prepared using

dimethylsulfoxide (DMSO) and diluted to the desired concentration in
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electrophysiological bath solutions. Final DMSO concentration was no more than 1 

in 10,000, which was not found to have any effect on membrane currents. 

Experiments were performed at room temperature (22-25°).

3.3 Results

3.3.1 Single channel electrophysiology

In potassium-free solutions (see Tables 1 and 2 for extracellular and intracellular 

solutions, respectively), the clearest conductance was a large, relatively non- 

selective cation channel (figure 3.1a), seen in 53% of patches (32/61). Slope 

conductance was 67±5pS {n = 5) and current reversed at a reversal potential {Vrev) of 

21±4mV {n = 5; figure 3.1c). Mean open probability of the channel was 0.6±0.1 at - 

40mV (n = 5). Gadolinium 111 (Gd) is a well-known inhibitor of non-selective cation 

channels so the effect of this was tested during single channel recordings. 

Application of 100pM Gd reduced channel open probability by 75±9% (n - 5; figure 

3.Id).
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Figure 3.1 Patch clamp electrophysiology demonstrates the presence of gadolinium-sensitive ion 

channels. All of these experiments were performed in the potassium-free solutions (see Tables 1 and 

2)A) Traces of inside-out high conductance single channel activity at -20, - 30, -40 and -50mV. B) All- 

points amplitude histogram for the high conductance channel at -50mV. C) Current-voltage curve for 

single-channel recordings. Error bars for data are smaller than the symbols. A solid line is drawn 

through the points. D) Open probability (P0) versus time, calculated over successive 0.4s windows 

before and during the addition of lOOpM gadolinium III (Gd3+).
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3.3.2 Whole-cell voltage clamp

Whole-cell tail currents recorded in the same solutions as the single-channel data 

revealed little rectification and reversed at l±5mV {n - 5; figure 3.2a and b). IOOjiM 

Gd3+ inhibited this whole-cell current by 85 ± 7% (p<0.001). The whole-cell current 

exhibited weak voltage sensitivity with Boltzmann parameters for slope and half 

maximal activation of k = 83mV and = -38mV. Subtraction of tail-current data in 

the presence of lOOpM Gd3+ from control data produced a difference current curve 

with reversal potential of approximately 20mV (figure 3.2c).

In order to isolate the TRP conductance further whole-cell voltage ramps were run 

in sodium methanesulfonate solutions. Sodium and calcium were the only 

permeable ions in these solutions, as methanesulfonate will not permeate ion 

channels. The sodium methanesulfonate solutions were used to produce difference 

currents by addition of lOOpM Gd3+(figure3.3a; see Tables 1 and 2 for extracellular 

and intracellular solutions, respectively). To create difference currents, voltage 

ramps were run in control methanesulfonate solutions and then 100pM Gd3+ added 

and ramps repeated. The ramps run in the presence of Gd3* were then subtracted 

from the control ramps and the result, the difference current, was used to 

determine reversal potential of the Na+ current. Mean inhibition of whole-cell 

current was 80±9% with lOOpM Gd3+, (n ~ 5, p<0.001). The measured reversal 

potential of the difference current under these conditions was -l±3mV (n = 5; figure 

3.3b).
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Figure 3.2 Whole-cell gadolinium-sensitive tail currents in potassium-free solutions. A) Whole-cell 

tail currents elicited by the step protocol illustrated in the inset. B) Current-voltage curve from 

whole-cell tail currents. Error bars for data are smaller than the symbols. Fitted with the standard

Boltzmann curve; G = G0 + —ttt where G0 and Gmax are the minimum and maximum
{i-t-exp[- >-])

conductance densities, respectively, K0 5 is the midpoint parameter, and k is the slope. C) Difference 

current for the gadolinium sensitive component of whole-cell tail currents.
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Figure 3.3 Whole-cell voltage-ramps demonstrate the presence of gadolinium-sensitive whole-cell 

conductances. A) Whole-cell current ramps in "methanesulfonate solutions" (see Tables 1 and 2). 

Command potential [Vm) on the x axis, current on the y axis (normalised for cell size). Control 

(vehicle) or in the presence of gadolinium III (Gd). B) The Gd3+ difference current, normalised to that 

at -60mV. Difference currents were calculated by subtracting ramps run in the presence of lOOpM 

Gd3+ from those run in control solutions.
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3.3.3 Identity of the gadolinium-sensitive cation channel(s)

Reverse transciption-PCR (RT-PCR) and permeability electrophysiology experiments 

were performed, as described in Chapter 2, to identify the channel, or channels, 

responsible for this non-selective current.

Firstly, a number of channels which could possibly be this Gd3+-sensitive channel 

were identified (Table 4). PCR primers were designed, as described, to target these 

proteins and RT-PCR was run to identify if the mRNA of these channels was present. 

Canine first expansion chondrocytes were found to contain both TRPV4 and TRPV5 

mRNA (figure 3.5a and b). The other primer pairs listed in table 4 (TRPC3, TRPC6, 

TRPV6, TREK-1 and TRAAK) failed to detect any mRNA in canine chondrocytes. 

However, it was not possible to identify positive controls for these primer groups. 

These primers were also run with touchdown and conventional PCR against canine 

mesenteric artery and rat mesenteric artery, tracheal smooth muscle and cardiac 

muscle and failed to produce any mRNA product. TRPV4 and TRPV5 PCR products 

were sequenced (Beckman Coultier Genomics, Essex, UK) (figure 3.6a and b). 

Canine TRPV4 had 97% homology to the human TRPV4 sequence and canine TRPV5 

had 98% homology to the murine TRPV5 sequence.

Then, using whole-cell voltage ramps in the presence and absence of gadolinium, 

the permeabilities of Na+, Cs+, K+ and Ca2* were measured. Full details of each of the 

solutions used can be found in Table 1. To determine Na permeability, for example, 

"TRP - Na permeability" was used as the extracellular (bath) solution to run control 

ramps and then lOOpM Gd3+ added and ramps repeated. The ramps run in the 

presence of Gd3+ were then subtracted from the control ramps and the result, the

50



difference current, was used to determine reversal potential of the Na+ current. The 

experiments were then repeated but with the Cs+ and K+ solutions. The reversal 

potential of the difference current from each of these ions was subtracted from the 

sodium reversal potential and this change in reversal potential {AVrev) was then 

substituted into Equation 2 to give the relative permeability of each of these ions to 

sodium. This was then repeated using the Ca2+ extracellular solutions and the exact 

reversal potential of the difference current from these experiments was substituted 

into Equation 3. The intracellular (pipette) solution remained the same throughout 

all mono-and di-valent permeability experiments. PjP^a was 1.02+0.06 [n = 10) 

whilst Pcs/PNa was 1.2±0.1 (n = 9). Cs+ and K+ permeability's were not significantly 

different to that of Na* (p>0.05). Ca2+ permeability was significantly greater than 

that of Cs+and K+ (p<0.0001) and the calculated Pca/PNa was 78±9 {n = 5).
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Figure 3.4 Gadolinium difference current has high permeability to calcium ions. A, and B) 

Gadolinium-sensitive {Gd) current-voltage ramp with 150mM external NaCI {solid line) or 150mM 

external KCI (broken line). B shows the same data as A, but magnified to show AVrev more clearly. The 

permeability ratio was then calculated from Equation 2. C and D) Gd-sensitive current-voltage ramp 

with 150mM external NaCI (solid line) or 150mM external CsCI (broken line). D) Shows the same data 

as C, but magnified to show AVrev more clearly. The permeability ratio was then calculated from 

Equation 2. E) Current-voltage ramp with ISOmM external NaCI (solid line) or 30mM CaCU and 

105mM NaCI (broken line). The permeability ratio was then calculated from Equation 3. The full 

solutions for A to E are described in the methods (Tables 1 and 2).
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Figure 3.5 RT-PCR expression of TRPV4 and TRPV5. Specific primers for TRPV4 and TRPV5 were 

used. mRNA (629bp) product encoding TRPV4 (A) and mRNA (164bp) product encoding TRPV5 (B) 

was detected in extracts of first expansion chondrocytes. GAPDH was used to determine cDNA 

viability (not shown). Omission of reverse transcriptase served as a negative control.
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A
Canine TRPV4

CCGKWTTTAGNNGNNGANNTCTNGCTGGGGTTCCCCATGTTGTCCAGAGGCTlCCACCACCT 61 
CGTCCGGGTTCGAGTTCTTGTTCAGCTCCACCACGCGCGGAACCACCGAGGACCAGCGATC 122 
CCTCCGGAGGCGGCCCACGGTGTGTGAGAAGCCATAGTACTGGTAGTTCTCGCTCTTGCCT IS3 
GGGTCCTCATTAATGATGCCCAAGTTCTGGTTCCAGTGAGACCAGTTCACCTCGTCCACCC 244 
TGAAGCACCACCTGCGGTCTGGAGTGCCGTCCGAGCTCTTTCCCACAGTCACCATCTCGCC 305 
AGAGCGGAAGGCCTTCCTCAGGAACACGGGGAAGGACCGCTCGATGTCCAGGATGGTGGTG 3 66 
GCCCACTGCAGCTTCCAGATATGCTTGCTCTCCTTGGAGACCTGGCCCACTGTCTCCCCCA 427 
TGAGGGCGATGAGCATGTTGAGGAGCAGCACGAAGGTGAGGATGATGTAGGTGACGAGCAG 488 
GATGATGAAGACCACGGGGTACTTGGTGCTGCTCAGCATCTCCAGGTCACCCATGCCGATG 549 
GTCAGCTTGAAGAGGTCCAGGAGGAAGGTGCTGAATGTCTTCGCTA 597

B
Canine TRPV5

CAGCMTAKTGGCCAGAATATGGNACTGTCCTTTCTGGAGCTTGTGGTTTCCTCCAAGNAGA 61 
NAGAGGCTCGNCAGATTCTAGAACAGACCCCAGTGAAGGAGCTGGTGAGCCTGAAGTGGAA 12 2 
GAAATATGGACAANNNNTNNTN 144

Figure 3.6 cDNA sequences of canine TRPV4 and TRPV5. Sequences detected by rt-PCR in canine 

chondrocytes. A) TRPV4 primers detected product around 629bp (some bp not detected in 

sequencing and not shown above). B) TRPV5 primers detected product around 164bp (again, some 

of these bp not detected in the sequencing and not shown). Sequencing performed by Beckman 

Coultier Genomics (Essex, UK).
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3.3.4 Membrane potential

It was expected that TRPV4 activation would cause a depolarisation in the 

membrane potential (Vm) due to the cationic influx that would occur from the 

opening of the channel. However, this was not seen. TRPV4 activation by 4alpha- 

PDD caused a significant hyperpolarisation in Vm of 55±4mV (n = 3; p<0.001; figure 

3.7c). It was hypothesised that the influx of calcium from TRPV4 activation was 

activating a calcium-activated potassium channel. When caesium, a non-permeant 

ion of potassium channels, was added to the intracellular (pipette) solution the Vm 

did not change significantly {~l±lmV; n = 5; p>0.05), supporting this hypothesis. 

TRPV4 is a heat-sensitive channel that is activated by temperatures >27°C. The 

effect of heat (bath solution was heated to 30°C) on Vm caused a change of - 

13±lmV (n = 3; figure 3.7).

As well as being inhibited by gadolinium III TRPV5 is also known to be blocked by 

econazole (Nilius et ai., 2001). Use of these pharmacological agents on the Vm 

caused hyperpolarisation of the membrane. Gadolinium caused a decrease of 

30±4mV (n = 8, p<0.0005) and econazole a decrease of 18±3mV (n = 5, p<0.005) 

(figure 3.7a and b).
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Figure 3.7 4alphaPDD, gadolinium and econazole sensitive ion channels contribute to the RMP.

Block of channels by gadolinium (Gd; A and D) or econazole (B and D) drive the membrane potential 

in a negative direction. Activation of TRPV4 channels by PDD (C and D) also drives the membrane 

potential in a negative direction. Membrane potential records during the application of A) lOOpM 

Gd, B) lOpM Econazole and C) IpM PDD. D) Summary data for; lOOpM Gd (n = 8), lOpM econazole 

(n = 5) and IpM PDD (n = 3). Each of these conditions significantly shifted the membrane potential.

57



Tm (°C)

15 20 25 30
i i i------------------------------------1—

-40

Figure 3.8 Effect of temperature on membrane potential. Membrane potentials were recorded in in 

physiological solutions (see Tables 1 and 2) using current-clamp mode at four different 

temperatures. Bath temperatures of 150C, 20°C, 25°C and 30°C produced membrane potentials of - 

2, -11, -23 and -35mV, respectively.
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3.4 Discussion

Potassium-free solutions were initially used in this chapter to characterise a non- 

selective cation conductance. Previously, large conductance potassium channels 

have been identified in chondrocytes by my group and others (Grandolfo et oi., 

1992; Mobasheri et at., 2010) so this chapter set out to investigate what other, 

smaller, conductances may be present by eliminating potassium conductances.

The whole-cell voltage ramp protocols clearly demonstrate that the majority of the 

total resting (non-potassium) current is generated by a Gd3+-sensitive conductance. 

It is likely that the Gd3+-sensitive conductance is comprised of more than one type 

of channel, however, the permeability data suggest that TRPV5 dominates. TRPV5 

is one of the few ion channel conductances with little selectivity between Cs+, Na+ 

and K+ ions, but high permeability to Ca2+ ions (Vennekens et a!., 2000; Owsianik et 

al., 2006; Alexander et ai.r 2008). The presence of TRPV5 mRNA by RT-PCR serves 

to further support the notion that these cells express TRPV5. This is the first time 

that TRPV5 has been shown in chondrocytes.

In this chapter it was found that 100pM Gd3+ caused a significant deflection in the 

membrane potential of around -30mV (p < 0.01). This showed that the Gd3+ 

inhibition of the non-specific cation channels significantly affected the RMP of the 

cell. In addition econazole, a relatively selective inhibitor of TRPV5 (Nilius et oi., 

2001), hyperpolarised the membrane in a similar manner to Gd itself. That Gd3+ 

hyperpolarises the chondrocyte by more than the econazole implies that Gd3+ may 

additionally inhibit other conductances in the cell, possibly a TRPV4 conductance.
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TRPV4 has been identified in both pig and canine chondrocytes by PCR (Phan et ol.,

2009; Lewis et al., 2010). The electrophysiological signature has also been revealed; 

that of a high conductance, non-selective cation channel. TRPV4 is frequently 

characterised as a stretch activated channel (Nilius et al., 2004) and is regarded to 

be a conduit for stretch activated entry of calcium ions. It may be that this channel 

is, in chondrocytes, key to linking membrane stretch to calcium mobilisation, 

activation of calcium activated potassium channels and hyperpolarisation. 

Interestingly, TRPV4 protein is expressed in bone (in both osteoblasts and 

osteoclasts) and its deficiency in knockout mice suppresses unloading-induced bone 

loss (Mizoguchi et al., 2008). Mechanotransduction is a crucial component of bone 

matrix turnover and these recent knockout studies indicate that TRPV4 plays a 

critical role in unloading induced bone loss. Disruption of TRPV4 in the inner ear 

has been shown to cause delayed-onset hearing loss, making the cochlea vulnerable 

to acoustic injury (Tabuchi et al., 2005). Therefore, TRPV4 may have important 

functions in cartilage turnover as well (Mizoguchi etal., 2008).

On activating TRPV4 one would intuitively expect a depolarisation of the 

membrane, due to this channels selectivity for Ca2+and other cations. However, as 

shown here, activation of this channel by both heat and the phorbol ester, PDD, 

induced a hyperpolarisation of the chondrocyte membrane potential. One 

explanation for this is that this sudden influx of calcium activates a calcium- 

activated channel, whose ion conductance will hyperpolarise the membrane, such 

as the BK/SK channels or the CaCC. This theory appears to be supported by the data 

from membrane potential experiments where caesium was added to the 

intracellular solution, abolishing any change in membrane potential upon addition
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of PDD. Caesium does not permeate through any of the K+ ion channel family, 

therefore when it is present, no change in membrane potential on the addition of 

PDD would suggest that the calcium-activated potassium channels are blocked. This 

suggests that the TRPV4 channel is not contributing to Vm but is instead acting as a 

calcium-influx pathway enabling activation of calcium-activated potassium 

channels, the expression of which is investigated later in this thesis. This, along with 

the membrane hyperpolarisation that happens upon both TRPV4 activation and 

membrane stretch may suggest some sort of localisation of calcium-activated 

potassium channels and TRPV4. Calcium imaging and fluorescence experiments 

could be used to show possible local increases in Ca2+. It should be noted, however, 

that the temperature and PDD experiments provided significantly different degrees 

of hyperpolarisation. PDD hyperpoiarised the membrane four times as much as 

temperature did. This could be due to 30°C not being warm enough to fully activate 

ail the TRPV4 channels or it could be due to PDD having an effect on other TRP 

channels.

The PCR primer sets used in this study were successful at producing TRPV4 and 

TRPV5 mRIMA from canine chondrocytes. However, all the other primer sets failed 

to produce any mRNA, even in tissues where they have previously been found. This 

would suggest that these primer sets are unusable.

As well as providing additional evidence for the activation of calcium-activated 

potassium channels by TRPV4, the changes in RMP with temperature offer 

additional insight into possible cold-sensitive channels present in chondrocytes. At 

15°C the membrane potential increased slightly. TRPA1 and TRPM8 are coid-
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activated channels (temperatures below 17°C and 22°C, respectively) and upon 

activation will influx cations into the cell. Both are non-selective for mono- over di

valent cations. An influx of cations into the cell will cause the membrane potential 

to become more positive/ as was seen with the decrease in temperature.

The existence of these cation-selective channels in chondrocytes may seem 

surprising; however the data shown in this Chapter would suggest that they have a 

significant contribution to the membrane potential. Previous studies have shown 

the dependence of the chondrocyte membrane potential on potassium and 

chloride-selective channels (Tsuga et al.f 2002). The dependence of membrane 

potential on the activity of these TRP channels will be investigated later in this 

thesis.
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4

Epithelial Sodium Channels

4.1 Introduction

Amiloride-sensitive epithelial Na+ channels (ENaC) play a key role in Na+ transport 

and fluid homeostasis across the epithelia of the kidney, lung, and colon 

(Kellenberger & Schild, 2002). ENaC has been shown to be present in articular 

cartilage although functional evidence for ENaC in cartilage is still lacking (Trujillo et 

ai, 1999b).

ENaCs are made up of 4 transmembrane subunits (2a3y), forming a pore in the 

membrane which allows the passage of Na+ ions (figure 4.1). ENaCs are significantly 

more permeable to sodium and lithium than potassium with Pu/pNa ~1.3 and Px/PNa 

~0.1 (Eaton et al., 1995; Garty & Palmer, 1997). These channels are sensitive to 

micromolar concentrations of amiloride and benzamil (IC50 100-200nM and 10- 

50nM respectively; Smith & Benos, 1991).

NH2

Amiloride 
binding site

Figure 4.1 Diagrammatic representation of one ENaC subunit. The transmembrane span has two 

extracellular amiloride binding sites. Functional ENaCs are formed from four of these 

transmembrane subunits.
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The ENaCs main function in the kidney, bladder, and colon is control of sodium

reabsorption (Rossier et al., 2002). They are found in lung tissue (Mall et al., 1998) 

and the taste buds (Lindemann, 2001) and are known to regulate blood volume and 

pressure through sodium balance in the arterial system (Canessa etal., 1994).

In chondrocytes the role of ENaC is less clear; however, it is thought to be one of 

mechanotransduction, possibly where the channel contributes to the maintenance 

of the RMP (Shakibaei & Mobasheri, 2003). This, in turn, may regulate signalling 

pathways that allow chondrocytes to maintain their ECM and prevent chondrocyte 

apoptosis (Wright et a!., 1996; Shakibaei et al., 2001; Shakibaei & Mobasheri, 2003). 

It is thought that the mechanotransduction pathways involving ENaC become 

progressively defective during osteoarthritis, leading to a loss of chondroprotective 

mechanisms (Salter et al., 2004). It is possible that ENaC subunits are differentially 

expressed in chondrocytes, potentially to cope with different mechanical stresses 

throughout the zones of articular cartilage, and changes in chondrocytic properties 

during disease (Trujillo etal., 1999b; Shakibaei etal., 2001).

Sodium transport is thought to be heavily involved in cell volume regulation (Hall et 

al., 1996b). Several reports have suggested that this sodium balance is created by 

ion pumps or co-transporters (Kerrigan et al., 2006; Bush et al., 2010), such as the 

NKCC transporter. However, these studies have failed to show that it is ultimately 

these ion pumps responsible for cell volume recovery after hyperosmotic challenge. 

These studies find that there is another, unknown, conductance contributing to 

chondrocyte RVI as inhibition of the NKCC ion pump does not fully inhibit cell 

volume recovery (Kerrigan et al., 2006). This suggests that another ion conductance
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is contributing to the regulation of cell volume. The ENaC could be responsible for

an influx of sodium ions during RVI which would allow the chondrocyte to regain its 

volume.

This chapter aims to characterise the ENaC in chondrocytes using single channel and 

whole-cell electrophysiology. Cells will then be submitted to hypertonic challenges 

and changes in their volume will be measured. These experiments will be repeated 

in the presence of the ENaC inhibitor benzamil to determine the role of this channel 

in cell volume regulation.

4.2 Methods

As described in Chapter 2, inside-out patch clamp with potassium-free conditions 

was used for all single channel data shown. In separate experiments whole-cell 

voltage ramps were run in sodium methanesulfonate (NaMS) solutions (see Tables 1 

and 2). Amiloride and benzamil stocks were prepared using dimethylsulfoxide 

(DMSO) and diluted to the desired concentration in electrophysiological bath 

solutions. Final DMSO concentration was no more than 1 in 10,000, which was not 

found to have any effect on membrane currents. Experiments were performed at 

room temperature (22-25°C).

To determine the effect of ENaC on RVI physiological solutions were used (see Table 

1). The control solution had an osmolarity of 309mOsm. This osmolarity was 

increased by the addition of 180mM sucrose to create a hypertonic solution which 

would initiate RVI.
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4.3 Results

4.3.1 Inside-out patch clamp

Under potassium-free conditions (see Table 1 and 2 for extracellular and 

intracellular solutions) the most frequently seen channel activity was a low 

amplitude channel (figure 4.2a). It was seen in 60% of patches (12/20) and 

appeared to be constitutively active. Single-channel activity reversed at a 

membrane potential of -l±5mV (n = 5) and mean conductance was 9±0.4pS {n = 5; 

figure 4.2c). The calculated ENa under these conditions was -6mV, which coupled to 

the very small conductance would be consistent with this channel being an ENaC.

The ENaC is known to be highly sensitive to amiloride so the effect of this channel 

inhibitor was investigated. Open probabilities (P0) were calculated for the channel 

before and after application of an ENaC channel inhibitor, amiloride. Channel P0 in 

control conditions was 0.3±0.06 and decreased by 97±2% after application of lOpM 

amiloride [n = 3; figure 4.2d).
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Figure 4.2 Patch-clamp recording reveals the presence of amiloride-sensitive low conductance ion 

channels. A) Traces of inside-out low conductance single channel activity at +80, +70, 0, -40, and - 

60mV. B) All-points amplitude histogram at -40mV. C) Single channel current-voltage curve. D) 

Open probability (P0) versus time, calculated over successive 0.4s windows before and during the 

addition of amiloride (lOpM).
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4.3.2. Whole-cell electrophysiology

After identifying a low-conductance amiloride-sensitive sodium channel, 

electrophysiological experiments were performed on the whole-cell to determine 

the contribution of this channel to whole-cell current. As discussed in Chapter 3, 

whole-cell voltage ramps were run in sodium methanesulfonate solutions (see 

Tables 1 and 2) so that the principal permeant ion was sodium. Whole-cell voltage 

ramps were used to produce difference currents by subtracting the ramps run with 

lOOnM benzamil from those run in the control solution, as described in Chapter 3 

(figure 4.3a). Mean inhibition of whole-cell current with lOOnM benzamil was 

22±7%, [n = 3, p<0.001). The measured reversal potential of the difference current 

under these conditions was 5±3mV, (n = 3; figure 4.3b).

The effect of this low conductance sodium channel upon membrane potential was 

then investigated using whole-cell current clamp methods. Once cell Vm had 

stabilised, amiloride was added and the change in membrane potential recorded 

(figure 4.4a). Upon inhibiting ENaC with lOpM amiloride there was a change in the 

membrane potential (Vm) of -9.5±0.8mV (n = 5, p<0.01; figure 4.4a and c). Similar 

experiments were performed using lOOnM benzamil, which caused a change in 

membrane potential of-7.5±1.7mV (n =5, p<0.01; figure 4.4b and c).

4.3.3 Cell volume measurements

Cells were exposed to a hypertonic (489mOsm) physiological saline and their size

was measured throughout. On exposure to the hypertonic solution cell size

decreased significantly by 35±3% (n = 5, pcO.OOl; figure 4.5a). Within 20 minutes of

reaching their smallest size, cells under control conditions had returned to 92±4% of
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their original volume, not significantly different to starting volume (p=0.07). When 

lOOnM benzamil was added to the hypertonic solution cells shrank by 41±3% (n = 5; 

figure 4.5a), not significantly different to the cells in control solution (p=0.3). 

However, in this solution they were unable to return to their original volume, 

reaching only 63±3% of their starting volume 20 minutes after maximum shrink, 

significantly less than the cells in control solution (p<0.005).

ENaC is also highly permeable to lithium ions so this experiment was repeated with 

the same physiological saline except the sodium ions had been replaced by lithium. 

The cells exhibited slightly less, but still significant, shrink upon exposure to a 

hypertonic solution (26±3%, n - 5, pcO.OOl; figure 4.5b) and within 20 minutes of 

reaching maximum shrink had returned their volume to (98±2%; n = 5) of the 

original size (not significantly different to starting volume; p=0.35).
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A Control

Figure 4.3 Whole-cell voltage-ramps demonstrate the benzamil-sensitivity of whole-cell current. A)

Whole-cell voltage ramps in "methanesulfonate solutions" (see Tables 1 and 2). Command potential 

(Vm) on the x axis, current on the y axis (normalised for cell size). Control (vehicle) or in the 

presence of benzamil ("benz"). B) The benzamil difference current, normalised to that at -60mV. 

Difference currents were calculated by subtracting ramps run in the presence of lOOnM benzamil 

from those run in control solutions.
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Figure 4.4 Amiloride and benzamil-sensitive ion channels contribute to the membrane potential.

Block of channels by amiloride (A and C) or benzamil (B and C) drives the membrane potential in a 

negative direction. Membrane potential record during the application of A, lOpM amiloride and B, 

lOOnM benzamil.
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Figure 4.5 ENaC contribution to maintenance of cell volume. A hypertonic (489mOsm) physiological 

solution (see Table 1 and Chapter 2) was applied to chondrocytes whilst filming cells. Cell surface 

area was then measured and converted to volume. Lines on both graphs indicate the duration of the 

hypertonic challenge. A) Under physiological saline control conditions (filled circles) and with the 

addition of lOOnM Benzamil (empty circles). B) The same physiological saline as in A but with NaCI 

substituted for LiCI.
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4.4 Discussion

Epithelial sodium channels (ENaC) have previously been identified in chondrocytes 

immunohistochemically (Trujillo et oi., 1999b) where the presence of a, (3 and y 

subunits was shown.

The values found here provide strong functional evidence for an amiloride sensitive 

ENaC in canine articular cartilage. This study provides the first single channel 

electrophysiological evidence of functional ENaC expression in canine articular 

chondrocytes and supports previously published molecular evidence for the 

presence of ENaC in chondrocytes (Trujillo et ai., 1999b).

The amiloride-sensitive epithelial sodium channels (ENaC) were blocked using 10pM 

amiloride. The ENaC channel is said to have a high affinity ligand binding site to 

which the amiloride binds (Canessa et ai., 1994). At higher concentrations amiloride 

has been shown to activate certain channels, such as non-selective cation 

transporters in frog skin therefore to avoid the possibility of this happening in the 

present experiments a concentration in the p.M range was used (Cox, 1997). The 

average deflection of the membrane potential was around -8mV. This was close to 

the value found for benzamil inhibition of the membrane potential, suggesting that 

the majority of this change is due to ENaC.

Little is known about the RVI mechanism in chondrocytes, although it has been

shown in other tissues that ENaC plays a role in control of sodium ion transport

during this process (Rossier et ai., 2002). In this chapter the RVI experiments

suggest that a significant component of the RVI response is due to ENaC. Benzamil

significantly inhibited cell volume recovery following a hypertonic challenge. It has

73



previously been suggested that the NKCC co-transporter is important for cell RVI 

(Bush et ai, 2010). To investigate this, the RVI experiments were repeated using 

lithium instead of sodium chloride solutions. ENaC is highly permeable to lithium, 

whereas the NKCC will be unable to transport lithium ions. RVI was not affected in 

the lithium solutions, reinforcing the benzamil experiment results that ENaC does 

contribute to control of cell volume. It is possible that the contribution of both 

ENaC and the NKCC pump (Bush et al., 2010) maintains the chondrocytes ability to 

regulate its volume so effectively.

Experiments by others have indicated differential ENaC subunit expression 

throughout the zone of articular cartilage (Ali Mobasheri, personal communication), 

it is known that different stages of lung development, for example, express 

different ENaC subunits. As the chondrocyte faces a constantly changing 

environment it is possible that different subunits are also expressed here to cope 

with the different mechanical stresses.
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5

Chloride Channels

5.1 Introduction

Chloride channels are found in almost every animal ceil (Nilius et aL, 1997) and have 

been shown to be involved in the regulation of cell volume, regulation of pH, 

control of cell membrane potential and also involved in the transport of amino acids 

(Nilius, 1998). The chloride ion channel family contains five subgroups, including 

voltage-gated, calcium-activated, volume-regulated and maxi (large conductance) 

channels, which are present in many cells. Voltage-gated and maxi-chloride 

channels have been shown in rabbit articular chondrocytes (Sugimoto etal., 1996b).

A number of studies have suggested that chloride channels are important for 

control of the RMP and control of cell-volume (reviewed by Barrett-Jolley et aL, 

2010). It is hypothesised that during regulatory volume decrease (RVD) a cell 

effluxes potassium ions (Lewis et aL, 2011). One would also expect there to be a 

matching anion efflux (chloride, for example) to maintain electroneutrality of the 

membrane and reduce the total loss of potassium ions. A maxi-chloride channel 

could provide this efflux and possibly explain why it is thought to be a volume

sensing channel (Tsuga et aL, 2002).

Previous studies on chondrocytes have failed to convincingly identify the exact 

chloride channel family member present. It is distinctly possible that chondrocytes 

express more than one type of chloride channel (Sugimoto et aL, 1996b).
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In this chapter the functional expression of chloride channels in chondrocytes was 

investigated, using both inside-out patch clamp and whole-cell electrophysiology. 

Pharmacological blockers of several of the chloride ion channel family were used to 

determine contribution of different chloride channels to the whole-cell current. RT- 

PCR was used to investigate the expression of a member of the CIC family in canine 

chondrocytes. Cell volume experiments were performed using a specific chloride 

channel inhibitor to determine the effect of inhibition of these channels on RVD.

5.2 Methods

As described in Chapter 2, inside-out patch clamp with potassium-free conditions 

was used for all single channel data shown. Physiological solutions ("RMP- 

physiological". Table 1 and 2) were used for whole-cell voltage ramps and current 

clamp experiments measuring RMP. 4-Acetamido-4-isothiocyanato-2,2- 

stilbenedisulfonic acid disodium salt hydrate (SITS) and niflumic acid (NFA) stocks 

were prepared using dimethylsulfoxide (DMSO) and diluted to the desired 

concentration in electrophysiological bath solutions. Final DMSO concentration was 

no more than 1 in 10,000. Room temperature for these experiments was 22-25°.

To determine the effect of chloride channels on RVD, physiological solutions were 

used (see Table 1). Cells were incubated for up to an hour in a solution with an 

osmolarity of 489mOsm, created by adding 180mM sucrose to the physiological 

solution in table 1. RVD was initiated by perfusing the cells with the standard 

physiological solution of 309mOsm.
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5.3 Results

5.3.1 Inside-out patch clamp

Single channel inside-out patch clamp in potassium-free solutions (see Tables 1 and 

2) identified a population of ion channels with a mean slope unitary conductance of 

183±3pS (n = 5; figure 5.1a}. These channels reversed at a holding potential of 

34±6mV (n = 5; figure 5.1c), indicative of a chloride current (calculated equilibrium 

potential, Eci ~ -35mV). This channel activity was seen in approximately 30% of 

patches with a mean open probability (P0) of 0.7±0.1 (n = 3) and was inhibited by 

the chloride-channel blocker SITS at a concentration of lOOpM. Application of 

lOOpM SITS decreased channel P0 by 83±6% {n = 3; p<0.05).

5.3.2 Whole-cell electrophysiology

In whole-cell voltage clamp mode, lOOpM SITS significantly inhibited voltage ramps 

by 52±6% [n = 4; p<0.05) at 20mV (figure 5.2b). SITS is a relatively non-selective 

inhibitor of anionic currents so to further characterise this chloride current, a more 

specific channel inhibitor was used; niflumic acid (NFA). NFA inhibits the calcium- 

activated chloride channel (CaCC), which is also believed to be a volume-sensitive 

chloride channel. lOOpM NFA significantly inhibited whole-cell current by 18+2% at 

20mV (n = 15, p<0.01; figure 5.2a). A combined application of lOOpM SITS and 

lOOpM NFA was investigated using the same whole-cell voltage ramp protocol. The 

application of these drugs significantly inhibited whole-cell current by 46±6% at 

20mV (n = 4, p<0.05; figure 5.2c). The effect of NFA on whole-cell current at 15mV 

is shown as a dose-response curve (figure 5.3b). An ICs0 value of 90±16pM was 

calculated from the equation shown (n = 3; figure 5.3).
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Figure 5.1 Patch-clamp electrophysiology reveals the presence of SITS-sensitive ion channels A)

Traces of inside-out single channel activity (from top to bottom) 50mV, 40mV, -10mV, -50mV and - 

70mV. The dotted line indicates the closed state whilst the dashed line indicates the open state. B) 

All-points amplitude histogram at -70mV. C) Current-voltage curve for single-channel recordings. 

Some error bars for data are smaller than the symbols. A straight line is fitted to the points.
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figure 5.2 Patch clamp electrophysiology demonstrates the presence of SITS-sensitive whole-cell 

conductances. Whole-cell voltage ramps were run in the presence and absence of varying 

concentrations of niflumic acid (NFA) and 4-Acetamido-4-isothiocyanato-2,2-stilbenedisulfonic acid 

disodium salt hydrate (SITS). The curves in the presence of the drugs were then subtracted from the 

control curves to produce the difference curves. These are shown in A-C. A) Difference curve of 

current sensitive to lOOpM NFA. Current was significantly inhibited by 18±2% at 20mV (n = 15; 

p<0.01). B) Difference curve of current sensitive to lOOpM SITS. Current was significantly inhibited by 

52±6% at 20mV (n = 4; p<0.05). C) Difference curve of current sensitive to a combined application of 

lOOpM NFA and lOOpM SITS. Current was inhibited by 46±6% at 20mV (n = 4; p<0.05).
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Figure 5.3. Application of different concentrations of SITS and NFA on membrane potential and 

whole-cell current. A) Histogram of change in membrane potential (6Vm) measured in current- 

clamp mode upon application of 20, 50 and lOOpM of 4-Acetamido-4-isothiocyanato-2,2- 

stilbenedisulfonic acid disodium salt hydrate (SITS). B) Dose response curve for whole-cell current 

change in presence of niflumic acid (NFA) at ISmV. Whole-cell voltage ramps were run in the 

presence and absence of NFA then subtracted from one another to determine the current remaining

|7VFi4lnafter NFA application. Curve is fitted with/ = max — 100 * where max is the

maximum effect of NFA on current, [NFA] is the concentration of NFA (pM), EC50 is the midpoint 

parameter (pM) and n the slope of the curve (no units).
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5.3.3 Membrane potential measurements

As previous studies have described chloride channels sensitive to ImM SITS 

contributing to the membrane potential {Vm) in chondrocytes (Tsuga et al., 2002), 

this effect was also investigated here using different SITS concentrations. Whole cell 

current-clamp experiments were performed which showed that lOOpM SITS 

induced a significant change of +12±3mV (n = 5, p<0.01; figure 5.3a). Neither 50pM 

nor 20pM SITS concentrations had a significant effect on the Vm (n = 6, P>0.05).

5.3.4 RT-PCR

RT-PCR was performed on first expansion canine chondrocytes using primers 

targeted to the canine CiC-1 channel (Table 4), as described in Chapter 2. After PCR 

thermocycling the PCR products were separated on a 1.5% agarose gel and 

visualised with ultra-violet light. GAPDH primers were run before the CIC-1 primers 

to test for viable chondrocyte cDNA (figure 5.4a). Although cDNA was found to be 

viable, the primers used did not detect any mRNA product (figure 5.4b).

5.3.5 Cell volume measurements

NFA, a calcium-activated chloride channel blocker, showed a significant inhibition of 

whole-cell current (figures 5.2 and 5.3; p<0.5). The effect of this inhibition on cell 

volume control was investigated. After incubation in a 489mOsm solution cells were 

exposed to a relatively hypotonic (309mOsm) physiological saline and their size was 

measured throughout. On exposure to the hypotonic solution cell size increased 

significantly by 64±4% [n = 5, pcO.OOl; figure 5.5). Within 15 minutes of reaching
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their largest size, cells under control conditions had returned to within 24±10% of 

their original volume. When lOO^iM NFA was added to the hypotonic solution cells 

swelled significantly by 50±9% (n = 5, p<0.005; figure 5.5), not significantly different 

to the cells in control solution (p=0.9). 15 minutes after reaching their largest size, 

cells had returned to within 25±6% of their original volume, similar to the control 

cells (p=0.8). There is the possibility, however, that if the solutions had been left on 

for longer than 30 minutes the control cells would have been able to regulate their 

volume effectively. Within the last 5-10minutes of hypertonic treatment it appears 

that the control cells may be starting to return to their original volume.

-RT -RT -RT
Ladder CIC-1 set 1 CIC-1 set 2 CIC-1 set 3

Figure 5.4 RT-PCR with GAPDH and CIC-1 primer sets. RT-PCR was run on first expansion canine 

chondrocytes using the three CLC-1 primer sets (Table 4). PCR products were run on a 1.5% agarose 

gel at 80mV for two hours and visualised and photographed under UV light. For a negative control 

A) GAPDH was detected showing viable cDNA (PCR product at 429bp). B) No mRNA for CIC-1 was 

detected by any of the primer sets in these cells. Products were expected between 100 and 300bp.
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Figure 5.5 Chloride channel contribution to cell volume regulation. Chondrocytes were subjected to 

a hypotonic physiological solution, duration indicated by the solid line on the graph above (moving 

from physiological saline with 180mM of sucrose added (osmolarity of 489mOsm) to physiological 

saline, see Table 1 and text for description). This was done in the absence of NFA (control; filled 

circles) and in the presence of lOOpM NFA (empty circles). NFA had no effect on chondrocyte ability 

to decrease volume after 15 mins.
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5.4 Discussion

The data here have identified a channel with a reversal potential near to the 

chloride Nernst potential, with an amplitude similar to that expected for a chloride 

channel and shown this to be sensitive to the chloride channel blocker SITS. The 

existence of SITS susceptible chloride channels in chondrocytes has previously been 

reported by Tsuga et ai (Tsuga et al., 2002) for cultured rabbit articular 

chondrocytes. However this is the first demonstration of chloride channels in canine 

articular chondrocytes. A conductance of around ISOpS is within expected 

parameters for a maxi-chloride channel, and similar to conductance levels 

determined in other studies (Sugimoto eta!., 1996a; Tsuga et al., 2002).

A significant inhibition of whole-cell current was found to occur with lOOpM SITS. 

The effect of SITS was shown to correspond to a 40% inhibition of whole-cell 

conductance. As SITS is relatively non-selective for members of the chloride family, 

it is thought that the concentration used here is inhibiting most chloride 

conductance within the ceil. The more selective calcium-activated chloride channel 

(CaCC) inhibitor, NFA, was found to account for nearly 20% of the whole-cell 

current. This value is possibly slightly higher than would be expected, given that the 

CaCC is a relatively low conductance channel, so it may be possible that the NFA is 

inhibiting other conductances (Gogelein et ai., 1990).

The RT-PCR experiments searched for CIC-1, a member of the CIC subfamily of 

chloride channels. The primer sets used here were unable to detect any mRNA for 

this channel, however positive controls for the primers were not run so it may be 

that the primers do not work, rather than the channel is not present.
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Since it was demonstrated that NFA has an effect on whole cell conductance and

that CaCC are responsible for a large component of chloride current, it was 

investigated whether the inhibition of CaCC would have any effect upon cell volume 

regulation. It is known that RVD involves an efflux of potassium as well as the 

hypothesised efflux of chloride (Lewis et ai, 2011). Here, no difference was seen in 

RVD in the presence of NFA. Cells in the presence of NFA actually appeared to swell 

less than those without NFA, although there was not shown to be a significant 

difference. A possible explanation for this could be that although the CaCC is not 

directly involved in an efflux of chloride during volume regulation, inhibition of this 

current causes a depolarisation of the membrane potential {Vm), similar to that 

reported in this chapter with SITS. Lewis et ol (2011) shows that a more positive Vm 

enables cells to respond to hypotonic challenges more effectively. If NFA is 

depolarising the membrane potential then this would mean that the cell is able to 

efflux potassium more effectively and thus control its volume. The results from the 

volume analysis experiments could be explained if NFA can be demonstrated to 

increase membrane potential.
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6

Potassium Channels

6.1 Introduction

Channels of the potassium family have been some of the most studied ion channels 

in chondrocytes (Grandolfo et ai, 1990; Wilson et al., 2004; Mobasheri et al., 

2007b). The potassium ion channel family is one of the largest ion channels families 

with over 40 members (Alexander et al.f 2008). The Kv, Katp and calcium-activated 

sub groups have been reported in chondrocytes (Grandolfo et al., 1992; Walsh et 

al., 1992; Mobasheri et al., 2007a). This chapter will look at the Kv and calcium- 

activated channels.

The Kv channel was one of the first ion channels discovered in chondrocytes and 

has now been reported by a number of authors in a range of species (Wilson et al., 

2004; Mobasheri et al., 2005a; Ponce, 2006; Clark et al., 2010). There is controversy 

over the exact subunits of the channel that are expressed in chondrocytes. 

However, the majority of the functional data agrees that there is likely to be a Kvl.X 

subtype, with possibly a Kv4.X subtype also present (Mobasheri et al., 2005a; Clark 

et al., 2010). Immunohistochemical and RT-PCR data have revealed the presence of 

Kvl.4 subunits in equine chondrocytes (Mobasheri et al., 2005a) and Kvl.6 in the 

mouse (Clark et al., 2010). The calculation of Kv current is described by Equation 5 

taken from Hodgkin and Huxley (Hodgkin & Huxley, 1952b).

fh< = {(ftc J* - [OffJ1 - (tf/fo)4] exp(-t/rn) Equation 5
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Where, gKoo is the value the conductance will eventually reach and gKo is the value 

at time = 0.

Calcium-activated potassium channels have been identified in chondrocytes by a 

large number of studies (Grandolfo et aL, 1992; Long & Walsh, 1994; Martina et a!., 

1997; Mozrzymas et aL, 1997). A member of this sub-family of ion channels, the 

large calcium-activated potassium channel (BK), is reported to be opened by stretch 

(Grandolfo et aL, 1992). The deformation of the membrane is thought to be one of 

several modes of mechanotransduction pathways involved in sensing and 

responding to membrane load (Guilak et aL, 1995; Knight et aL, 1998). The open 

probability of stretch-activated ion channels generally increases in response to 

mechanical deformation of the plasma membrane (Sachs, 1991). Thus, load-induced 

changes in the chondrocyte membrane, including membrane stretch, are likely to 

play a key role in the signal-transduction cascades associated with chondrocyte ion 

channel signalling.

This chapter investigates the stretch-sensitivity of the calcium-activated potassium 

channel in equine chondrocytes using cell-attached patch. Whole-cell patch-clamp 

electrophysiology is used to functionally identify the principal stretch-activated ion 

channel in equine articular chondrocytes. Further analysis is also performed on Kv 

channel data obtained by my group on equine chondrocytes (Mobasheri et aL, 

2005a).
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6.2 Results

6.2.1 BK activation by stretch

Stretch was applied to cell-attached patches by use of a SAM 12 medical suction 

pump (MG Electrical Ltd, UK) attached to the patch pipette. Pipettes were filled 

with "BK-stretch" extracellular solution (see Table 1). A stretch-activated channel 

was identified when 200mmHg of pressure was applied to the cell membrane. This 

channel had an amplitude of 9±lpA at a membrane potential of 38mV [n = 3). The 

slope conductance of these channels was calculated to be 118±9pS (figure 6.1). 

Other data collected at the same time by my group (Mobasheri et ai., 2010) shows 

that the pharmacology of this channel is also consistent with it being a large 

calcium-activated potassium channel. When 3mM tetraethylammonium chloride 

(TEA) or IpM iberiotoxin were added to the pipette solution (i.e. the extra-cellular 

solution in cell-attached patch) channel activity was significantly inhibited. 

Application of TEA reduced channel activity by approximately 70%, iberiotoxin 

application reduced channel activity by approximately 90%.
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Figure 6.1 Activation of ion channels by membrane stretch. A) Raw trace showing application of 

suction (as indicated by the solid bar) to the patch pipette of chondrocytes under cell-attached mode 

of recording increases membrane current with 115mM K+ in the pipette. Vm = 38 mV. B) Raw trace 

showing single channels in the "tail" of the suction response from 'A'. C) All-points amplitude 

histogram at 38mV measured from channel activity shown in A and B.
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6.2.2 Kv analysis

To provide a mathematical description of the Kv data previously published by my 

group (Mobasheri et al., 2005a) the Hodgkin and Huxley model of potassium 

conductance (Equation 6) was adapted to account for any inactivation of current 

with time, similar to the Hodgkin and Huxley sodium conductance expression.

9k
= ((fl/fco)1 ~ [(fl/foJ4 - (ftfo)4 e*P(-t/Tn)j - (froo - K) exp (- ^-)]

Eauation 6

Where, gKo;} is the value the conductance will eventually reach, assumed here to be 

the peak (maximum) conductance. gKQ is the conductance at time = 0, assumed 

here to be zero, hools the value the inactivating current will reach (this was assumed 

to be 0 as in Hodgkin and Huxley (Hodgkin & Huxley, 1952b)) and h0 is the initial 

fraction of inactivation.

WinEDR was used to produce values for znf Tftand gK by fitting whole-cell currents 

recorded from a voltage-clamp protocol of depolarising steps, from a holding 

potential of -80mV and increasing in lOmV increments to a maximum of +60mV 

(figure 6.2a).

Tn and gK values were then used to obtain values for an and bn from Equation 7 

and 8.

nCO
«71

azn+p7i
Equation 7

Tn
1

Equation 8
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It was assumed that:

Hoo Equation 9

Th values were calculated from:

i
Th =----- -- Equation 10n an+Ph

In order to model the Kv current at any given membrane potential (Vm) (see 

Chapter 7) it was necessary to calculate o:n(Km),/?n(Km) and (/?h was

assumed to be zero in the normal physiological range (Hodgkin & Huxley, 1952b)). 

To do this, an(ym), bn(ym) and a/l(K?n)were fitted to the experimental data 

using Equations 11,12 and 13, respectively (fits shown in figure 6.2).

an(ym) = a}vm+a^ Equation 11
e a —i

-Vm
j3n(Vrn) = ce d Equation 12

ah(yrYi) = e * [ 1 — exp + 9 Equation 13

Where, Vm is membrane potential and a to g are constants. Mean best-fit 

parameters for ato g are summarised in Table 5. These values will be used in 

Chapter 7 to calculate the Kv current contribution to the chondrocyte membrane 

potential.
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Figure 6.2 Kv current analysis. A) Representative trace of Kv current data fitted in this chapter. Red

line shows fit to data as described in the text. B) Line fitted to the data is from

^ - Km)
=---------^^7----------

exp “ — 1

C) Curve fitted to the data is from ^n^Vrn^ c*exP d qj Curve fitted to the data is from

a* (Km) = e • f 1 — exp (—-—Y| + g
1 v / 'J . The filled circles show values for Kv current and the curve is a fit to 

that data by minimising chi-2. The fitting process is described in the text.
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Constant Mean SEM

a 0.02 8.7

b 28.2 0.01

c 0.04 0.01

d 0.01 0.004

e 0.0002 0.0001

f 0.3 0.02

9 0.0009 0.0003

Table 5 Values for Kv constants to be used to calculate the Kv current in Chapter 7. Summary of the 

best fit parameters for a, b, c and d obtained as described in this section and used to allow 

calculation of Kv conductance for inclusion in a model of membrane potential.
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6.3 Discussion

The stretch-activated channel identified in this chapter had a size (slope 

conductance) and reversal potential consistent with it being a large calcium- 

activated potassium channel (BK) (Latorre et al., 1989; Cui et al., 2009). Other data 

collected at the same time by my group (Mobasheri et at., 2010) shows that the 

pharmacology of this channel is also consistent with it being a large caicium- 

activated channel. When 3mM tetraethylammonium chloride (TEA) or IpM 

iberiotoxin were added to the pipette solution (i.e. the extra-cellular solution in cell- 

attached patch) channel activity was significantly inhibited. Application of TEA 

reduced channel activity by approximately 70%, iberiotoxin application reduced 

channel activity by approximately 90%.

Membrane stretch is a realistic physiological challenge for the chondrocyte and 

directly linked to changes in matrix production (Urban et a!., 1993). Stretch will 

occur in two contexts. Firstly, when the chondrocyte is deformed by compressive 

force, the cell passes from a virtually spherical conformation to an approximate 

ellipsoid (Guilak, 1994; Urban, 1994). For a given volume, an ellipsoid has a greater 

surface area than a sphere and so membrane stretch is the result. Secondly hypo- 

osmotic conditions cause cell swelling increase cell radius, and consequently 

increase its surface area (Urban et al., 1993). These increases in membrane surface 

area are likely to be met by stretch rather than the production of a new membrane. 

This membrane stretch will be limited to a theoretical maximum of approximately 

3% at which point it may be expected to rupture (Morris & Homann, 2001). In the 

experiments shown in this chapter, only stretch using negative pressure was
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investigated. However, my group also showed that the two different membrane

stretch paradigms produced results consistent with the opening of potassium 

channels in response. Both of these approaches have their strengths and 

weaknesses. The direct membrane stretch (cell-attached patch) experiments 

allowed the investigation of the situation when neither intracellular nor 

extracellular environments were altered, but this did not allow effects on the whole 

cell to be seen. The osmotic challenge experiments presented in Mobasheri et al 

(2010), required, by definition, alterations of extracellular environment and changes 

in the cytosol by the patch pipette solution. The results from the osmotic challenge, 

however, still showed that a hypotonic solution will cause a hyperpolarisation of the 

membrane potential which can be inhibited with TEA, again indicative of a BK 

channel.

The change in membrane potential with a hypertonic challenge shown in Mobasheri 

et al (2010) is interesting as there have been various hypotheses about the function 

of BK in chondrocytes. A hypotonic challenge will cause a cell to swell as it passively 

uptakes water. As described in Chapter 1, cells use regulatory volume decrease 

(RVD) to oppose this water uptake by effluxing ions. The hyperpolarisation of 

membrane potential described in Mobasheri et al (2010) is likely to be due to 

activation of a calcium-activated potassium channel. In Chapter 3 the effect of 

activation of the TRPV4 channel on membrane potential was described. Surprisingly 

TRPV4 activation caused a hyperpolarisation in the membrane potential. This could 

be explained by the influx of calcium from the opening of TRPV4 activating the BK 

channel, rather than the BK channel being activated directly by membrane stretch, 

i.e. BK is activated by the calcium-dependent hypothesis described in Chapter 1.
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The hyperpolarisation caused by TRPV4 activation was greater than that seen by

simply stretching the membrane with a hypotonic solution (-13mV compared to - 

55mV; Chapter 3). There could be a number of reasons for this. It is probably most 

likely that the hypotonic challenge was only activating a small percentage of the 

TRPV4 channels, thus not all the BK channels were activated. The hypotonic 

situation used in Mobasheri et al (2010) is not particularly physiologically accurate. 

In vivo chondrocytes are thought to experience osmolarities ranging from between 

300-500m0sm (Urban, 1994). Changing from approximately 300mOsm to 

130m0sm, as in Mobasheri et al (2010), is a hypotonic challenge that is 

physiologically irrelevant to the chondrocyte. In RVD experiments described later in 

this thesis (see Chapter 7) a hypotonic challenge was applied by changing from a 

solution of 489mOsm to 309m0sm, likely to be more physiologically relevant for 

the chondrocyte. It would be interesting to repeat the experiments in Mobasheri et 

al (2010) with these physiological conditions to see whether a greater degree of 

hyperpolarisation is seen.

The voltage-activated potassium channel (Kv) analysis described here is a well- 

known method of determining Kv activation parameters. The Kv channel data fitted 

here were taken from elephant and equine chondrocytes (Mobasheri et al., 2005a). 

The immunohistochemistry data presented in this study showed the presence of 

Kvl.4 subunits, which possibly create a heteromultimeric Kv channel with other Kv 

subunits in chondrocytes. The constant values calculated here will be input into a 

model of membrane potential in Chapter 7 to enable calculation of the contribution 

of total potassium current to membrane potential in the chondrocyte.
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7

Modelling Chondrocyte Function

7.1 Introduction

Initial theories on ion transport across a cell membrane did not include the concept 

of ion channels. Instead it was believed that ions would independently move across 

a homogenous membrane in the same manner they would in free solution and that 

a linear electrical gradient existed across the whole membrane (Goldman, 1943). 

This theory is known as the "constant field theory'.

This theory was later adopted by Hodgkin and Katz (Hodgkin & Katz, 1949a) whilst 

analysing the membrane properties of squid axons. However, in examining the 

sodium permeability of the membrane they had difficulty in understanding the 

selective permeability of the membrane to sodium. They continued with the 

assumption that the resting membrane was permeable to potassium and chloride 

ions but only sparingly permeable to sodium ions. Hodgkin and Katz suggested that 

as the membrane became "active" (depolarised) the membrane became selectively 

more permeable to sodium but this didn't fit with the idea of a linear electrical 

gradient. They hypothesised that instead of crossing the membrane in ionic form, 

sodium ions became bound to a lipid soluble molecule, which became able to cross 

the membrane when it was depolarised. This meant that they assumed that the 

resting membrane was more permeable to potassium than sodium but during an 

action potential this situation reversed and the membrane became more permeable

97



to sodium than potassium. Combining their observations with those of Goldman

gave rise to the GHK equation:

F Ln\ PNCL+lNa+'kn+ PK+lK+~iin+ PcrlCl-]out ) Equation 14

Where [X]0ut and [X]in are the extracellular and intracellular concentrations of the 

relevant ions, Px are the permeability coefficients of the relevant ions and R, T and F 

have the standard definitions. This equation can be expanded to take into account 

other ions in a solution, for example, calcium. However, this equation is only 

relevant to a membrane at equilibrium. As the permeabilities of the ions change so 

does the membrane potential. A model was needed whereby the membrane 

potential could be determined at any stage.

Following on from these observations, Hodgkin and Huxley (Hodgkin & Huxley, 

1952b) showed that current through the membrane was carried by charging the 

membrane capacity or by the movement of ions through resistances in parallel with 

the capacity. They divided the ionic current into that carried by potassium ions, 

sodium ions or other ions, such as chloride, which they called the "leakage current". 

The value of each ionic current [Ix) was determined by the conductance of the ion 

[Gx), and the difference between the membrane potential and the equilibrium 

potential {Ex) for that ion. This was represented as

Ix — GX[E — Ex] Equation 15

Where E is the membrane potential.
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Hodgkin and Huxley (1952b) determined that the equilibrium potential was a

constant but that conductance and membrane potential were functions of time. 

They were now able to calculate ionic currents for the permeant ions; the next step 

was to show how these could affect the total membrane current.

Total membrane current was initially defined as:

dV
I = Cm— + It Equation 16

Where, / is the total membrane current, /, is the total ionic current density (i.e. Ik + 

Ino + lother) Cm the membrane capacitance, Vthe change in membrane potential and 

t is time. The measurement of individual ionic currents is described in more detail 

below. Chondrocytes are essentially small spherical cells, in which it can be 

anticipated that there will be no "space-clamp" effects, i.e., potential will always be 

evenly distributed across the surface of the membrane. This means that a fully 

propagating action-potential model, as developed by Hodgkin and Huxley (1952b), 

is unnecessary to describe the membrane potential of these cells.

In this chapter this approach is used to calculate Vm from data presented in 

previous chapters. This calculated Vm is then compared to experimentally 

measured values. There have been varying reports of the value of the chondrocyte 

resting membrane potential (RMP). The first measurements stated RMPs of - 

10.6mV and -12mV in ovine and human chondrocytes respectively (Wright et ai, 

1992), whereas later reports claimed to find more negative values. These more 

negative RMPs include -46mV on mouse chondrocytes (Clark et ol., 2010), -41mV on 

rabbit chondrocytes (Sugimoto et aL, 1996a) and -20mV on a human cell line,
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OUMS-27 (Funabashi et al.f 2010). Thus, the first half of this chapter uses a

number of methods to measure RMP in chondrocytes from several species and 

under several different conditions. A model of chondrocyte membrane potential is 

constructed in Microsoft® Visual Basic which follows the principles of the Hodgkin 

and Huxley equation described above. The model is tested by experiment as 

various pharmacological inhibitors of ion channels previously identified are used to 

change the membrane potential. The second half of this chapter sets out to 

uncover the function of the chondrocyte RMP and describes a model developed to 

show the influence of RMP on control of cell volume. The predictions from this 

model are then tested against cells from diseased tissue.

7.2 Results

7.2.1 Initial measurements of chondrocyte resting membrane potential

The RMP of canine chondrocytes was measured using both whole-cell patch clamp

and sharp electrode recording. At temperatures of 24-25TC in physiological saline

solution (see Tables 1 and 2), values of -6.1±0.5mV (n = 53) were recorded with

whole-cell patch clamp and -7.3±1.8 [n = 19) with sharp electrodes (Figure 7.1a).

The value measured by patch clamp was consistent across a range of large animal

species (Figure 7.1b). Studies have shown that these cells retain a substantially

native chondrocyte phenotype for the first few passages in culture, (see Chapter 1

and Benya & Shaffer (1982)). Therefore, RMP measured from chondrocytes in slices

of cartilage (sharp electrodes -7.5±0.7mV, n = 10), freshly dissociated (-6±2; n = 5),

first expansion (-9±1; n = 5) and first passage chondrocytes (-6±1; n = 18; all in patch
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clamp) were compared. These were not significantly different to each other

(p>0.05; Figure 7.1b). As a control, RMP from aortic smooth muscle cells were 

recorded on the same equipment in the same physiological saline; these had RMP 

in the conventional significantly negative range (-47.9±3.7mV; n = 5) (Figure 7.Id3). 

To measure membrane potential from intact cells which had neither been impaled 

by a sharp electrode, or patch clamped, an optical dye study of the membrane 

potential was performed (Figure 7.1e and f). This gave a membrane potential value 

of “8.6±8mV (/7=14).

3 Note this figure is from Lewis et al., 2011, and the values shown for DRG and hypothalamic 

neurones were kindly provided by Dr Gareth Bruce and Dr Richard Barrett-Jolley.
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Figure 7.1 Freshly dissociated and primary cultured chondrocytes from a range of species exhibit 

relatively positive resting membrane potentials. A) RMPs measured in canine chondrocytes by 

patch clamp and sharp electrodes (n = 50, 19). B) RMPs measured by the whole-cell patch-clamp 

technique in canine (n = 50, as A), equine [n ~ 9), ovine (n = 8) and bovine (n = 5} chondrocytes. C) 

RMPs measured by sharp electrodes in cartilage slices ("slice", n = 10) and whole-cell patch clamp 

from freshly dissociated canine chondrocytes ("diss.", n = 5), from first expansion chondrocytes ("1st 

Exp", n = 5) and canine chondrocytes following the first passage {"1st Pass", n = 22). D) Control cell 

type demonstrating conventionally negative RMP recorded in the same solutions and on the same 

equipment as the chondrocyte RMPs. Values for DRG and Hypothalamic neurones kindly provided 

for this thesis by Dr R. Barrett-Jolley and Dr G. Bruce; DRG, dissociated rat dorsal root ganglion 

neurones; Hypothalamic, paraventricular nucleus pre-autonomic neurones; Aortic SM, isolated 

smooth muscle cells from rat aorta. All patch clamp experiments in this figure were performed with 

standard physiological intracellular and extracellular solutions, except the sharp electrode recording 

experiment in A where the extracellular solution was the same standard physiological saline, but the 

electrode was filled with 1M KCI. E) Calibration curve for the voltage sensitive dye measurements, 

AU is arbitrary units of relative intensity. F) Two chondrocytes, one patched, one not patched under 

visible light (left panel) and epifluorescence (right panel) with lOOnM oxonol VI dye in physiological 

solutions (see Tables 1 and 2).
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7.2.2 Model of chondrocyte resting membrane potential

A simple model that can account for the relatively depolarised RMP was 

constructed as follows. Since the chondrocyte is essentially a small spherical cell 

and assuming that the principal ion channel conductances have now been identified 

RMP was calculated as the equilibrium membrane potential [Vm) obtained by 

solving:

Cm~~ = ~(Ibk + Irv + Iratp + Ienclc + la + hapvs) Equation 17

Where Cm is the average membrane capacitance (12 pF) and Ix is the membrane 

current (see below) passing through the channel x. Table 6 contains the parameter 

values assumed and additional to those given in the text.

For the Kv channel:

IKv = GKv(Vm — Ejf) Equation 18

Where GKv is the conductance of the Kv channel and Ek the equilibrium potential 

for K+ ions. The Kv channel is treated as a "Hodgkin-Huxley" channel as described in 

Chapter 6 (Hodgkin & Huxley, 1952b).

IKv = n^GxviVm — Ejf) Equation 19

Where GKv is the maximum Kv conductance and n4 the gating variable 

determined from:

— = o:n(l — n) — (3nn Equation 20

an and /?n were calculated from Equations 21 and 22 as described in Chapter 6.
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an(ym) = —um-f—- Equation 21
e a -1

—Vm

bn(yrri) = ce~d~ Equation 22

The best fit parameters a, b, c and d are given in Chapter 6, Table 4.

The other channels are approximated to time-independent linear conductances at 

membrane potentials relevant to the chondrocyte.

For the BK channel:

IBk = GBK(ym — Ek) Equation 23

- rcaz+l
gb<< = Equation 24

Maximum conductance of the BK channel {GBK ) is 1.147nS/patch, estimated from 

the average maximum cell-attached patch current. Some data for this channel is 

shown in Chapter 6 but this value comes from the data shown in (Mobasheri et ol., 

2010). However, the low cytoplasmic Ca2+ value in the whole-cell patch clamped cell 

means that IBK is vanishingly small under these conditions. For example, the 

calculated intracellular calcium concentration with 5mM BAPTA was less than InM 

(calculated with maxchelator http://www.stanford.edu/~cpatton/maxc.html). In the 

switch-clamp (sharp-electrode) volume experiments, calcium levels will be 

controlled by the cells native calcium buffering systems, therefore IBK will have very 

little contribution to the RMP (lannotti & Brighton, 1989).

For the KAtp channel:

Ikatp ~ HkatpEquation 25
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Where;

GKatp - Gkatp (l - [Arp^l2picJ Equation 26

Gratpi [ATP] and corresponding/Cgo are estimated from (Mobasheri etal., 2007b).

For the epithelial sodium channel and the chloride channel, respectively:

Wc = GENaC(ym - ENa) Equation 27

Id = GCi(ym — ECi) Equation 28

Where GENaC is the ENaC conductance shown in Chapter 4 and Gci is the chloride 

conductance shown in Chapter 5, scaled for the whole-cell by calculating n*i*P0 

(Values given in Table 6).

For the TRP channel current:

Itrpvs — Gtrpvs(Vw ~ Vtrpvs) Equation 29

Where GTRPV5 is calculated from the whole-cell data shown in Chapter 3 (value 

given in Table 6). The tail current voltage clamp experiments showed only weak 

voltage sensitivity (Boltzmann parameters for slope (k) and half maximal activation 

{Vi/2) were 83mV and -38mV respectively, see Chapter 3) and so this simple model 

treats the channel as non-voltage sensitive. VTRPV5 was calculated by difference of 

whole-cell currents with and without lOOpM gadolinium (see Chapter 3 for details), 

but for more general case, used solution of an adapted constant field equation 

(Lewis, 1979):

[Na+]0 +([ft-+]0 +4 PCar.[Ca2+]iVvgv — —— In (■________________________________________________________________________________________

F \[iVa+]£ + ([K+hj^)+ 4 PCa\[Ca2+]j .eF ■Vrev/RT^ Equation 30
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Where;

PCa'=Wa (l^STff) E£lUati0n 31

Lewis (Lewis, 1979) showed that with 2mM extracellular Ca2+ and zero assumed 

surface charge, this equation satisfactorily describes the Vrev of the K+, Na+ and 

Ca2+ permeant end-plate currents and variants of this are widely used in 

calculations of non-specific cation permeabilities including those of TRP (Kamouchi 

et ai, 1999; Vennekens et al., 2000; Owsianik et oi, 2006). A further potentially 

important parameter is voltage dependent Mg2+ block of the TRP conductance. This 

is modelled as being equivalent to Mg2+ block of the TRP channel (Nilius et al., 

2000).

KD(ym) = KD(y0)exp Equation 32

Where;

gtrpvs = Otrpvs (i - Equation 33
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Parameter Value Source

Patch radius 1.5|im G

Cell radius 7.5|im H

Geno.c 365pS/cell 1

GCl 1.65nS/cell 1

Gtrpvs 8.15nS/cell J

Vtrpvs +32mV K

Pk/Pnu 0.9 L

PCa/Pncl 80 L

Kd(V171) 3.1mM M

Parameter Value Source

a = 0.02 A

b = 28.2 A

c = 0.04 A

d = 0.01 A

1.67nS/cell B

bkec50 3pM C

[Ca2+]i ~0.2nM D

Gratp 65nS/cell E

Free-[ATP]j 4.5mlVI F

Table 6: Source of parameters used throughout the model. Source A) Fitted from the raw data 

shown in Mobasheri et al (2005a) as described in Chapter 6. B) From published maximum current 

densities of approximately 25pA/pF (Mobasheri et al., 2005a). C) Estimated from Barrett et al (1982) 

at lOmV. D) Calculated as described in the text. E) From published maximum current densities of 

approximately 37pA/patch. F) Volume of chondrocytes; 1.77nL, total free ATP 8fmol/cell (Grishko et 

al., 2010) G) Standard (estimated) value used for estimation of patch pipette tip opening (Sakmann 

& Neher, 1983). H) Measured by my group in May et al (2007). I) Where for each patch, n.i.Popen are 

calculated as described in the text (see also Chapters 3 and 4 for Na+ and Cl' values, respectively). J) 

Value calculated in Chapter 3. L) Relative permeabilities are calculated as described in Chapter 3. M) 

Calculated previously (Nilius et al., 2000). Note that whilst the absolute value of extracellular free 

[Mg2+] is difficult to estimate in vivo, in vitro studies suggest it is approximately O.SmM (Gunther et 

al., 1997).
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7.2.3 Model predictions

Using the above model of the membrane potential (Equation 17) and including the 

above data a RMP of -S.lmV was computed, similar to the experimental RMP 

values. The TRPV4, V5 and ENaC channels identified in previous chapters all 

induced significant changes in membrane potential when inhibited (figure 7.2). 

Application of gadolinium moved the RMP of a whole-cell current clamped 

chondrocyte (in physiological saline) 30±4mV (n = 8) more negative (figure 7.2), 

suggesting that the gadolinium-sensitive TRP channels may be partly responsible for 

the positive RMP. Application of amiloride (10pM) moved the membrane potential 

9.5±0.8mV (n = 5) more negative (figure 7.2), suggesting this conductance also 

contributed to the RMP. Block of these channels was simulated by the membrane 

potential model. Figure 7.2 shows a comparison of membrane potential changes 

computed by blocking gadolinium III and amiloride sensitive conductances in 

Equation 17 and the experimentally measured values upon gadolinium HI, 

econazole and amiloride exposure.
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Figure 7.2 Comparison of predicted and experimentally measured changes in chondrocyte resting 

membrane potential. Simulated effect on membrane potential of blocking TRPV5 and ENaC channels 

in Equation 17 with 10 and lOOpM gadolinium III, 100pM econazole or lOpM amiloride. Each of 

these conditions predicted a negative change in the membrane potential (empty bars). Membrane 

potentials were then measured by whole-cell current clamp in physiological solutions (described in 

Chapters 3 and 4; shown here by filled bars) Each of these conditions significantly shifted the 

membrane potential (p<0.005, p<0.05 and p<0.00005 respectively, ANOVA and Dunnett's multiple 

comparison).
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7.3 Regulatory volume decrease

It seems likely that the unusual electrical properties of chondrocytes must confer a 

biological advantage to these cells. After measuring their RMP in a number of 

situations this chapter moved on to investigate this advantage and tested the 

hypothesis that it is the ability to withstand changes in osmotic potential. This 

follows because the rate and degree of cell swelling during osmotic shock is 

counteracted by the release of ions, particularly potassium, and concomitant 

reduction in osmotic drive for water entry, as discussed previously (Hoffmann & 

Dunham, 1995; Hoffmann et al., 2009). One would expect that the predicted loss of 

potassium ions would be matched by an equal number of anions (chloride or HC03', 

for example), reducing the absolute loss of potassium ions (Nicholl et ai, 2002). 

Several different chondrocyte potassium channels have been proposed to open in 

response to membrane stretch and conduct these potassium ions (Hall etal., 1996a; 

Martina et al., 1997; Mobasheri et al., 2010). From this, this chapter investigates 

the hypothesis that cell swelling would be much less at a positive RMP than it would 

be at substantially negative membrane potentials. This prediction follows from the 

fact that the driving force [RMP-Ek) for potassium ion efflux is much greater at more 

positive membrane potentials. The relationship is given by:

Ik = GkstretchlRMP - Ekl Equation 34

where IK is the potassium current, Gkstretch the potassium conductance and Ek the 

equilibrium potential for potassium ions. This prediction was tested by experiment.
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7.4 Role of the resting membrane potential

Chondrocytes were impaled with sharp electrodes and voltage-clamped under 

switch clamp mode (see Chapter 2 for details). Cells were held at +10mV and - 

80mV. Volume was calculated from 2D surface areas as the osmolarity of the bath 

(physiological solution, see Table 1) was decreased from 489mOsm to 309mOsm. 

One approach to this experimental design would be to decrease osmolarity from 

approximately 300mOsm to, for example ZOOmOsm, however, as discussed in 

Chapter 6, it is generally accepted that this is well outside the chondrocytes normal 

environmental range (Urban, 1994). Therefore, in order to make this experiment as 

physiologically relevant as possible, volume increases were measured when 

decreasing osmolarity from a relatively high (approx. 490mOsm), to a physiological 

minimum for cartilage (approx. 310mOsm (Urban, 1994)). This is the same 

approach as is used in Chapter 5 for the volume control experiments.

Chondrocytes clamped at +10mV and exposed to the reduced osmotic pressure 

increased in size by 29±3% at +10mV, (n = 10; figure 7.3a and b). This increase was 

reversible upon returning to the higher osmolarity solution (figure 7.3a and c). 

When this procedure was repeated with the membrane clamped to -80mV, cell 

volume increase was significantly greater. Cell volume increased by 57±4% [n = 12, 

p<0.01; figure 7.3a and b) and the chondrocytes were no longer able to recover 

their volume (figure 7.3a and c).
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Figure 7.3 The positive resting membrane potential allows chondrocytes to more effectively 

regulate their volume. A) Change of cell volume with time during change of osmotic potential 

(where indicated). Cell volume was calculated at 30s intervals with cells voltage-clamped at either - 

80mV or +10mV with single sharp electrodes under switch clamp. B) Summary of a number of data 

such as that illustrated in A, but with data sampled at 120s intervals. Cell swelling measured at 14 

minutes was significantly greater when cells were held at -80mV than +10mV (p<0.0005 n = 7 empty 

circles, 10 filled circles). The fitted line is one continuous fit to = Pf.S^tyVw(OsMin^ — 

OsMout(t)) as described in the text. The only difference between the two lines is the membrane 

potential. C) On returning cells from the 309mOsm to the 489mOsm solution the size of cells 

clamped at +10mV (n = 10) returned to near the pre-swell size whereas recovery at -80mV (n = 12) 

was significantly less (p<0.0005, n = 10,12).
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7.5 Model of dependence of resting membrane potential on osmotic swelling

To simulate the swelling of cells at different membrane potentials a variation of the 

equation from Zhang et ai (Zhang et ai, 1990; Preston et al., 1992) was used, with 

substitutions to allow for time variable osmolarities.

= Pf- SA^. Vw(psmin(fi - Osmout) Equation 35

Where; Pf is the water permeability of the cell (cms-1), 571(t-)the surface area and 

the molar volume of water (l^,) is 18cm3mor1. The osmolarity inside the cell at time 

t (Osmin(t)) is given by:

_ Osmolin(t\Osmintf) - — J Equation 36

Where Osmolin is the number of moles of intracellular solute. This changes as 

potassium ions efflux and so the rate of change in the moles of ions within the cell is 

equivalent to:

dOsmolin _ Gkstretch(t)(.RMP £fc(t))
dt G-Na

Equation 37

Where e is the elementary charge and NA is Avagadro's number. Gkstretch^ is the 

potassium conductance opened by stretch, this is likely to be composed of calcium- 

activated potassium channels as discussed in Chapter 6 (Wright et al., 1992; 

Mobasheri et al., 2010). A simple relationship for activation of this channel at time t 

is used. It is assumed that Gtetretchtt) ls simply proportional to percentage 

membrane stretch at time t.

r ~r stretchy
fJKstretch(t') - ^kstretch * (strBtch(t) xA) Equation 38
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Stretch was calculated simply as the fraction change in surface area. Gkstretch^ (the 

total stretch activated potassium conductance, 660pS) and A (a constant of 

proportionality, 10‘V1) were both obtained by fitting Equation 35 (by numerical 

integration) to the volume data by minimizing chi2.

Additionally, for the cell to maintain electroneutrality the K+ efflux is likely to be 

matched by an anionic efflux, although this is not modelled here.

This simulation also included a routine to account for the time dependent change of 

extracellular bath solution. This was relatively slow (approx 6 minutes) since sharp 

electrodes dislodge more readily than patch electrodes and cells were observed to 

be rather fragile when maintained at very hyperpolarised potentials. The only 

parameter changed between the simulations shown in figure 7.3 at -80mV and 

+10mV is the RMP parameter in Equation 37.

7.6 Changes in disease states

As chondrocytes of osteoarthritic cartilage are reported as being swollen (Stockwell, 

1991), this study wanted to see whether the membrane potential of osteoarthritic 

chondrocytes differed to that of healthy chondrocytes. The volume control data 

suggested that cells with more negative membrane potentials were unable to 

successfully regulate their volume, therefore it would follow that cells from 

osteoarthritic cartilage may have more negative membrane potentials. The closer 

the membrane potential is to Ek (the potassium equilibrium potential) the less able 

the cell is to efflux potassium, meaning it becomes swollen as there is less of a drive 

for water to leave the cell. Osteoarthritic chondrocytes have been reported to have
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up-regulated expression of BK channels. One might expect this could be due to the

cell having to try to increase its ability to efflux potassium.

Membrane potentials from human healthy and osteoarthritic chondrocytes4 were 

measured by current-clamp patch in the same physiological saline as the other 

RMPs. Healthy human chondrocytes were found to have a membrane potential of- 

14.3±2.7mV [n = 7), not significantly different to those of the other species 

described above (figure 7.4; p>0.05). Osteoarthritic chondrocytes had a 

significantly more negative membrane potential of -29±3.5mV (n = 6; p<0.05). The 

model predicts a change in membrane potential of -9mV in osteoarthritic 

chondrocytes compared to healthy and this appears to be the case. This change was 

predicted by increasing IBK conductance in Equation 17.

4 Human chondrocytes kindly provided by Dr S. Tew and Professor P. Clegg, Veterinary Sciences, 

University of Liverpool, Leahurst.
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Control OA

Figure 7.4 Resting membrane potential recordings from healthy and osteoarthritic human 

chondrocytes. "Control" chondrocytes were isolated from young, macroscopically intact cartilage 

and OA was osteoarthritic chondrocytes from a diagnosed patient. OA chondrocytes had significantly 

more negative membrane potentials than those from the healthy cartilage.
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7.7 Discussion

This chapter found that positive RMPs significantly reduced the volume increase 

when cells were exposed to reduced osmotic pressure. At positive membrane 

potentials this increase in volume was very similar to that previously measured in 

unclamped chondrocytes in culture or in situ (Bush & Hall, 2001b).

The relatively positive RMPs reported here are similar to one of the earliest report 

of chondrocytes' RMP (Wright et ai., 1992) (sheep and human control 

chondrocytes; RMP: -10.6 and ~12.4mV respectively). Since this time, a number of 

groups have observed more negative RMPs. These more negative RMPs include - 

46mV on mouse chondrocytes (Clark et ol., 2010) and -41mV on rabbit 

chondrocytes (Sugimoto et al., 1996a). There are a number of possible explanations 

for this. The chondrocytes used throughout this thesis were prepared from larger 

animals using well-established protocols (Mobasheri et ai., 2005a; Mobasheri et ai., 

2007b; Mobasheri et al., 2010). It is entirely possible that these larger animals have 

more positive RMP, since their joints experience greater forces than those of 

rodents (Huberti & Hayes, 1984; Clarke et al., 2001; Setterbo et al., 2009). Direct 

experimental comparison is difficult, however, due to the problems inherent in 

isolating a pure chondrocyte preparation from rabbits and small rodents. The small 

cartilage depths in these smaller mammals will make isolating a pure chondrocyte 

population inherently more difficult (Stockwell, 1971; Frisbie et al., 2006; Ahern et 

al., 2009). In the joints of the larger animals used, cartilage depth was 

approximately 1mm or more (from larger dogs to horses) and so one can be 

confident of a pure chondrocyte preparation.
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The model of chondrocyte membrane potential has been iteratively refined and

tested using the data available from the single channel and whole-cell experiments 

presented throughout this thesis. This has resulted in a model which appears to 

accurately predict experimental changes in ionic conditions, pH and temperature. 

This model does have limitations; one such limitation is that it doesn't include ion 

pumps or co-transporters. These have been discovered in chondrocytes so the next 

step for the model could be trying to integrate the effects of these to determine 

changes in membrane potential upon their inhibition (Wilkins & Hall, 1992; Trujillo 

etal., 1999a).

Several methods of measuring membrane potential were used in this Chapter. 

Whilst there was no significant difference between the values produced by any of 

the methods the oxonol dye method produced a relatively large standard error. The 

first reason for this could be because the dye is also a BK channel activator. It is 

difficult to find a fluorescent dye which does not affect ion channel function in some 

way. If BK channels are being activated by this dye, even by a small proportion, this 

could be enough to hyperpolarise the membrane potential of some of the cells, 

leading to greater variation in results. A second reason for this could be due to the 

inherent difficulty in using sharp electrodes on cells which exist with depolarised 

membrane potentials. One would usually confirm that a cell had been impaled by 

seeing a deflection in current once the cell had been struck by the electrode. 

Generally, cells such as neurons are measured by this method, which have 

significantly negative membrane potentials; therefore one knows that the cell is 

impaled simply by looking at the measured membrane potential. Chondrocytes do
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not possess this negative membrane potential so it is difficult to determine that the 

cell has actually impaled.

The data described in this chapter shows for the first time a function for the 

chondrocytes depolarised membrane potential. The ability to regulate volume at 

positive membrane potentials was strikingly greater than at more negative 

potentials. Interestingly, these data also show that at very negative membrane 

potentials chondrocytes appeared unable to decrease their volume when exposed 

to the higher osmotic potential solution, i.e., cell shrinkage was slower, or non

existent. This could also be a consequence of the principle encapsulated by 

equation 24, or it could be that cells suffered damage from the osmotic challenge. 

The relationship between osmotic pressure and physical pressure is an important 

one for the chondrocyte, since it is believed that increasing compressive loads on 

joints leads to increases in osmotic pressure (Mow et al., 1992; Urban, 1994). The 

ability of chondrocytes to withstand osmotic pressure changes is therefore coupled 

to their ability to withstand mechanical pressure. Indeed it has been shown that 

cells are more susceptible to physical damage at reduced osmolarities (Bush et al., 

2005). Furthermore, chondrocytes from osteoarthritic cartilage have been shown 

to exhibit poor recovery from cell volume increases (Jones et al., 1999) and it has 

been suggested that inappropriate increases in chondrocyte volume may contribute 

to the progression of osteoarthritis (Bush & Hall, 2003). The membrane potential 

data recorded from human chondrocytes shows that osteoarthritic chondrocytes 

have more negative membrane potentials. This could potentially impact on their 

ability to regulate cell volume. As shown in this chapter and presented in Lewis et al

(2011), the closer the membrane potential is to the potassium equilibrium potential
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the less able the cell is to efflux potassium ions and decrease it's volume. This loss

of volume regulation may be a contributory factor to the progression of arthritis. 

Maintaining a relatively positive membrane potential may therefore be important 

for the function and survival of healthy chondrocytes in vivo.
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8

Discussion

Investigations into the ion channels of chondrocytes were not started until the early 

1990s. Potassium channels remained some of the most studied channels in 

chondrocytes until very recently. This thesis characterised other ion conductances 

within chondrocytes and uncovered possible functions for these channels. The 

development of a model of chondrocyte membrane function draws all this 

knowledge together and the predictions from this model enabled further analysis 

of, and insights into, the chondrocyte channelome.

Our group has been working on chondrocytes for a number of years now and has 

developed reliable ceil isolation and culture methods. There have been several 

studies investigating the effect of culture on chondrocyte phenotype by examining 

the production of various matrix proteins (Martin et al.t 1999; Jakob et oi, 2001; 

Schulze-Tanzil et al.f 2004; Kang et al.f 2007). It has been shown that after four 

passages, chondrocytes fail to produce type II collagen and proteoglycans and start 

to undergo apoptosis (Schulze-Tanzil et al., 2004; Kang et al.f 2007). For this reason 

experiments in this thesis were not performed on chondrocytes that had undergone 

more than four passages. The effect of passage on membrane potential was tested 

in Chapter 7 and it can be seen that there was no difference between the Vm 

measured from any of the passages. Chondrocyte Vm was also measured using 

sharp electrodes in cartilage slices and this produced remarkably similar results to 

the Vm data from isolated and cultured chondrocytes.
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One will always question how similar cell types are across species. This thesis has

examined chondrocytes from canine, bovine, ovine, equine and human cartilage 

and compared cell Vm across them, with no significantly different results (Lewis et 

al., 2011). However, other studies have reported varying values for the chondrocyte 

Vm (see Chapters 1 and 7). There are two possible explanations for this. It is 

possible that the smaller animals (rat, mouse and rabbit) all have more negative 

Vims than the larger mammals I have investigated. It is likely that the smaller 

mammals experience lesser forces on their joints compared to the larger mammals 

(Clarke et al., 2001; Setterbo et al., 2009). Therefore, the joints do not need to be 

able to cope with such huge fluxes in osmotic potential caused by joint loading so 

their Vm is not set as positively as the chondrocyte Vm of the heavier mammals. 

However, to determine whether this is the case one would ideally repeat the 

experiments presented in this thesis on chondrocytes isolated from these smaller 

mammals using my group's techniques. This brings us on to the second explanation 

for the difference in Vm between larger and smaller mammals. The methods used 

by my group to dissect cartilage from within the joint involve scraping the cartilage 

from the condyle in a manner similar to how one peels an apple. This method is 

easily applied to canine joints, and the other joints examined in this thesis, 

however, it remains to be seen whether it would be successful in producing a pure 

chondrocyte population from mice, for example. The depths of articular cartilage 

vary greatly between species although, generally, cartilage depth increases with 

increasing animal size. Small rodents and rabbits have cartilage depths of between 

55 and 300pm (Stockwell, 1971; Frisbie et al., 2006; Ahern et al., 2009) whereas the 

larger mammals examined in this thesis all have cartilage depths greater than 1mm
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(Stockwell, 1971). It is distinctly possible that when removing cartilage from smaller 

joints other cell types would be removed during the dissection. These would 

possibly include fibroblasts, osteoblasts, osteoclasts, stromal cells and even cells of 

blood vessel origin. These cells would inevitably have substantially more negative 

Vms (Edelman et o/., 1986) and so would influence the mean Vm recorded from the 

"chondroycte" population. There may even be the possibility that the researchers 

would dismiss a Vm which was more positive than a certain threshold, as they may 

believe that the cell is "dead" if it has a Vm of around zero. This would also affect 

the mean Vm, effectively biasing the data to produce a negative value. This 

approach would be understandable if the researchers were looking at a neuron, for 

example, which typically exhibits a membrane potential of around -65mV. However, 

the Vm of a cell is set by its complement of ion channels whose activity within a cell 

membrane depends, in part, upon their reversal potential {Vrev), which is the point 

at which current flow through the membrane is in equilibrium. Neurons have 

substantially negative Vms due to the activity of potassium channels, which have a 

Vrev of around -85mV, so assuming that a neuron that has a less negative Vm is 

"dead", or unable to propagate action potentials, could be accurate in that case. As 

shown in this thesis (Chapters 3 and 7 and also presented in Lewis et al (2011)) the 

chondrocyte Vm is maintained in part by the activity of TRPV5 channels. The cation 

selectivity of this channel contributes to the less negative Vm seen in chondrocytes.

Chapter 3 describes the detection of TRPV4 and TRPV5 cDNA in canine

chondrocytes. This is the first identification of TRPV5 in chondrocytes, and the first

reported identification of TRPV4 in canine chondrocytes. Our collaborators at the

University of Nottingham have also detected the expression of TRPV6 by
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immunohistochemistry (Ali Mobasheri, personal communication). PCR reactions

shown in Chapter 3 did not detect the cDNA for this channel in canine 

chondrocytes. However, the expression of this channel in chondrocytes would go 

some way to explaining the differences in the effects of econazole and gadolinium 

on Vm. Gadolinium is a relatively non-selective inhibitor of most TRP channels, 

whereas econazole is selective for TRPV5. Gadolinium had a 12mV greater effect on 

Vm than econazole. This difference could be explained by gadolinium inhibiting 

TRPV5 and TRPV6, as they are both similarly calcium selective. The permeability 

experiments found that the gadolinium-sensitive current was heavily calcium 

selective (Pca/PNa ~80). TRPV5 and TRPV6 have been reported to have higher 

permeability to calcium than this; however, the permeability measured in this thesis 

(Chapter 3) was obviously measured from cells containing a whole range of ion 

channels and in non-physiological solutions. The other reports of permeability 

come from expression systems containing just one type of channel (Nilius et al., 

2000; Vennekens et al.f 2000), where the permeability will be greater as there is 

only one method for calcium transport.

Distinguishing between members of the TRP family in electrophysiological 

experiments is difficult due to the lack of commercially available pharmacological 

agents. The only available agent for characterising TRPV4 is the agonist PDD. In 

Chapter 3 the effect of this on Vm was shown. In physiological solutions this 

substance caused an unexpected large hyperpolarisation of Vm. The chondrocyte 

Vm model predicted a depolarisation of the Vm when overall TRP conductance was 

increased, as it would be when PDD was added, due to the influx of cations that 

would occur. However, the model predicts that a 1000 fold increase in intra-cellular
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calcium is necessary to see the hyperpolarisation measured in the PDD 

experiments. The Vm hyperpolarisation was remarkably absent when the same 

experiments were repeated with caesium, a non-permeant cation. This functional 

coupling of calcium-activated potassium channels and TRPV4 has been shown in 

other tissues and is suggested to be a response to hypotonicity induced cell swelling 

(Fernandez-Fernandez et al., 2008). The activation of TRPV4 with PDD caused no 

increase in Vm when caesium was present, as may be expected upon activation of a 

cation channel. This, along with the membrane hyperpolarisation that happens 

upon both TRPV4 activation and membrane stretch, may suggest some sort of 

localisation of calcium-activated potassium channels and TRPV4. Calcium imaging 

and fluorescence experiments could be used to show possible local increases in 

intracellular Ca2+.

As shown in Chapter 7, chondrocytes swell in response to decreased osmolarity, as 

they uptake water via aquaporins. This swelling is opposed by regulatory volume 

decrease (RVD), which was shown in Chapter 7 to be affected by the chondrocyte 

Vm. Cells clamped at very negative potentials were unable to regulate their volume, 

whereas those clamped at more positive potentials could effectively control the 

volume increase seen upon hypotonic challenge. The activity of TRPV5, and possibly 

TRPV6 channels, enables the chondrocyte to effectively regulate its volume due to 

the maintenance of Vm at a sufficient distance from the potassium equilibrium 

potential. This facilitates potassium efflux, allowing water to follow out of the cell 

and reducing cell volume. In Chapter 4 the epithelial sodium channel (ENaC) is also 

shown to have a small contribution to the depolarised Vm.
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The ENaC data shown in Chapter 4 is the first electrophysioiogical data for this 

channel in chondrocytes. This is a very small channel and is difficult to detect using 

electrophysiology alone. The immunohistochemical identification of a number of 

ENaC subunits in cartilage prompted speculation about the channels possible 

function. Hypotheses included that ENaC was a stretch-sensitive channel involved in 

signalling pathways which regulate the ECM (Shakibaei & Mobasheri, 2003; Salter et 

ai, 2004). This thesis discovered that the ENaC is heavily involved in chondrocyte 

celt volume regulation, specifically regulatory volume increase (RVI; Chapter 4). 

Previous studies on chondrocytes have suggested a role for the sodium potassium 

chloride co-transporter (NKCC) in RVI (Kerrigan etai, 2006; Bush etal.f 2010). These 

studies found that RVI could not be fully inhibited by significant concentrations of 

the NKCC inhibitor. The data presented in this thesis show that ENaC contributes to 

cell RVI. As mentioned previously, it can be difficult to obtain channel inhibitors 

which are specific to only one type of channel and it is recognised that benzamil can 

also inhibit the NKCC, although at higher concentrations than were used here (Kim 

et a!., 2001). However, the experiments with lithium, an ion which ENaC has a 

greater permeability for than sodium, showed that RVi still occurs even when no 

sodium is present, providing further evidence for ENaCs involvement in RVI. It is 

possible that both the NKCC and ENaC are responsible for the ionic influx that must 

occur for a cell to successfully increase its volume. ENaC may be the remaining 

conductance that was not inhibited in the previously mentioned studies on NKCC 

(Kerrigan et al., 2006; Bush et al.t 2010). Indeed, early immunohistochemical 

studies showed co-localisation of ENaC with NKCC (Shakibaei & Mobasheri, 2003; 

Salter et ai, 2004) in chondrocytes. NKCC and ENaC may, therefore, have
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complementary roles allowing for the influx of sodium following hypertonicity

induced cell shrink.

The chloride channel data shown in Chapter 5 is the first example of a chloride 

conductance in canine chondrocytes. The data shown in Chapter 5 indicate that 

chondrocytes express a mixed population of chloride channels, not just the maxi

chloride/volume regulated channel that has previously been shown (Sugimoto et 

al., 1996a; Tsuga et aL, 2002). The presence of a calcium-activated potassium 

channel that regulates volume by effluxing potassium brought about the hypothesis 

that there must be an anion channel matching the cation efflux to maintain 

electroneutrality across the membrane. As an influx of calcium was shown to occur 

upon hypotonic challenge it was hypothesised that this anion channel was the 

calcium-activated chloride channel (CaCC). However, inhibition of this channel 

appeared not to have an effect on cell volume regulation. It is possible that the 

maxi-chloride channel is involved in cell volume regulation. There is no selective 

inhibitor of this channel, however, so investigation of this hypothesis may prove 

difficult.

The chondrocyte model of membrane potential presented in Chapter 7 draws 

together all the data presented in the preceding chapters. The parameters within it 

are calculated from the data drawn from the numerous electrophysiological 

experiments. The model predicts the effect of changes in these parameters on Vm. 

These predictions are useful to compare to the experimental data to enable one to 

focus future studies. However, the model does have some limitations. The NKCC 

was discussed earlier in this chapter. Currently ion pumps and co-transporters are
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not included within the model. This means it is not possible to determine the effect

that these have on the Vm. More importantly, it is not possible to hypothesise 

about the pumps function using information from the model. Another limitation of 

the models presented in Chapter 7 is that they are not currently linked. It would 

seem sensible to combine these two models so that that the parameters for 

conductance of the stretch-activated channel, for example, were being provided by 

the osmolarity mode! for the Vm model. This would enable calculation of Vm at 

various degrees of membrane stretch. Hyperpolarisation of the membrane potential 

has been shown to occur upon hypotonic challenge (Mobasheri et ai.t 2005a; 

Mobasheri et ai., 2007b; Mobasheri et al., 2010); it would be interesting to see 

whether this is an effect which arises from the combined models.

8.1 Future studies

Considering the importance of Vm on cell volume regulation, numerous further 

studies could be instigated looking at various pharmacological modulators and their 

effect on channel activity. For example, the activity of PDD on OA chondrocytes may 

show that despite increasing the activation of TRPV4 channels, these cells are still 

unable to regulate their volume. This could possibly indicate a problem with BK 

function {Fernandez-Fernandez etal., 2008).

One way to target these studies would be to continue testing the Vm model by 

determining the effect that differing degrees of channel activation or inhibition 

would have on Vm, and trying to find which increase or decreases in channel 

conductance produce the membrane potential hyperpoiarisation seen in OA 

chondrocytes. The next goal for the models presented in Chapter 7 is to combine
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them into one model, where the calculated Vm inputs into the cell volume model.

One could then vary conditions directly in the Vm model and discover the effect this 

has on cell volume. A further advantage of continuing to develop and refine the 

model would mean that hypotheses could be tested within the model, creating less 

of a need for the use of cadavers for experiments. The cell volume model could also 

be adapted to mimic RVI conditions by changing the ion channel parameters it uses.

Further volume regulation experiments are necessary following the results in 

Chapter 5. These experiments showed that the calcium-activated chloride channel 

did not contribute to regulatory volume decrease. However, an anion efflux must 

exist to match the potassium efflux. Experiments using SITS would be useful in 

determining if chloride ions do provide this efflux, or if it is another ion, for example 

bicarbonate ions (Nicholl et ai.f 2002). This effect of this anion could be examined 

by using bicarbonate solutions rather than HEPES buffered solutions as used here.

There are a number of other techniques, which were not utilised in this thesis that 

could be used to examine the chondrocyte channelome. For example, the siRNA 

knockout method is becoming increasingly utilised to examine the effect of channel 

knockdown on cell function (Gresch et a/., 2004). Unfortunately, there is no 

commercially available siRNA for the canine model, however there are versions 

available for human models. Comparing the knockout of channel proteins in both 

healthy and osteoarthritic chondrocytes could be an interesting step. 

Unfortunately, one drawback of using knockout techniques is that these techniques 

may indirectly alter other cell functions as the cell adapts in culture to the loss of 

certain proteins.
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One emerging technique is the "NextGen" transcriptomics method (Roy et al., 

2011). This method is a relatively quick way of discovering all the proteins coded for 

within a cell. The results can then be sifted through to find proteins of interest, such 

as ion channel families, and the relative expressions of these can be examined. 

Performing this method on both healthy and osteoarthritic chondrocytes could 

uncover ion channels not yet discovered, the expression of which could then be 

investigated more fully using other techniques, for example electrophysiology or 

PCR. The transcriptomics method would also provide relative expression of the 

proteins between the two types of chondrocytes tested, enabling one to see which 

proteins were upregulated or downregulated in diseased compared to healthy 

tissue. These changes in channel expression could also be investigated using the 

methods presented in this thesis to determine their effects on membrane potential 

and control of cell volume.

8.2 Implications of this work

The data from individual channels combined with the RVI and RVD experiments 

presented in this thesis provide insights into healthy chondrocyte function. 

Understanding how healthy cells work is always important when comparing them to 

their diseased state. The progression of osteoarthritis (OA), a condition affecting 

over 60% of the adult population, is poorly understood (Goldring & Goldring, 2007). 

As described in Chapter 1, water volume changes within cartilage are believed to be 

contributory factors to cartilage degeneration with reports that chondrocytes from 

OA cartilage appear distended (Stockweli, 1991). It has been reported that loss of 

chondrocyte volume control leads to cell death and the progression of OA, but the
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mechanisms behind this were not understood (Bush & Hall, 2003; Bush etal., 2005). 

This thesis has presented novel work on the ion channels within chondrocytes and 

the influence these channels have on volume control. As shown here, the 

depolarised Vm of chondrocytes appears crucial for the maintenance of RVD when 

experiencing osmotic challenges. The model of chondrocyte volume also suggests 

that if the Vm is hyperpolarised then the cells will not be able to return their volume 

to its resting state, this will mean that the cells remain swollen. As described in 

Chapter 7, OA chondrocyte Vm was measured and found to be hyperpolarised 

compared to the healthy chondrocytes. This could suggest that OA chondrocytes 

have differences in expression of either TRPV4 or calcium-activated potassium 

channels. If pharmacological agents could be found which regulate the activity of 

these channels and thus influence cell volume control, these channels could be 

potential new targets for osteoarthritis treatments.
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Many ceU types have significant negative resting membrane potentials (RMPs) resulting from the activity of potassium-sdective and 
chloride-selective ion channeb. In excitable cdls, such as neurones, rapid changes in membrane permeability underlie the generation 
of action potentials. Chondrocytes have less negative RMPs and the role of the RMP is not dear. Here we examine the basis of the 
chondrocyte RMP and possible physiological benefits. We demonstrate that maintenance of the chondrocyte RMP involves gadolinium- 
sensitive cation channels. Pharmacological inhibition of these channels causes the RMP to become more negative (100 (jlM gadolinium: 
AVm = —30 ± 4 mV). Analysis of the gadolinium-sensitive conductance reveak a high permeability to caldum ions (PCa/PNa ~80) 
with little selectivity between monovalent ions; similar to that reported elsewhere for TRPV5. Detection of TRPV5 by PCR and 
immunohistochemistry and the sensitivity of the RMP to the TRPV5 inhibitor econazole (AVm = — 18 i: 3 mV) suggests that the RMP may 
be, in part, controlled by TRPV5. We investigated the physiological advantage of the relatively positive RMP using a mathematical modd in 
which membrane stretch activates potassium channds allowing potassium efflux to oppose osmotic water uptake. At very negative RMP 
potassium efflux is negligible, but at more positive RMP it is sufficient to limit volume increase. In support of our modd, cells clamped at 
- 80 mV and challenged with a reduced osmotic potential swetted approximately twice as much as cells at +10 mV. The positive RMP may 
be a protective adaptation that allows chondrocytes to respond to the dramatic osmotic changes, with minimal changes in cell volume 

J. Cell Physiol. 226: 2979-2986, 201 I. © 2011 Wiley-Liss. Inc.

Chondrocytes are the cells that produce, maintain, and degrade 
the extracellular matrix of articular cartilage in load-bearing joints 
(Huber et a!., 2000; Archer and Francis-West, 2003). Their 
location, embedded in cartilage, means that these cells are 
subjected to significant dynamic loads during physical activity 
(Eckstein et a!., 1999). The limb joints in a galloping horse, for 
example, will routinely experience compressive forces of 7,500 N 
(Setterbo et al., 2009). Contact pressures have been directly 
measured in human hip joints and are reported to be as high as 
18 MPa (Hodge et al., 1986). Under pressure, cartilage exudes 
fluid (McCutchen, 1962) and thus decreases in volume. This 
involves changes in water content of the interstitial component of 
cartilage and consequent changes in extracellular osmotic 
potential (Mow et al., 1992, 1999; Sivan et al, 2006). Typical 
osmolarities for many mammalian cells are in the region of 
300 mOsm. However, under load, the osmolarity of the 
extracellular matrix of cartilage is believed to be approximately 
■480 mOsm (Urban, 1994). More recently, osmolarities as high as 
SSOmOsm have been used to model the three-dimensional 
microenvironment of chondrocytes under load (Xu et al., 2010). 
This means that chondrocytes exist in a unique cellular 
environment. Changes in osmotic pressure are reversible upon 
relaxation (Mow et al., 1992; Urban, 1994) and so during normal 
usage chondrocytes will be cyclically exposed to both increasing 
and decreasing osmotic forces. Healthy chondrocytes are able to 
regulate their volume with remarkable resilience throughout 
these osmotic pressure cycles (Bush and Hall, 2001a). However, 
chondrocytes swell during the decreasing phases of the osmotic 
pressure cycle (Bush and Hall, 2001 b) and are vulnerable to 
damage (Bush et al., 2005). Decrease in osmotic potential 
(increased water content) has been linked to the early onset of

osteoarthritis (Stockwell, 1991) and loss of volume control has 
been specifically linked to chondrocyte death and the progression 
of osteoarthritis (Bush and Hall, 2003; Bush et al., 2005).

As a starting point to understanding how these specialized 
cells so effectively regulate their volume and the membrane ion 
fluxes involved, we decided to make a thorough examination of 
their resting membrane potential (RMP) properties in vitro. 
There have been a number of previous studies, which observe 
chondrocytes RMP in a range of species, but these have resulted 
in a very wide variety of values from — 10.6 to —46 mV (Wright 
et al., 1992; Sugimoto et al., 1996; Clark et al., 2010; Funabashi 
et al., 2010b). We began by thoroughly examining the RMP of 
chondrocytes from larger mammals in vitro and found these to 
be much less negative than other cell types. Previous studies 
have investigated the role of potassium (Wilson etal., 2004) and 
chloride (Tsuga et al., 2002; Funabashi et al., 2010a) channels in
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the regulation of the RMPand so we examined the contribution 
of sodium and/or non-specific cation conductances. We then 
investigated what the physiological advantage of such positive 
RMPs is for chondrocytes.

Methods

Canine cartilage was removed from stifle and elbow condyles of 
large, skeletally mature, bull terrier types euthanatized for 
unrelated clinical reasons. Bovine, ovine, and equine cartilage 
were sourced from a local abattoir. Chondrocytes were 
isolated as described previously (Mobasheri et al., 2005, 2007, 
2010) with type II collagenase. To ensure preservation of the 
chondrocyte phenotype we used only cartilage slices 
(collagenase treated), freshly dissociated, first expansion and 
first passage cells only. RT-PCR experiments used first 
expansion chondrocytes. When isolated, chondrocyte 
doubling time was within 24 h confirming that these cells are 
viable and vital. Other cell types were prepared by their 
respective standard methods: rat dorsal root ganglion 
neurones (Bruce et al., 2009), hypothalamic pre-autonomic 
neurones (Barrett-Jolley et al., 2000; Womack etal., 2007), and 
aortic smooth muscle (Sampson et al„ 2007).

Electrophysiology

RMP were measured using whole-cell patch clamp in current clamp 
mode by three different amplifiers (Axon Axopatch 200a, 200b, 
Molecular Devices, Sunnyvale, CA Cairns Optoclamp, Faversham, 
UK). For RMP measurements we used a standard physiological 
saline for both intracellular and extracellular solutions of (in mM): 
95 K-Gluconate, 26 KCI, I MgCij, 5 BAPTAand 10 HEPES (pH 7.2 
with KOH), and 140 NaCI, 5 KCI, 2 CaCl2, I MgCljand 10 HEPES 
(pH 7.4 with NaOH), respectively. For sharp electrode recording 
(NPISEC-05LX amplifier), electrodes were filled with I or 2 M KCI 
and the extracellular solutions were as above. For the cell-volume 
experiments, osmoiarity was increased by addition of 180 mM 
sucrose.

Measurement of gadolinium III (Gd) difference currents was 
made with the Axon Axopatch 200a amplifier. A ramp protocol 
was applied consisting of a 50-msec voltage step at 0 mV followed 
by a 4.5 sec linear ramp from —60 to +80 mV. This was repeated 
every 50 sec. Whole-cell currents were recorded in 
“methanesulfonate solutions,” containing: (in mM): 150 Na- 
methanesulfonate, 10 HEPES, 2 CaClj (pH 7.4 with NaOH) in the 
bath and 150 Na-methanesulfonate, 10 HEPES, 5mM BAPTA 
(pH 7.4 with NaOH) in the pipette solution. Difference currents 
were obtained by subtraction of a ramp in the presence of 100 p.M 
Gd from that run in vehicle control.

To study the relative whole-cell permeability of monovalent 
cations and calcium ions, we used bath solutions containing (in mM) 
2 MgCI^, 10 H EPES and either 150 XCI (where X = Na, K, or Cs) or 
30 mM CaCIj and 105 mM NaCI (all pH to 7.4 with the relevant 
monovalent hydroxide). In these experiments, the patch pipette 
(intracellular) solution contained (in mM): 135 CsCI, I MgClj, 10 
Hepes, and 5 EGTA (pH 7.2 with NaOH). Permeability ratios were 
calculated using the equations of Voets et al. (2002), using the 
reversal potentials (Vrev) of the Gd sensitive current-voltage 
ramps.For monovalent cations:

Px/Pn, — exp| AVrev] (I)

For calcium ions:

Pca/PNa= ^ +exp^Vrev~^

([Na]-, + of[Cs)i)exp(Vrev(F/RT))-[Na)e-Q'[Cs]e
4[CaL

(2)
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where

a = Pcs/PNa (3)

Video imaging and switch clamp

Cells were voltage clamped with single sharp electrodes, under 
switch clamp (SEC 05LX, NPI) and simultaneously videoed with 
a Hitachi (KP-M3E/K CCD) camera attached to a Nikon Eclipse 
microscope magnification ~l,00Qx.

Analysis

Eiectrophysiological data were digitized and analyzed using the 
WinEDR and WinWCP programs (John Dempster, University of 
Strathclyde). Visual data were analyzed with Image] (Abramoff et 
al., 2004) and ANOVA performed with SPSS (SPSS, Inc., Chicago, 
IL), multiple comparisons assessed with Dunnett tests. t-Tests 
were performed with Minitab (Minitab Ltd, Coventry, UK). All 
values are quoted as mean dt SEM, with sample size = n. AH 
membrane potentials are corrected for liquid junction potentials 
estimated using JPCalc (Barry and Lynch, 1991).

Voltage-sensitive dye membrane potential 
measurements

To measure the membrane potential with optical dyes we used 
oxonol VI (Apell and Bersch, 1987; Wohlrab et al., 2001). Oxonol 
Vi (100-300nM) was added to the perfusion solution, for at least 
15 min prior to commencement of recording. The optical system 
(Hitachi KP-M3E/K CCD camera attached to a Nikon Eclipse 
microscope, G-2A filter set, magnification ^ 1,000x) was 
calibrated by measuring the average intensity in a chondrocyte, 
under perforated patch clamp at a range of membrane potentials. 
Our perforated patch-damp methods have been described 
elsewhere (Davies et at., 2010). This intensity versus voltage 
calibration curve was then used to extrapolate membrane 
potentials of surrounding un-clamped chondrocytes.

RT-PCR

Total RNA was extracted from canine chondrocytes by use of an 
RNeasy Mini Kit (Qiagen, Crawley, UK) according to 
manufacturer's instructions. Genomic DNA was eliminated using 
deoxyribonuclease I, Amplification Grade (Invitrogen, Paisley, UK). 
Isolated total RNA was then used as a template to create first- 
strand cDNA by Superscript II Reverse Transcriptase (Invitrogen). 
One microliter of this cDNA was used as atemplate for touchdown 
PCR using the primers in Table l (derived from murine transient 
receptor potential vanilloid channel subtype 5, TRPV5). PCR was 
performed with 35 cydes in total on a Techgene FTGene2D 
thermocyder (Techne, Stone, UK). The initial cycle consisted of a 
denaturation step at 92CC for 30 sec, an annealing step at 65CC for 
30 sec, and an extension step of 72aC for 60 sec. The annealing step 
was decreased by ICC with each cycle to a final temp of 56"C. PCR 
products (I0p.l) were separated by electrophoresis on a 1.5% 
agarose gel (2 h at 80 mV) and the bands were visualized by Gel Red 
(Biotium, Cambridge, UK) staining using a UV transilluminator 
(BioRad, Hemel Hempstead, UK). Sequencing was performed by 
Beckman Coulter Genomics (Takeley, UK).

TABLE I. Primer sequences for each of the proteins investigated

Protein Primer pair sequences (5r-3') Size (bp)

TRPVS Forward: GCCCCTAACATCTTCCCTCT 
Reverse: TGTCCATATTTCTTCCACTT

I6S

GAPDH Forward: CATCAACGGGAAGTCCATCT 
Reverse: GTGGAAGCAGGGATGATGTT

429

GAPDH was used as a test for viable cDNA. Primers were purchased from Sigma-Aldrich, 
Poole, UK.
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Ion channel immunohistochemistry

Sections of canine cartilage were probed for channel expression 
by immunohistochemistry essentially as described previously 
(Mobasheri et alM 2005). Slides were deparaffinized in xylene for 
20 min to remove embedding medium, washed in absolute ethanol 
for 3 min, gradually rehydrated in a series of alcohol baths (96%, 
85%, and 50%) and then placed water for 5 min. Endogenous 
peroxidase activity was blocked for I h in a solution of 97% 
methanol, 3% hydrogen peroxide, and 0.01% sodium azide. The 
slides were then incubated for I h at room temperature in tris- 
buffered saline (TBS) containing I % bovine serum albumin (BSA, 
protease-free) and 0.01% sodium azide to block non-specific 
antibody binding. Slides were incubated overnight at 4CC with 
rabbit polyclonal antibodies to TRPV5 (Abeam pic., Cambridge, 
UK). Antibodies were diluted (various dilutions ranging from 1:200 
to 1: 1,500) in TBS containing I % BSA. After 24 h at 4CC, the slides 
were washed three times for 5 min each in TBS containing 0.05% 
Tween-20 (TBS-T) before incubation with horseradish peroxidase- 
labeled polymer conjugated to affinity-purified goat anti-rabbit 
immunoglobulins (code no. K40I0; Dako UK Ltd, Ely, UK) for 
30 min at room temperature. The sections were washed a further 
three times for 5 min in TBS-T before application of liquid DAB+ 
chromogen (S.S'-diaminobenzidine solution; DakoCytomation). 
The development of the brown-colored reaction was stopped by 
rinsing in TBS-T. The stained slides were immersed for 5 min in a 
bath of aqueous hematoxylin (code no. S3309; DakoCytomation) 
to counterstain cell nuclei. Finally, the slides were washed for 5 min 
in running water and dehydrated in a series of graded ethanol baths 
before being rinsed in three xylene baths and mounted in 1,3- 
diethyl-8-phenylxanthine (BDH Laboratories, Atherstone, UK). 
Control experiments were performed by omitting the primary 
antibody from the immunohistochemical procedure. 
Immunostained tissue sections were examined with a Nikon 
Eclipse 80i microscope. Photomicrographs were digitally captured 
using Nikon Digital Sight DS-5M camera and Nikon Edipsenet 
image capture software.

Results
Initial measurements of chondrocyte RMP

We measured the RMP of canine chondrocytes using both 
whole-cell patch clamp and sharp electrode recording. At 
temperatures of 24—250C in physiological saline solution, we 
recorded values of—6.1 ± 0.5 mV, n = 50 with whole-cell patch 
clamp and —7.3 ± 1.8, n= 19 with sharp electrodes (Fig. I A). 
The value measured by patch clamp was consistent across a 
range of large animal species (Fig. IB). Studies have shown that 
these cells retain a substantially native chondrocyte phenotype 
for the first few passages in culture (Benya and Shaffer, 1982). 
We therefore compared RMP measured from chondrocytes in 
slices of cartilage (sharp electrodes —7.5 db 0.7 mV, n = 10), 
freshly dissociated, first expansion and first passage 
chondrocytes (patch clamp). These were not significantly 
different to each other (Fig. IC). As a control, we include RMP 
values recorded for other tissues on the same equipment; these 
all had RMP in the conventional significantly negative range 
(—48 to —64mV) (Fig. ID). To measure membrane potential 
from intact cells which had neither been impaled by a sharp 
electrode, or patch clamped, we also performed an optical dye 
study of the membrane potential (Fig. I E,F). This gave a 
membrane potential value of —8.6 ±8 mV, n = 14.

The identity of the principal cation conductance 
open at rest

Such a positive RMP in chondrocytes suggests that at rest the 
chondrocyte membrane is highly permeable to sodium and/or 
calcium ions (since these ions have equilibrium potentials above 
0 mV). Having already investigated a number of potassium

channels in the chondrocyte membrane (Mobasheri et al., 2005, 
2007, 2010) we sought to identify cation channels with 
selectivity for sodium and/or calcium, at sufficient density to 
account for such a positive RMP. To investigate these 
conductances further, we switched to chloride and potassium- 
free “methanesulfonate solutions.” We compared whole-cell 
voltage ramps in the presence and absence of gadolinium (Gd), a 
widely used cation channel blocker (Fig. 2A). We found that the 
whole-cell current was sensitive to IOOjjlM Gd (Fig. 2A). The 
calculated Gd difference current is shown in Figure 2B.

Since Gd is well known to be a blocker of transient receptor 
potential channels including TRPV channels (Vennekens et al., 
2001; Clapham, 2007; Alexander et al., 2008), we investigated if 
these channels are constitutively active in chondrocytes. There 
are several subtypes, however, and a useful way of distinguishing 
between them is by analysis of the conductance’s permeability 
ratio, since many of the subtypes have distinct permeability 
profiles. To calculate the permeability ratio of the Gd difference 
we adapted the methods of Voets et al. (2002), and measured 
changes in reversal potentials of the Gd sensitive difference 
currents in extracellular solutions with different cation 
compositions (Fig. 3A-E). The permeabilides of Cs+ and K+ 
were not significandy different to that of Na+, but that of Ca2+ 
was significantly greater (Pk/Pnh I -02 ± 0.06, n — 10, Pcs/Pn*
1.2 ± 0.1, n = 9, Pca/PNa 78 ± 9, n = 5, P < 0.0001). Since this 
permeability rado is similar to that measured for TRPV5 
(Vennekens et al., 2000; Owsianik et at., 2006) we investigated 
whether these cells contained TRPV5 mRNA by reverse- 
transcription PCR or expressed TRPV5 protein by 
immunohistochemistry. We clearly detected both TRPV5 
mRNA and protein expression (Fig. 3F-H), confirming TRPV5 as 
a likely contributor to the Gd sensitive conductance. TRPV5 is 
known to be blocked by both Gd and econazole (Nilius et al., 
2001) we investigated whether these compounds affected the 
RMP of chondrocytes (Fig. 4A,B). We found that both 
hyperpolarized the membrane, gadolinium by 30 ±4 mV (n = 8, 
P < 0.0005) and econazole by 18 ± 3 mV (n = 5, P < 0.005; Fig. 4).

We hypothesized that the relatively positive RMP of 
chondrocytes would facilitate chondrocyte control of volume 
(see Appendix I). In vivo chondrocytes are reported to 
experience osmolarities as high as SOOmOsm (Urban, 1994). 
On returning to lower osmolarity, chondrocytes swell (Bush 
and Hall, 2001 a). To investigate the role of membrane potential 
in this process we used sharp-electrode voltage-clamp of 
chondrocytes with a switch-clamp amplifier. We controlled 
voltage and simultaneously calculated chondrocyte volume 
from measured 2D surface areas. Unlike conventional patch- 
clamp recording, which alters the intracellular environment of a 
cell, this method does not require alteration of the intracellular 
milieu. We measured cell volume continuously as the 
osmolarity of the extracellular bathing medium was reduced 
from 489 to 309 mOsm. Chondrocytes clamped at +10 mV and 
exposed to the reduced osmotic pressure increased in size by 
129 ± 3%, n = 10 (Fig. 5A,B). This increase was reversible upon 
returning to the higher osmolarity solution (Fig. 5A,C). 
Strikingly, when this procedure was repeated with the 
membrane clamped to —80 mV, cell volume increased by 
157 ±4%, n= 12 (Fig. 5A,B) and the chondrocytes were no 
longer able to recover their volume (Fig. 5A,C).

Discussion

We propose that a diverse chondrocyte channelome, 
including TRPV5, contributes to a relatively positive RMP in 
chondrocytes. Since this potential is significantly more positive 
than the equilibrium potential for potassium ions, it will allow 
the cell to efflux potassium ions rapidly enough to limit cell- 
volume increase under conditions of reduced osmolarity. This 
suggests that a relatively positive RMP is a biological adaptation

2981
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Fig. I. Freshly dissociated and primary cultured chondrocytes from a range of species exhibit relatively positive resting membrane potentials 
(RMP). A: RMPs measured in canine chondrocytes using patch clamp and sharp electrodes (n = 50,19). B: RMP measured by the whole-cell patch- 
damp technique in canine (n = SO, as A), equine (n = 9), ovine (n = 8), and bovine (n = 5) chondrocytes. C: RMP measured by sharp electrodes 
in cartilage slices (“slice," n = 10) and whole-cell patch clamp from freshly dissociated canine chondrocytes (“diss.,” n = 5), from first expansion 
chondrocytes (“1st Exp," n = 5) and canine chondrocytes following the first passage (“1st Pass,” n = 22). O: Control cell type demonstrating 
conventionally negative RMP; ORG, dissociated rat dorsal root ganglion neurones; hypothalamic, paraventricular nucleus pre-autonomic 
neurones; aortic SM, isolated smooth muscle cells from rat aorta. All patch-damp experiments in this figure were performed with standard 
physiological Intracellular and extracellular solutions, except the sharp electrode recording experiment in (A) where the extracellular solution 
was the same standard physiological saline, but the electrode was filled with I or 2 M KCI. E: Calibration curve for the voltage sensitive dye 
measurements, “AU” is arbitrary units of relative intensity. F: Two chondrocytes, one patched, one not patched, under visible (left part) and 
epifluorescence (right part) with oxonol VI dye, bar indicates 10 pm.

to allow chondrocytes to survive the extreme osmotic 
challenges they routinely face.

The positive RMP in chondrocytes

The relatively positive RMPs we report in the current paper 
are similar to one of the earliest report of chondrocytes’ RMP 
(Wright et al., 1992) (sheep and human control chondrocytes;

RMP: — 10.6 and — 12.4 mV, respectively). Since this time, a 
number of groups have observed more negative RMPs. These 
more negative RMPs include -46 mV on mouse chondrocytes 
(Clark et al., 2010), —41 mV on rabbit chondrocytes (Sugimoto 
et al., 1996), and —20 mV on a human cell line, OUMS-27 
(Funabashi et al., 2010b). We have a number of possible 
explanations for this. We have used, over several years now, 
chondrocytes prepared from larger animals (Mobasheri et al..
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Control

Vm (mV)

Gd sensitive current
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Fig. 2. Patch clamp electrophysiology demonstrates the presence 
of gadolinium III sensitive whole-cell conductances. A: Whole-cell 
current ramps in “methanesulfonate solutions.” Command potential 
(Vm) on the x-axis, current on the y-axis (normalized for cell size). 
Mean inhibition of whole-cell current was 80 ±9%, n = 5, P< 0.001. 
Control (vehicle) or in the presence of gadolinium III (Gd). B: The Gd 
sensitive current, normalized to that at 60 mV. The measured 
reversal potential of the difference current under these conditions 
was I ±3 mV, n = S.

2005, 2007, 2010). It is entirely possible that these larger 
animals have more positive RMP, since their joints experience 
greater forces than those of rodents (Huberti and Hayes, 1984; 
Clarke et al., 2001; Setterbo et al., 2009). Direct experimental 
comparison is difficult, however, due to the problems inherent 
in isolating a pure chondrocyte preparation from rabbits and 
small rodents. This is because these animals have cartilage 
depths as little as 55-300 fxm (Stockwell, 1971; Frisbie et al., 
2006; Ahem et al., 2009) and our isolation method involves 
manual shaving of cartilage from articular joints in a manner 
similar to the peeling of an apple. We feel we would, therefore, 
inevitably include other cell types in the extraction such as 
osteoclasts, osteoblasts, stromal cells, and cells of blood vessel 
origin. In the joints of the larger animals we used, cartilage depth 
was approximately I mm or more (from larger dogs to horses) 
and so we are confident of a pure chondrocyte preparation. 
Furthermore, our monolayer chondrocyte preparation reliably 
retains chondrocyte phenotype in terms of cells proliferation 
(Martin et al., 1999; Jakob et al., 2001; Schulze-Tanzil et al., 
2004), secretion of collagen (type II) and chondrocyte specific 
proteoglycans for the first four passages in culture (Schulze- 
Tanzil etal., 2004). Isolated chondrocytes indeed exhibit similar 
volume regulating properties to in situ chondrocytes (Bush 
and Hall, 200la,b), however, to ensure preservation of the 
chondrocyte phenotype, we used freshly dissociated, first 
expansion and first passage chondrocytes only. It is notable that

we observe the relatively positive RMP even in slices of cartilage 
or in first passage chondrocytes.

The identity of the principal cation conductances 
open at rest

In previous reports we have focused on potassium 
conductances in chondrocytes (Mobasheri et al., 2005, 2007, 
2010). In this study, however, we focused on non-potassium 
cation channels open at rest. Our whole-cell current-voltage 
ramp protocols clearly demonstrate that the majority of 
the total resting (non-potassium) current is generated by a 
Gd sensitive conductance. It is likely that the Gd sensitive 
conductance is comprised of more than one type of channel, 
however, our permeability data suggest that TRPV5 dominates. 
TRPV5 is one of the few ion channel conductances with 
litde selectivity between Cs+, Na+, and K ' ions, but high 
permeability to Ca2+ ions (Vennekens et al., 2000; Owsianik 
et al., 2006; Alexander et al., 2008). The presence of 
both TRPV5 mRNA and TRPV5 protein by RT-PCR and 
immunohistochemistry serve to further support the notion that 
these cells express TRPV5. In addition, econazole, a relatively 
selective inhibitor of TRPV5 (Nilius et al., 2001) hyperpolarized 
the membrane in a similar manner to Gd itself. That Gd 
hyperpolarizes the chondrocyte by more than the econazole 
implies that Gd may additionally inhibit other conductances in 
the cell, and these will be the subject of future investigations.

The physiological role of the RMP in chondrocytes

It seems likely that the unusual electrical properties of 
chondrocytes must confer a biological advantage to these cells. 
We propose that this advantage is the ability to withstand 
changes in osmotic potential. This follows because the rate and 
degree of cell swelling during osmotic shock is counteracted by 
the release of ions, particularly K ‘ and concomitant reduction 
in osmotic drive for water entry (Hoffmann and Dunham, 1995; 
Hoffmann et al., 2009). One would expect that the predicted 
loss of potassium ions would be matched by an equal number of 
anions (e.g., chloride), reducing the absolute loss of potassium 
ions. Several different chondrocyte potassium channels have 
been proposed to open in response to membrane stretch and 
conduct these potassium ions (Hall et al.. 1996; Martina et al., 
1997; Mobasheri et al., 2010). From this, we predicted that cell 
swelling would be much less at a positive RMP than it would be 
at substantially negative membrane potentials. This prediction 
follows from the fact that the driving force (RMP — E^ for 
potassium ion efflux is much greater at more positive 
membrane potentials. The relationship is given by:

L = Gkstretch [RMP—Ek] (4)

where Ik is the potassium current, G^u-etch is the potassium 
conductance, and EK the equilibrium potential for potassium 
ions. We tested this prediction by experiment. One approach 
to this experimental design would be to decrease osmolarity 
from approximately BOOmOsm to, for example, 200 mOsm, 
however, it is generally accepted that this is well outside the 
chondrocyte’s normal environmental range (Urban, 1994). 
Therefore, in order to make this experiment as physiologically 
relevant as possible, we measured volume increases when 
decreasing osmolarity from a relatively high (approximately 
490 mOsm), to a physiological minimum for cartilage 
(approximately 320mOsm, Urban, 1994). We found that 
positive RMPs significantly reduced the volume increase when 
cells were exposed to reduced osmotic pressure. At positive 
membrane potentials this increase in volume was very similar to 
that previously measured in unclamped chondrocytes in culture 
or in situ (Bush and Hall, 2001 b).

Interestingly, our data show that at very negative membrane 
potentials, chondrocytes appeared unable to decrease their
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Fig. 3. Gadolinium III difference current has high permeability to calcium ions. A,B: Gd sensitive current-voltage ramp with 150 mM external 
NaCI (solid line) or 150 mM external KCI (broken line). (B) shows the same data as (A), but magnified to show AVrav more dearly. The permeability 
ratio Px/P* (see text) was then calculated from Equation (I). C,D: Gd sensitive current-voltage ramp with I 50 mM external NaCI (solid line) or 
I 50 mM external CsCI (broken line). (D) shows the same data as (C), but magnified to show more dearly. The permeability ratio PC./PN, (see
text) was then calculated from Equation (I). E: Current-voltage ramp with I 50 mM external NaCI (solid line) or 30 mM CaCI? and 105 mM NaCI 
(broken line). The permeability ratio Pca/PNa(*ee text) was then calculated from Equation (2). The full solutions for (A) to (E) are described in the 
Methods Section. F: RT-PCR was performed as described in the Methods Section. Specific primers for TRPV5 were used and mRNA (164 bp) 
product encoding TRPV5 was detected in extracts of first expansion chondrocytes. Omission of reverse transcriptase served as a negative control 
G, sections of full-depth canine articular cartilage were probed for channel expression by immunohistochemistry using polyclonal antibodies raised 
againstTRPV5.H:Omissionofprimaryantibodyfrom the immunohistochemical procedure served asanegativecontrol. Sections of cartilage were 
otherwise treated in exactly the same way during the immunohistochemical procedure except that the primary antibody was omitted. Positive 
immunoreactivity (brown staining) was observed in chondrocytes throughout normal cartilage. Bars In the main parts represent 100 pm. [Color 
figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcp]

volume when exposed to the higher osmotic potential solution, 
that is, cell shrinkage was slower, or non-existent. This could 
also be a consequence of the principle encapsulated by 
Equation (4), or it could be that cells suffered damage from the 
osmotic challenge. The relationship between osmotic pressure 
and physical pressure is an important one for the chondrocyte, 
since it is believed that increasing compressive loads on joints 
leads to increases in osmotic pressure (Mow et al., 1992; Urban, 
1994). The ability of chondrocytes to withstand osmotic 
pressure changes is therefore coupled to their ability to 
withstand mechanical pressure. Indeed it has been shown that 
cells are more susceptible to physical damage at reduced 
osmolarities (Bush et al., 2005). Furthermore, chondrocytes 
from osteoarthritic cartilage have been shown to exhibit poor 
recovery from cell volume increases (Jones et al., 1999) and it 
has been suggested that inappropriate increases in chondrocyte

volume may contribute to the progression of osteoarthritis 
(Bush and Hall, 2003). Maintenance of the relatively positive 
membrane potential may therefore be important for the 
function and survival of healthy chondrocytes in vivo.
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Appendix I
Dependence of Osmotic Swelling Upon Membrane 
Potential

To simulate the swelling of cells at different membrane 
potentials we used a variation of the equation from Zhang etal.
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Fig. 4. Gadolinium and econazole sensitive ion channels contribute 
to the RMP. Block of channels by Gd (A,C) or econazole (B,C) drive 
the membrane potential in a negative direction. Membrane potential 
record during the application of (A) 100 p.M Gd, and (B) 10 p.M 
econazole. C: Summary data for; 100 Gd (n = 8) and 10 p.M 
econazole (n = S). Each of these conditions significantly shifted the 
membrane potential.

(1990; Preston et al., 1992), with substitutions to allow for time 
variable osmolarities

dvol
— = PfSAtt)Vw(Osmjn(t)-Osmollt) (5)

Fig. S. The positive RMP allows chondrocytes to more effectively 
regulate their volume. A: Change of cell volume with time during 
change of osmotic potential (where indicated). Cell volume was 
calculated at 30 sec intervals with cells voltage-clamped at either 
-80 or +10 mV with single sharp electrodes under switch clamp.
B: Summary of a number of data such as that illustrated in (A) but with 
data sampled at 120 sec intervals. Cell swelling measured at 14 min 
was significantly greater when cells were held at -80 than +10 mV 
( P < 0.0005, n = 7 empty circles, 10 filled circles). The fitted line is one 
continuous fit to dvol/dt = PfS(,)Vw(OsM|n ^ OsM,*,,,,, ) based on 
(Zhang et al., 1990; Preston et al., 1992), but including changes of 
intracellular osmolarity with time. The water permeability 
P#= 10.2 X 10 4 cm sec ', S(t) the surface area and Vw the molar 
volume of water is 18 cm1 mol 1. Osmolarity inside and outside 
the cell at time t are OsMy^tj and OsMout(t), respectively. The only 
difference between the two fitted lines in (B) is the membrane 
potential. For a full explanation of the model see Appendix I. C: On 
returning cells from the 309 mOsm to the 489 mOsm solution the size 
of cells clamped at + lOmV (n = 10) returned to near the pre-swell 
size whereas recovery at -80 mV (n= 12) was significantly less 
(P< 0.0005, n= 10, 12).

where Pf is the water permeability of the cell (cm sec ”'), SAlt) 
the surface area and the molar volume of water (Vw) is 
18 cm3 moP1. The extracellular osmolarity (Osmout) is 
assumed to not change with time, but the osmolarity inside the 
cell at time t (Osmin(t)) is given by:

Osmin(t) =
Osmolin(t)

vol(t)
(6)

where Osmolin is the number of moles of intracellular solute 
(osmol), not the osmolarity. This changes as potassium ions 
efflux and so the rate of change in the moles of ions within the 
cell is equivalent to:

dOsmolin _ GtCstretch^R^P-E^t)) 
dt _ eNA

where e is the elementary charge and Na is the Avogadro’s 
number. Guso-etch is the potassium conductance opened by 
stretch, this is likely to be composed of calcium activated 
potassium channels (Wright et al., 1992; Martina et al., 1997; 
Mobasheri et al., 2010). We then used the simplest relationship 
for activation of this conductance at time t; we assumed than

_ stretchy)
CkstretchM = h (StretCh(l)A)

Stretch was_calculated simply as the fractional change in 
surface area. GKstretch (the total stretch activated potassium 
conductance, 660 pS) and A (a constant of proportionality.
10 ^sec^1) were both obtained by fitting Equation (5) (by 
numerical integration) to the volume data by minimizing 
X2. Additionally, for the cell to maintain electroneutrality 
the K4 efflux is likely to be matched by an anionic efflux.
All our simulations also included a routine to account for the 
time-dependent change of extracellular bath solution. This was 
relatively slow in some experiments (approximately 6 min), 
since sharp electrodes dislodge more readily than patch 
electrodes and we observed cells to be rather fragile when 
maintained at very hyperpolarized potentials. The only 
parameter changed between the simulations at —80 and 
+ 10 mV is the RMP parameter in Equation (7).
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Chondrocytes are the resident cells of articular cartilage and are responsible for synthesizing 
a range of collagenous and non-collagenous extracellular matrix macromolecules. Whilst 
chondrocytes exist at low densities in the tissue (1-10% of the total tissue volume in mature 
cartilage) they are extremely active cells and are capable of responding to a range of mechanical 
and biochemical stimuli. These responses are necessary for the maintenance of viable cartilage 
and may be compromised in inflammatory diseases such as arthritis. Although chondrocytes 
are non-excitable cells their plasma membrane contains a rich complement of ion channels. 
This diverse channelome appears to be as complex as one might expect to find in excitable 
cells although, in the case of chondrocytes, their functions are far less well understood. Tbe ion 
channels so far identified in chondrocytes include potassium channels (KATP, BK, Kv, and SK), 
sodium channels (epithelial sodium channels, voltage activated sodium channels), transient 
receptor potential calcium or non-selective cation channels and chloride channels. In this 
review we describe this emerging channelome and discuss the possible functions of a range 
of chondrocyte ion channels.

Keywords: chondrocyte, Kv channel, KATT channel, BK (MaxiK) channel, ENaC

INTRODUCTION
Chondrocytes are metabolically active cells found in mature articu
lar cartilage (lannotti, 1990; Archer and Francis-West, 2003). The 
extracellular matrix (ECM) of cartilage is composed of elastic and 
collagen fibers (mainly type II collagen), which provide tensile 
strength with embedded proteoglycans forming a gel-like ground 
substance that provides elasticity and the ability to resist compres
sive forces (Buckwalter and Mankin, 1998). Chondrocytes occur 
singularly or in groups or clusters of three or more cells within 
spaces called lacunae in the ECM (Stockwell, 1975). Articular car
tilage has a high matrix to cell ratio, with chondrocytes occupy
ing only 10% of the total tissue in mammals (Carney and Muir, 
1988). Articular cartilage is a type of hyaline cartilage that cov
ers the surface of bones which meet at a synovial joint (Mankin, 
1982). Synovial joints include a cavity between the bones within 
the articular capsule in order to allow free movement (Edwards 
et al„ 1994). The synovial cavity contains synovial fluid, which 
acts as a lubricant to decrease friction between the bones meeting

Abbreviations ASIC, acid sensing ion channel; BK, calcium-activated potassium 
channel, high conductance; CFTR, cystic fibrosis transmembrane conductance re
gulator; C1C, chloride channel; DEG, degenerin; ECM, extracellular matrix; ENaC, 
epithelial sodium channels; IC50, concentration causing 50% inhibition; KAlr> ATP 
dependent potassium channel; K(C<), calcium activated potassium channels; Kir, 
inwardly rectifying potassium channel; K,, voltage-gated potassium channel; MIP, 
major intrinsic protein; NMDA, N-methyl o-aspartate; PCR, polymerase chain re
action; RMP, resting membrane potential; SERCA, sarco/endoplasmic reticulum 
Ca^-ATPase; SITS, 4-acetamido-4'-isothiocyanatostilbene-2v2-disulfonic acid; 
SK, calcium-activated potassium channel, low conductance; SUR, sulfonylurea 
receptor; TEA, tetraethylammonium; TRP, transient receptor potential channel; 
TTX, tetrodotoxin; VGCC, voltage-gated calcium channels; VGSC, voltage-gated 
sodium channel

at the synovial joint and absorbs shock. Friction would be unde
sirable because it would damage the joint and also generate heat, 
thereby causing pain (Tatari, 2007). Articular cartilage is avascular 
without a perichondrium connective tissue surround. In human 
articular cartilage, chondrocytes may be as far away as 3 mm from 
the nearest artery. Therefore, synovial fluid supplies chondrocytes 
in adult articular cartilage with oxygen and nutrients, and removes 
carbon dioxide and metabolic waste products, by diffusion (Lee 
and Urban, 1997; Allan, 1998). Synovial fluid is periodically washed 
over the surface of the articular cartilage by the movement of the 
joint (Lee and Urban, 1997). Oxygen and substrate concentra
tions within cartilage reduce near to the cartilage-bone margin to 
almost zero (Otte, 1991). Therefore, chondrocytes generate ATP 
by substrate-level phosphorylation during anaerobic respiration, 
leading to the accumulation of lactate and lowering of the pH 
through the production of H’ ions, which can continue in anoxic 
conditions (Lee and Urban, 1997). The extracellular pH affects the 
chondrocyte metabolism and its ability to synthesize matrix. Low 
pH reduces lactate production, but also slows down the synthesis 
of glycosaminoglycans. However, the rate of collagen synthesis 
appears to be independent of pH (Wu et al., 2007). Chondrocytes 
embedded within the ECM have an unusual ionic environment 
because they are surrounded by negatively charged proteoglycans, 
which attract large numbers of cations, such as Na’ ions, creating 
a high extracellular osmolarity and contributing to the low pH 
(Urban et al., 1993).

Chondrocyte primary function is to synthesize and secrete 
proteoglycans, collagen and non-collagenous proteins to maintain 
the cartilage ECM (Fassbender, 1987). Chondrocytes maintain 
cartilage by establishing a balance between replacing degraded
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macromolecules and increasing synthesis in response to injury 
(Martin and Buckwalter, 20(H)). Proteoglycans contribute to carti
lage rigidity, stability and durability during compression (Redini, 
2001). Types II, IX, and XI collagen form the tensile fibril networks 
within cartilage. Type VI collagens form adjacent to chondrocytes 
and may be involved in attachment of the chondrocyte to the ECM 
(Bruckner and van der Rest, 1994). Non-collagenous proteins, 
such as anchorin CII, are also involved in chondrocyte anchorage 
(Fernandez et al., 1990). The cartilage matrix protects chondro
cytes from mechanical stress placed on the joint (Buckwalter and 
Mankin, 1998; Martin and Buckwalter, 2000). Chondrocyte meta
bolic activity is directly correlated with the weight of mechanical 
stress placed on the cartilage; increased activity when the cartilage 
is heavily loaded provides maximum proteoglycan content (Urban, 
1994). The ability of articular cartilage to withstand and respond 
to pressure and shearing forces is vital for it to fulfill its function. 
Accumulating evidence suggests that the resting membrane poten
tial (RMP) is vital for fulfilling this function. The RMP has been 
shown to be central to the secretion and synthesis of substances 
in a variety of other cell types (Breittmayer et al., 1996; McCarty, 
1999; Penyige et al., 2002). It therefore seems likely that if the 
RMP of chondrocytes is changed by ion channel manipulation, 
their ability to produce ECM will be compromised. This conjec
ture is indeed supported by experiments where RMP modifying 
ion channel blockers reduced the production of matrix mRNAs

(Wu and Chen, 2000), proteins and sulfated glycosaminoglycans 
(Mouw et al., 2007). Chondrocyte proliferation is also inhibited 
by channel blockers lidocaine and verapamil (Wohlrab et al., 2(H) 1, 
2005) and apoptosis increased (Grishko et al., 2010). As with other 
cells, the chondrocyte RMP is determined by the balance of positive 
and negative ion permeabilities in the cell membrane (Hodgkin 
and Huxley, 1952a). These permeabilities are, in turn, controlled 
by the chondrocyte channelome (the complement of expressed ion 
channels and porins).

Ion channels are the essential components that control ion 
movement in and out of the cell (Hodgkin and Huxley, 1952a). They 
are embedded within the plasma membrane and usually consist of 
one or more proteins with a central aqueous pore, which opens by 
conformational change (Neher and Sakmann, 1992). The stimulus 
for opening (gating) is specific to each ion channel, and may be volt
age, chemically or mechanically induced (Hille, 2001). A number 
of studies have now shown the presence of an ever-expanding list 
of ion channels in chondrocytes (Figure 1), and this review will 
summarize the data to date, both on the variety of expression and 
the proposed roles of these channels.

Ky CHANNELS
One of the first discovered ion conductances in biology was the 
potassium delayed rectifier (Hodgkin and Huxley, 1952b; Ramage 
et al., 2(X)8). The ion channels underlying this are now known to be

H>° H20 Cl
h>°h,o h20 K*

FIGURE 1 | Summary of the chondrocyte channelome. Many studies have 
now identified ion channels and ponns in chondrocytes Frequently the 
function of these channels is either unknown or controversial This figure 
illustrates some of the major channel proteins identified to date, either by 
electrophysiological. immunological or molecular biological techniques Note in 
this figure, KlC>1 is taken to be equivalent to any calcium activated potassium 
channel including BK and SK. AQR aquaporin channel; BK. calcium-activated

potassium cannel. high conductance. CIC. chloride channel; ENaC. epithelial 
sodium channels. K<n, ATP dependent potassium channel; Kv. voltage-gated 
potassium channel; NMDA. Wmethyl D-aspartate; SK. calcium-activated 
potassium channel, low conductance; TRR transient receptor potential 
channel; VGCC. voltagegated calcium channels. VGSC. voltage-gated sodium 
channel; This data is summanzed more fully in Table 1. For references please 
see text and or Table 1
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members of the K potassium channel family. This family is one of 
the largest ion channel families with at least 40 members (Gutman 
et al., 2005) of six transmembrane domains. Interestingly these 
were also one of the earliest ion channels discovered in chondro
cytes (Walsh et al., 1992; Sugimoto et al., 1996). K channels have 
now been reported in chondrocytes by a number of authors and 
have been shown to be archetypal slowly inactivating ion channels 
(Walsh et al., 1992; Wilson et al., 2004; Mobasheri et al., 2005a; 
Ponce, 2006). In essence, these channels are very similar to those 
channels found in skeletal muscle (Pallotta and Wagoner, 1992) 
and in neurones (Barrett-Jolley et al., 2000) where, in those cell 
types, they are critical for repolarization of the membrane fol
lowing an action potential. The role of a delayed rectifier channel 
in the chondrocyte plasma membrane is far less clear. Since the 
chondrocyte exists at far more depolarized levels than neurones or 
skeletal muscle (Wright et al., 1992; Wilson et al., 2004), logic would 
suggest that these channels would be constantly inactivated. Close 
study of the mathematical relationship between voltage, time and 
fractional inactivation (Hodgkin and Huxley, 1952b) reveals that 
a certain, albeit small, proportion of these channels will remain 
active even at the relatively depolarized RMP of a chondrocyte. 
This is supported by the observation by Wilson et al. (2004) and 
Clark et al. (2010b) that TEA inhibition of the potassium channels 
does have a significantly depolarizing effect on chondrocyte RMP, 
as it does with other non-excitable cells such as those of smooth 
muscle (Tclezhkin et al., 2001; Park et al., 2007).

Relatively few studies have attempted to establish the molecular 
identity of the delayed rectifier in chondrocytes. However, reports 
suggest that these channels are similar between species (chicken, 
canine, equine, and elephant) in terms of their steady-state half
activation voltage and slope (Wilson et al., 2004; Mobasheri et al., 
2005a; Ponce, 2006). Half activation parameters range from 12 to 
25 mV; typical of K 1.x or K,4.x potassium channels (Coetzee et al., 
1999). Activation time constants are, however, quite fast compared 
with many K channels (Mobasheri et al., 2005a). Such rapid kinetics 
have been reported for members of the K. 1 .x family and also homo
meric K, 3.4 (Coetzee et al., 1999). The inactivation time constant 
in the order of seconds (Mobasheri et al.,2005a) is typical of K 1.x, 
Kv 2.x and K 3.x channels (Coetzee et al., 1999). Together these data 
suggested that the potassium channel of chondrocytes is likely to 
be a member of the K 1.x. Pharmacological data are discussed in 
(Mobasheri et al., 2005a) and are not entirely consistent for K 1.x 
channels or one particular K channel. We therefore feel that the key, 
published data identifying the subunit identity of the chondrocyte 

channels are the immunohistochemical and RT-PCR data. Such 
data have unequivocally revealed the presence of K 1.4 subunits 
in equine chondrocytes (Mobasheri et al., 2005a) and 1.6 in the 
mouse (Clark et al., 2010b). Since K channels are known to exist 
as functional heteromultimers (Villalonga et al., 2010) we would 
tentatively suggest that articular chondrocytes may express K 1 .x, 
probably as a heteromultimer including the 1^. 1.4 or 1.6 subunits 
and probably some other, as yet unidentified, K subunit(s).

INWARDLY RECTIFYING POTASSIUM CHANNELS
Study of inwardly rectifying potassium channels is greatly ham
pered by a lack of selective inhibitors. Barium and chloroethyl- 
clonidine are inhibitors of the strong inward rectifiers (Standen

and Stanfield, 1978; Barrett-Jollcy et al., 1999) and glibendamide 
is an inhibitor of ATP dependent potassium channels (Tomai 
et al., 1994). So far only KA1.p channels have been observed in 
chondrocytes (Mobasheri et al., 2007). KAn, channels are a widely 
expressed subfamily of inwardly rectifying potassium channels. 
These channels are closed by intracellular ATP and thus serve to 
couple metabolism to membrane excitability (Quayle et al., 1997; 
Ashcroft and Gribble, 1998; Minami et al., 2004). Structurally these 
channels exist as heteromultimers. Each functioning protein con
sists of four ATT binding cassette proteins (SUR) surrounding four 
inwardly rectifying potassium channel subunits (Kir 6.x) (Babenko 
et al., 1998). Of particular interest to investigators of chondrocyte 
function is the fact that, in addition to being opened by decreas
ing intracellular ATP (Figure 2), KA1 p channels are also frequently 
observed to be opened by low oxygen tension and hypoxia (Dart 
and Standen, 1994). This suggests that these channels are impor
tant in hypoxia-mediated cell signaling (Phillis, 2004). We showed 
recently that KArp channels were expressed in articular chondro
cytes (Mobasheri et al., 2007). We used polyclonal antibodies raised 
against the KArp channel to show expression in both human and 
equine chondrocytes. Expression was largely restricted to the 
superficial and middle zones of normal cartilage and the superficial 
zone of fibrillated osteoarthritic cartilage in clusters (Mobasheri 
et al., 2007). In patch-clamp studies we found the biophysical 
properties of KArp channels to be broadly similar to KA| p channels 
expressed elsewhere (Babenko et al., 1998; Mobasheri et al., 2007). 
Several Ka1 p subtypes (i.e., Kir 6.1 and Kir 6.2) are each potentially 
coupled with one of the SUR subtypes; SUR1,2A or 2 B (Babenko 
et al., 1998). Pharmacological properties of Kaip channels are thus 
very different between tissues. Glibendamide is sometimes used as 
a functional discriminator between KAl p subtypes. It is highly active 
in pancreatic P-cells (IC50 of <10 nM, Krause et al., 1995), but 
rather less potent in muscle (IC50 25-100 nM, Beech et al., 1993; 
Barrett-Tolley and Davies, 1997; Barrett-Jolley and McPherson,
1998). In pharmacological studies of chondrocytes, the KAlp chan
nel’s IC50 is within the range seen in muscle (Mobasheri et al., 
2007). It therefore seems highly likely that chondrocytes express 
at least one subtype of KArp channel and that these may be impor
tant for regulation of cartilage metabolism and sensing ATP levels 
within the cell (Mobasheri et al., 2005b).

LARGE CALCIUM-ACTIVATED POTASSIUM CHANNELS
Several studies have putatively identified BK channels in chondro
cytes (Grandolfoetal., 1990,1992; Long and Walsh, 1994; Martina 
et al., 1997; Mozrzymas et al., 1997; Mobasheri et al., 2010). In our 
own study (Mobasheri et al., 2010), the principal stretch-activated 
channel we identified had a slope conductance, reversal potential, 
and pharmacology consistent with it being a large calcium-activated 
potassium channel (BK) (Latorre et al., 1989; Cui et al., 2009). 
We found the sensitivity to iberiotoxin to be statistically signifi
cant but weak (Mobasheri et al., 2010). This is interesting because 
whilst the BK channel can exist as a standalone six trans-membrane 
a-subunit, complete with potassium conducting pore and Ca2* 
sensor (Wang and Sigworth, 2009), the presence or absence of a 
P-subunit determines many of the channel’s functional properties 
(Salkoff et al., 2006; Torres et al., 2007). In particular, low sensi
tivity to iberiotoxin is highly characteristic of the expression of
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FIGURE 2 | KATp channels in chondrocytes. Chondrocytes have been shown to 
express KATt, channels The function of these is generally accepted to be coupling 
metabolic status with membrane potential and thus cell activity In other cell 
types, endogenous triggers for activation of KATP indude decrease of intracellular

ATP (Babenko et al. 1998). increase in ADP (Dunne and Ptetersen. 1986).
extracellular hypoxia (Dart and Standee, 1994) or other chemical signals such as 
adenosine (Dart and Standee. 1993, Barrett-Jolley et al, 1996). angiotensin 
(Sampson et al. 2007) etc. KAIP. ATP dependent potassium channel

BK channels consisting of both the cil and Pl-suhunits (I ippiat 
et al., 2003). This correlated well with our identification of posi
tive immunohistochemical staining of normal articular cartilage 
samples with antibodies to both al and |3l-subunits.

In general terms, there appear to be two possibilities to explain 
the activation of BK channels by stretch. These could be termed 
either calcium dependent or calcium independent mechanisms. 
The calcium dependent hypothesis would require that stretch led 
to an increase in intracellular CaJ+ and that this activated the BK 
channel (Figure 3). Indeed a number of studies show changes in 
intracellular Ca2* with osmotic or other mechanical challenge 
(Grandolfo et al., 1998; Guilak et al., 1999; Yellowley et al., 2002; 
Sanchez et al., 2003; Sanchez and Wilkins, 2004). The source of 
such Ca2t is controversial, but potentially, dogma states that it 
must come from either influx (e.g., a channel or other transporter 
protein Sanchez et al., 2003; Sanchez and Wilkins, 2004; Phan 
et al., 2009) or from intracellular stores (e.g., Grandolfo et al., 
1998). The calcium independent hypothesis would involve either 
direct sensing of stretch by the channel itself, or coupling of the 
channel to other mechanoreceptors such as integrins (Mobasheri 
et al., 2002). The function of BK activation by stretch is still 
unknown, but there are a few clear possibilities. Firstly, the BK 
channel could be acting as an “osmolyte” channel (Hall et al., 
1996; Kerrigan and Hall, 2008), since activation of potassium 
conductances will allow potassium ions to leave, decrease intracel
lular osmotic potential and facilitate regulatory volume decrease. 
Secondly, it is possible that it is the influence of the BK channel 
on the membrane potential which is critical, as it is in vascular 
tissue (Ledoux et al., 2006).

SMALL CALCIUM-ACTIVATED POTASSIUM CHANNELS
In addition to the body of work showing the presence of BK chan
nels, there have also been a tew reports of SK activity in chondrocytes 
(Wright et al., 1996; Lee et al., 2000; Ramage et al., 2008; Funabashi 
et al., 2010b). In the study by Wright et al. (1996), osmotic shock led to 
a hyperpolarization, which was largely insensitive to iberiotoxin, but 
highly sensitive to the SK channel inhibitor, apamin. Interestingly, in 
our own study of stretch activated potassium channels in chondro
cytes (Mobasheri et al., 2010), whilst single channel studies clearly 
identified BK channels, the hypo-osmotic hyperpolarization was 
resistant to the low concentrations of TEA which would be expected 
to block BK channels. The hyperpolarization was, however, inhibited 
by symmetrical 10 mM TEA. This was an observation consistent with 
the original observations of an SK component to the hyperpolariza
tion shown by Wright et al. (1996), since both SK and BK are rather 
resistant to extracellular TEA (Latorre et al., 1989).

TRANSIENT RECEPTOR POTENTIAL CHANNELS
Transient receptor potential (TRP) channels are a family of loosely 
related ion channels that show relatively little selectivity between 
permeable cations such as sodium, calcium, and magnesium1. 
They were initially proposed to couple hypo-osmotic shock to 
intracellular Ca2+ mobilization in chondrocytes on the basis of 
gadolinium sensitivity (Sanchez et al., 2003), but since then several

1 Transient receptor potential channels. Authors: David E. Clapham, Bemd Ni- 
lius, Grzegorz Owsianik. Last modified on 2010-04-07. Accessed on 2010-06-24. 
IUPHAR database (IUPHAR-DB), http://www.iuphar-db.org/DATABASE/Family
Menu Forwaid?familyId=78.
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FIGURE 3 | Activation of BK by calcium ions. A number of studies have 
identified BK channels in chondrocytes (see text), but the function of these 
channels is not confirmed Control of RM P or volume would are two theories It 
is suggested that they are activated by calcium ions, which could be introduced 
to the cytoplasm by either release from stores, or by entry through divalent

cation permeant ion channels. Both of these pathways could in turn, be activated 
by either mechanical or other (e g , inflammatory) signals ECM, extracellular 
matrix. Ins-P3-R. inositol trisphosphate receptor, IP3. inositol tnsphosphate, K^. 
calcium activated potassium channels; PLC. phospholipase C; SERCA. sarco/ 
endoplasmic reticulum Ca 2-t-ATPase. TRP transient receptor potential channel

TRP channels have been identified in osteoarthritic cartilage by 
PCR (Gavenis et al., 2009). TRPV4 has also been identified in both 
porcine and canine chondrocytes (Phan et al., 2009; Lewis et al., 
2010) by PCR. TRPV4 is an established stretch activated channel 
and is widely regarded to be a conduit for stretch-activated entry 
of calcium ions (Nilius et al., 2004). TRPV4 has been shown to be 
a regulator of the chondrogenic SOX9 pathway (Muramatsu et al.,
2007) and the deficiency of TRPV4 in knockout mice leads to a 
loss of Ca:* response to hypo-osmotic challenge and the onset of 
osteoarthritic changes (Clark et al., 2010a). Thus, it may be that 
by linking chondrocyte membrane stretch to calcium mobilization 
TRPV4 is key to regulation of chondrogenesis, activation of calcium 
activated potassium channels and volume regulation.

VOLTAGE-GATED CALCIUM CHANNELS
Voltage-gated calcium channels (VGCC) are a group of calcium 
permeable voltage-gated ion channels found in excitable cells (e.g., 
muscle, glial cells, neurones, etc, Goldin, 2001; Dolphin, 2009). The 
presence of L-type VGCCs was suggested by Wright et al. (1996) 
on the basis of pharmacological inhibition of calcium dependent 
hyperpolarization by somatostatin and cadmium. It should be noted 
that whilst this is a plausible hypothesis, both somatostatin and 
cadmium affect a range of other ion channels including transient 
receptor potential channels (Carlton et al., 2001; Alexander et al.,
2008) , which may be present in chondrocytes. Ultrastructural stud
ies have confirmed the presence of L-type VGCCs in mouse limb 
bud chondrocytes (Shakibaei and Mobasheri, 2003). These channels 
appear to be organized around P 1 integrin receptors with kinases

and cytoskeletal complexes in close proximity. The presence of L-type 
(and T-type) calcium channels in chondrocytes was recendy sup- 
ported by Mancilla et al. (2007), however, (Sanchez and Wilkins, 
2004) found that osmotically induced changes in intracellular cal
cium ions were not influenced by more selective L-type calcium chan
nel blockers (including verapamil). In contrast aggrecan and collagen 
synthesis induced by electrical stimulation of cartilage is dependent 
upon the activity ofVGCCs (Xu et al., 2009). Clearly, further evidence 
for the presence of this channel is needed to clarify these data.

VOLTAGE-GATED SODIUM CHANNELS (VGSC)
Voltage-gated sodium channels (VGSC) are integral membrane 
proteins that are activated in response to voltage-changes across the 
plasma membrane (Catterall, 1991,1992,1995,2002). The presence 
of tetrodotoxin sensitive VGSC in rabbit chondrocytes has been 
reported by Sugimoto et al. (1996) and in chondrocytes from oste
oarthritic cartilage by Ramagc et al. (2008). It would be interesting 
to see how the expression of this channel fits into the control of 
the chondrocyte membrane potential, since current studies have 
failed to observe sufficient hyperpolarization of chondrocytes for 
a typical VGSC to be substantially reactivated. Under conditions 
of constant depolarization, for example, these channels would be 
permanently inactivated.

EPITHELIAL SODIUM CHANNELS
Epithelial sodium channels (ENaC) have been identified in 
chondrocytes both immunohistochemically (Trujillo et al., 1999) 
and functionally (Lewis et al., 2008). They are members of the
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degenerin (DEG) and ENaC superfamily (Mano et al., 2009). ENaC 
is a heteromeric channel, formed of up to four subunits; a, (3,8, and 
Y(Canessa et al., 1994). Using immunohistochemistry, the a and P 
subunits have been shown to be present in chondrocytes (Trujillo 
et al., 1999). ENaCs are significantly more permeable to sodium 
than potassium (Eaton et al., 1995) and are sensitive to the channel 
inhibitor amiloride (IC50 100-200 nM; Alexander etal., 2008). The 
ENaCs main function in the kidney, bladder, and colon is control 
of sodium reabsorption (Rossier et al., 2002). They are found in 
lung tissue (Mall et al., 1998) and the taste buds (Lindemann, 2001) 
and are known to regulate blood volume and pressure through 
sodium balance in the cardiac system (Canessa et al., 1993). ENaC 
is known to have roles in various disease states, including cystic 
fibrosis and Liddle’s Syndrome (Snyder et al., 1995; Stutts et al., 
1995). Differential expression and up-regulation of the subunits 
between normal and disease states is thought to contribute to cel
lular changes in disease (Burch et al., 1995; Greig et al., 2004). In 
chondrocytes the role of ENaC is less clear; however, it is thought 
to be one of mechanotransduction, possibly where the channel 
contributes to the maintenance of the RMP. This, in turn, may 
regulate signaling pathways that allow chondrocytes to maintain 
their ECM and prevent chondrocyte apoptosis (Wright et al., 1996; 
Shakihaei et al., 2001; Shakihaei and Mobasheri, 2003 ). It is thought 
that the mechanotransduction pathways involving ENaC become 
progressively defective during osteoarthritis, leading to a loss of 
chondroprotective mechanisms (Salter et al., 2004). It is possible 
that ENaC subunits are differentially expressed in chondrocytes, 
potentially to cope with different mechanical stresses throughout 
the zones of articular cartilage, and changes in chondrocytic prop
erties during disease (Trujillo et al., 1999; Shakihaei et al., 2001).

CHLORIDE CHANNELS
The chloride channel family (C1C) is widely expressed in many tissue 
types. It was first discovered by jentsch et al. (1990) using Xenopus 
oocytes, who isolated and sequenced the channel primary structure 
using cDNA. Using the same cDNA, GC-1 was identified in rat 
skeletal muscle. In skeletal muscle, C1C-1 is involved in stabilization 
of the RMP (Gronemeier et al., 1994). QCs have been identified in 
rabbit articular cartilage (Sugimoto et al., 1996; Tsuga et al., 2002; 
Isoya et al., 2009) and in OUMS-27, the human chondrocyte-derived 
cell line (Funabashi et al., 2010a). A commonly used pharmacologi
cal inhibitor of CICs is 4-acetamido-4'-isothiocyanatostilbene-2,2- 
disulfonic acid (SITS) (Pesente and Signorile, 1979; Lefevre et al., 
1996; Vaca, 1999; Alexander et al., 2008). This and other C1C inhibi
tors were used by Sugimoto et al. (1996) and Tsuga et al. (2002) to 
show that CICs are important for control of the RMP. Furthermore, 
exposure of chondrocytes to high concentrations of SITS leads to 
signs of necrotic damage (Wohlrab et al., 2004) suggesting that 
activity of CICs may be critical to the survival of chondrocytes. 
Chondrocytes may express a number of CICs. So far the only one 
successfully identified in molecular terms is the cystic fibrosis trans
membrane conductance regulator (CFTR) (Liang et al., 2010). This 
is particularly interesting since CFTR is known to function both as 
a channel in its own right, and as a regulator of other ion channels 
known to be expressed in chondrocytes (xMall et al., 1998; Nilius 
and Droogmans, 2003; Arniges et al., 2004). As yet no studies have 
successfully identified other QCs expressed by chondrocytes. Such

identification will be a tricky task since the QC family is large and 
the available pharmacological inhibitors are rather non-selective 
between each of the family members (Alexander et al., 2008). In our 
own laboratories we have attempted to locate QC-1 mRNA using the 
primers based on the sequence already identified for canine skeletal 
muscle (Rhodes et al., 1999). These studies show a lack of QC-1, 
but as yet there have been no positive studies on chondrocytes. The 
identity was suggested to be the maxi-CIC by Yabu and colleagues 
(Sugimoto et al., 1996; Tsuga et al., 2002), but further studies will be 
needed to darify this. The QC identified in rabbit articular cartilage 
by Isoya et al. (2009) proved to be swelling activated, but whilst its 
molecular identity is unknown, QC-3 was suggested as a possibil
ity on the basis of its biophysical and pharmacological properties. 
In terms of the function of CICs in chondrocytes, at least two clear 
possibilities exist; the first would be that they are required for set
ting of the membrane potential as implied above, but the second 
would be that they could be important as anionic osmolyte channels. 
The latter hypothesis arises from the fact that any osmotic loss of 
K+ ions as a part of volume regulation would need to be matched 
by an effective anion loss. CICs would be an obvious candidate to 
fulfill such a role.

AQUAP0RIN CHANNELS
Aquaporins (AQP) are a family of small integral membrane pro
teins related to the major intrinsic protein (MIP), sometimes called 
AQP0 (Agre et al., 1993). The first AQP discovered, AQP 1, was iden
tified during experiments investigating the identity of the rhesus 
blood group antigens (Agre etal., 1987; Denker etal., 1988; Smith 
and Agre, 1991). Oocytes from Xenopus laevis microinjected with 
in vitro-transcribed mRNA of AQP 1 (previously known as CHIP28) 
exhibited increased osmotic water permeability compared to unin
jected controls. This observation, combined with the reversible 
inhibition induced by mercuric chloride, provided the first molecu
lar evidence for water channels (Preston et al., 1992). Since the 
identification of AQPl the field has expanded to now include study 
of AQP in all types of organisms. In mammals, over a dozen AQP 
have been identified. The classical AQP transport water exclusively. 
However, a second class of AQP has now been identified (Rojek 
et al., 2008), these so-called aquaglyceroporins also transport small, 
uncharged molecules such as glycerol and urea; examples include 
AQP3, AQP7, and AQP9 (Carbrey and Agre, 2009). Many models 
of chondrocyte function involve changes in volume (Hall et al., 
1996). For this to occur there must be pathways for the movement 
of water into and out of the cell. The discovery of AQP channels in 
chondrocy tes would appear to provide an appropriate mechanism 
(Mobasheri and Marplcs, 2004; Mobasheri et al., 2004a,b; Trujillo 
et al., 2004; May et al., 2007). Whilst studies have already shown a 
loss of volume regulation with inhibition of AQP channels (May 
et al., 2007) and reductions in migration and adhesion (Liang et al., 
2008), it would be interesting to investigate whether cell survival 
or progression of osteoarthritis are also affected by AQP block or 
by AQP knockouts.

NMD A CHANNELS
There have been a few reports of expression of excitatory neuro- 
transmitter receptor (NMDA) channels in chondrocytes (Millward- 
Sadler et al., 2001; Salter et al., 2004; Ramage et al., 2008). These are
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interesting observations however the role of these ligand-gated ion 
channels in chondrocyte function is not yet understood. It does not 
seem likely that they are involved with neurotransmission because, 
despite some similarities between neurone and chondrocyte pheno
type, no “pre-synaptic” neurones project to the immediate vicinity 
of the chondrocytes. It again appears likely that NMDA channels are 
in someway involved in the mechanotransduction pathway, since 
mechanically induced hyperpolarizations are reduced by NMDA 
antagonists (Salter et al., 2004). Furthermore, glycine induces a 
number of changes on chondrocytes in cartilage explants (including 
accumulation of calcium) and these effects can be reduced with 
an NMDA antagonist as, presumably, glycine acts via the glycine 
binding site of the NMDA receptor (Takahata et al., 2008).

OTHER ION CHANNELS
Two further ion channels recently identified in chondrocytes are 
the acid sensing channel, ASICla and ASIC3 (Kolkcr et al., 2010; 
Yuan et al., 2010) and the connexin 43 hemichannel (Knight et al., 
2009). ASIC are very small cation selective channels closely related 
to ENaC (reviewed by Wemmie et al., 2006). As their name implies, 
they are opened by extracellular protons. This is particularly relevant 
to chondrocyte biology since chondrocytes are routinely exposed to 
relatively acidic conditions, as low as pH 6.6 for example (Wilkins 
et al., 2000). In vitro studies show that these channels mediate an 
increase in intracellular calcium upon exposure of chondrocytes 
to acidic conditions. This intracellular Ca:* is likely to be a signal 
for production of enzymes and for proliferation. Potentially, inap
propriate increases in calcium could result in cell death from either 
necrosis or apoptosis (Kolker et al., 2010; Yuan et al., 2010). The role 
of the connexin 43 is possibly more complex. Knight et al. (2009) 
found it to be constitutively active in about 40% of chondrocytes, 
and as such it might be expected to profoundly depolarize the mem
brane. In summary, the suggested scheme of connexin 43 involve

ment was that mechanical stimulation of chondrocyte cilia activates 
the hemichannel which then acts as a conduit for ATP release. This 
released ATP then acts on chondrocyte membranes (via P2 purino- 
ceptors) to increase intracellular Ca2’ (Knight et al., 2009).

CONCLUSIONS
There is growing interest in the expression and function of ion 
channels in chondrocytes. Part of this interest stems from the reali
zation that many ion channels are involved in mechanotransduc
tion, chemotransduction and osmoregulation. It is important to 
bear in mind that ion channels are also important drug targets 
because of their localization in the chondrocyte plasma mem
brane. A number of research groups, including ours, have used 
electrophysiology, molecular biology and immunohistochemistry 
to study ion channels in articular chondrocytes. Table 1 contains 
a summary of the ion channels studied in the chondrocyte chan
nelome so far. It is likely that some ion channels in chondrocytes 
are multifunctional, serving a number of different physiological 
purposes. The processes of mechanical and chemical sensing and 
metabolic regulation may well be intricately linked and make use 
of a number of ion channels as common denominators. In sum
mary, ion channels are important for chondrocyte function and 
further investigations are required to explore the full complement 
of channels present in the chondrocyte channelome. This knowl
edge will help us understand the unique biology of chondrocytes 
and may lead to the development and formulation of therapeutic 
strategies to treat arthritis.
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ORIGINAL ARTICLE

Characterization of a 
Stretch-Activated Potassium 
Channel in Chondrocytes
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ALI MOBASHERI,' REBECCA LEWIS,2 JUDITH E.J. MAXWELL,2 CLAIRE HILL,2 

MATTHEW WOMACK,2 and RICHARD BARRETT-JOLLEY2*
'Musculoskeletal Research Group, Division of Veterinary Medicine, Faculty of Medicine and Health Sciences,

University of Nottingham, Leicestershire, United Kingdom

2 Ion Channel Research Group, Department of Comparative Molecular Medicine, Faculty of Health and Life Sciences,

University of Liverpool, Liverpool, Merseyside, United Kingdom

Chondrocytes possess the capacity to transduce load-induced mechanical stimuli into electrochemical signals. The aim of this study was to 
functionally characterize an ion channel activated in response to membrane stretch in isolated primary equine chondrocytes. We used 
patch-clamp electrophysiology to functionally characterize this channel and immunohistochemistry to examine its distribution in articular 
cartilage. In cell-attached patch experiments, the application of negative pressures to the patch pipette (in the range of 20-200 mmHg) 
activated ion channel currents in six of seven patches. The mean activated current was 45.9 ± I. I pA (n = 4) at a membrane potential of 
33 mV (cell surface area approximately 240 pxm2). The mean slope conductance of the principal single channels resolved within the total 
stretch-activated current was 118 ± 19 pS (n = 6), and reversed near the theoretical piotassium equilibrium potential, E*., suggesting it 
was a high-conductance (potassium channel. Activation of these high-conductance potassium channels was inhibited by extracellular TEA 
(K^ approx. 900 p.M) and iberiotoxin (Kd approx. 40 nM). This suggests that the current was largely carried by BK-like potassium (MaxiK) 
channek. To further characterize these BK-like channels, we used inside-out patches of chondrocyte membrane: we found these channels 
to be activated by elevation in bath calcium concentration. Immunohistochemical staining of equine cartilage samples with polyclonal 
antibodies to the a I- and (i I-subunits of the BK channel revealed positive immunoreactjvrty for both subunits in superficial zone 
chondrocytes. These experiments supp>ort the hypothesis that functional BK channels are present in chondrocytes and may be involved in 
mechanotransduction and chemotransduction,

J. Cell Physiol. 223: 511-518, 2010. © 2010 Wiley-Liss. Inc.

Chondrocytes play a critical role in the synthesis, maintenance, 
and degradation of extracellular matrix (ECM) macromolecules 
in load-bearing synovial joints (Archer and Francis-West, 2003; 
Huber etal., 2000). Recent studies suggest that these functions 
are modulated by ion channels (Mouw et al., 2007; Wohlrab 
et al., 2001,2004). Furthermore, modulation of chondrocyte 
ion channels by inflammatory mediators may be important in 
the progression of disease (Sutton et al., 2009). Chondrocytes 
are exquisitely sensitive to mechanical load and their 
metabolism is acutely influenced by dynamic changes in the 
physicochemical environment of articular cartilage (Mobasheri 
et al., 1998; Lee et al., 2000). Although mechanical load is an 
important regulator of chondrocyte metabolic activity, the 
mechanisms of this electro-mechanical coupling are poorly 
understood (Urban, 1994, 2000). Cartilage responds to 
load-induced deformation with electrical changes in both the 
ECM and within the chondrocytes themselves (Lee et al., 2000; 
Lee and Knight, 2004). Recent studies have provided evidence 
for hydrostatic and mechanically induced changes in membrane 
potential of articular chondrocytes under load (Wright et al.. 
1996; Sanchez and Wilkins, 2004). The deformation of the 
chondrocyte membrane is thought to be one of several modes 
of mechanotransduction pathways involved in sensing and 
responding to changes in mechanical load (Guilak, 1995; Guilak 
et al., 1995; Knight et al., 1998). Thus, load-induced changes in 
the chondrocyte membrane, including membrane stretch, are 
likely to play a key role in the signal-transduction cascades 
associated with chondrocyte mechanotransduction. The open 
probability of stretch-activated ion channels generally increases 
in response to mechanical deformation of the plasma 
membrane (Sachs and Sokabe, 1990). Although very little is 
known about chondrocyte stretch-activated ion channels and

the macromolecular complexes in which they function, it is 
thought that they may be linked to the cytoskeleton via (31- 
integrins (Mobasheri et al., 2002). This may be responsible for 
their gating by transmitting extracellular physical forces of 
stretch or pressure to the channels, causing them to undergo a 
conformational change (Mobasheri et al., 2002). Activation of 
these ion channels may lead to changes in cell activity via 
alteration of the resting membrane potential (Mobasheri et al., 
2002). This is supported by studies using ion channel blockers 
that disrupt the process of mechanotransduction (Wu and 
Chen, 2000; Mouw et al., 2007). Other studies have suggested 
that the activation of ion channels may allow the efflux of 
sufficient ions to drive a decrease in cell volume (regulatory 
volume decrease) (Hall et al., 1996). The identity of these

Abbreviations: BK/MaxiK, large calcium-activated potassium 
channel; K<j, dissociation constant; TEA tetraethylammonium; Ek+, 
equilibrium potential for potassium; ECM, extracellular matrix.
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channels has, however, remained unknown. Information 
available on the NCBI AceView database suggests that 
full-length cDNA clones encoding large-conductance (BK-like, 
MaxiK channels) calcium-activated potassium channels have 
been isolated from normal and osteoarthritic human articular 
cartilage and chondrosarcoma cells. There is also some 
published information about nonspecific mechanosensitive ion 
channels (Guilak et al., 1999) and transient receptor potential 
vanilloid 4 (TRPV4) channels in chondrocytes (Phan et al., 
2009). However, thus far nothing is known about large- 
conductance BK-like channel expression and subunit 
composition in articular chondrocytes. Given the putative 
emerging role of potassium channels in a variety of cellular 
processes, we feel that establishing functional roles for these in 
mineralized tissues would be a welcome advance in the field. 
Accordingly, in this study, we propose the hypothesis that 
stretch-activated current is carried by large-conductance 
(BK-like, MaxiK channels) calcium-activated potassium 
channels. We used patch-clamp electrophysiology to 
functionally identify the principal stretch-activated ion channel 
in equine articular chondrocytes. We also explored the 
distribution of the stretch-activated channel in sections of 
equine articular cartilage using immunohistochemistry.

Materials and Methods 
Chemicals

Unless otherwise stated, all chemicals used in this study were of 
molecular biology or ACS grade and supplied by Sigma-Aldrich 
(Poole, UK).

Cartilage source

Equine joints were obtained from a local abattoir (Nantwich, 
Cheshire). Articular cartilage was obtained from the 
femeropatellar, carpal, and metacarpophalangeal joints of skeletally 
mature male and female horses (n = 6). The study was conducted 
with local institutional ethical approval, in strict accordance with 
national guidelines. All the animals used were killed for unrelated 
clinical reasons.

Histology and tissue processing

Equine cartilage samples were fixed for 24 h in 10% neutral buffered 
formalin and decalcified in EDTA for a further 72 h. Full-depth 
samples were embedded in paraffin wax and processed for routine 
histological and immunohistochemical staining. Stained slide 
preparations were examined with a Nikon Eclipse 80i microscope. 
Normal equine sections were cut (7 p.m paraffin sections) and 
mounted on 3-aminopropyltriethoxysilane (APES) treated slides 
for subsequent immunohistochemical studies.

Preparation of isolated chondrocytes

Equine cartilage shavings including both mid and superficial layers, 
but not full depth, were rinsed with phosphate-buffered saline 
(PBS) then cut into small slices. These were then incubated 
overnight with type I collagenase (EC 3.4.24.3 from Clostridium 
histolyticum, approximately 100 collagen digestion units ml1) in 
serum-free Dulbecco’s modified Eagles medium (DMEM) 
supplemented with 1,000 mg I 1 glucose and I % penicillin/ 
streptomycin solution. The filtered cell suspension was washed 
three times in fresh DMEM and the cells were grown in monolayer 
culture with 4% fetal calf serum (FCS) for up to two passages. 
Electrophysiological studies were carried out using freshly isolated 
chondrocytes, first expansion, first and second passage equine 
chondrocytes.

BK channel antibodies

Polyclonal rabbit antibodies developed against the a- and 
^-subunits of the BK channel (MaxiK) were obtained from Abeam

Pic (Cambridge, UK). The immunizing peptide for the a I -subunit of 
the BK channel corresponds to amino acid residues 945-961 of the 
human a I-subunit of the human BK protein (KCNMAI gene, 
encoding potassium large-conductance calcium-activated channel, 
subfamily M, alpha member I): (945) ELVNDTNVQFLDQDDD 
(961). The immunizing peptide for the p I -subunit of the BK channel 
corresponds to amino acid residues 90-103 of the human 
f31-subunit of the human BK protein (KCNMBI gene, encoding 
potassium large-conductance calcium-activated channel, subfamily 
M, beta member I): (90) YHTEDTRDQNQQC (103). These two 
sequences are highly conserved across many mammalian species 
including mouse, rat, and human.

BK channel immunohistochemistry

Sections of equine cartilage were probed for BK channel 
expression by immunohistochemistry essentially as previously 
described (Mobasheri et al., 2005). Equine cartilage tissue 
microarrays (TMAs) were prepared as described in two recent 
studies (Mobasheri et al., 2005, 2007) using an Abeam Tissue Micro 
Array builder (abl802; Cambridge, UK). Using this approach, 
equine cartilage samples were arranged in a 6 x 4 grid array on a 
single-charged microscope slide. This approach increases the 
throughput for screening equine cartilage samples for BK channel 
expression using the immunohistochemical technique (Mobasheri 
et al., 2004). TMA slides were deparaffinized in xylene for 20 min to 
remove embedding medium and washed in absolute ethanol for 
3 min. The TMAs were gradually rehydrated in a series of alcohol 
baths (96%, 85%, and 50%) and placed in distilled water for 5 min. 
Endogenous peroxidase activity was blocked for I h in a solution of 
97% methanol, 3% hydrogen peroxide, and 0.01% sodium azide. 
The TMAs were then incubated for I h at room temperature in 
Tris-buffered saline (TBS), containing 1% protease-free bovine 
serum albumin (BSA) and 0.01 % sodium azide to block non-specific 
antibody binding. Slides were incubated overnight at 4CC with 
rabbit polyclonal antibodies to a (KCNMAI) and £ (KCNMBI) 
subunits of the BK channel. Antibodies were diluted 1:200 in TBS 
containing I % BSA. After 24 h at4cC, the slides were washed three 
times for 5 min each in TBS containing 0.05% Tween 20 (TBS-T) 
before incubation with horseradish peroxidase-labelled polymer 
conjugated to affinity-purified goat anti-rabbit immunoglobulins 
(code no. K4010; Dako) for 30 min at room temperature. The 
sections were washed three times for 5 min in TBS-T before 
application of liquid DAB-|- chromogen (3,3'-diaminobenzidine 
solution; Dako). The development of the brown-colored reaction 
was stopped by rinsing in TBS-T. The stained slides were immersed 
for 5 min in a bath of aqueous hematoxylin (code no. S3309; 
DakoCytomation) to counterstain cell nuclei. Finally, the slides 
were washed for 5 min in running water and dehydrated in a series 
of graded ethanol baths before being rinsed in three xylene baths 
and mounted in 1,3-diethyl-8-phenylxanthine (BDH Laboratories, 
Atherstone, UK). Control experiments were performed by 
omitting the primary antibody from the immunohistochemical 
procedure.

Microscopy and image acquisition

Immunostained tissue sections were examined with a Nikon 
Eclipse 80i microscope. Photomicrographs were digitally captured 
using a Nikon Digital Sight DS-5M camera and Nikon Edipsenet 
image capture software.

Electrophysiological recording

Shards of coverslips with adherent chondrocytes were transferred 
to a custom tissue chamber and superfused with an extracellular 
solution (Table I). Patch pipettes were fabricated from thick walled 
(Clarke 1.5 mm, filament borosilicate) capillary glass (Harvard 
Apparatus) on a Brown-Flaming MP P-80 horizontal puller 
(Sutter Instrument Co.). Pipette resistances were in the range of 
5-12 MOhms. Voltage-damp control was maintained with an Axon
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200B Axopatch amplifier (Axon Instruments, Union City, CA), and 
data were filtered typically at 2 KHz (as appropriate) and digitized 
(10 kHz) with a DigiData 1200B interface attached to a PC running 
the AXGOX suitof Axobasic programs (Barrett-jolley et aL, 2000) 
and/or WinEDR PC software (Dr. John Dempster, University of 
Strathclyde).

Cell-attached patch experiments. Celt-attached patch 
was performed with high potassium extracellular solution in the bath 
and pipette (see Table I), unless otherwise stated. The high 
extracellular potassium in the bath (Bath solution, Table I) largely 
nullifies the resting membrane potential and allows the membrane 
potential (Vm) to be estimated directly from Vp (the pipette command 
potential or holding potential, Hp). For calculation unitary conductance 
using all-points amplitude histograms (Fig. 2), patches were chosen with 
low numbers of active channels. This allows characterization of unitary 
events.

Inside-out patch experiments. Inside-out patches of 
chondrocyte membranes were drawn from cells superfused with a 
145 K+ (pseudo-intracellular) bath solution, with either 200 jxM Ca2+ 
or 0.5 mM EGTA added. The pipette solution, See Table I. For 
cell-attached and inside-out patch figures, outward currents are shown 
as upward deflections. Vm is calculated as — Vp + Vj, where Vj is the 
junction potential (see Table I).

Whole-cell membrane potential (Vm) measure
ment, Membrane potentials were recorded in whole-cell current 
clamp mode using an NPI SEC-05LX amplifier with relatively high 
resistance patch pipettes (approximately 15 Mfi), since the switch 
clamp electronics of this amplifier are not affected by series resistance. 
Patch pipenes were filled with a high KC1 “intracellular” solution with 
0.5 mM EGTA (see Table I) and the bath was perfused with 
"extracellular” solutions of varying osmotic potentials (Table i). Note 
that it was viewed important to not change the ionic compositions 
when exposing cells to changes in osmotic potential. To make this 
possible, NaCi was kept low at all times, and the only change that took 
place with changing osmolarity was the concentration of sucrose. In 
some experiments, IQmM TEA was included; in these experiments 
TEA concentrations were also kept constant throughout the duration 
of the recording.

Electrophysiological data analysis. Analysis was 
performed with WinEDR PC software (John Dempster, University 
of Strathclyde). Kjs were calculated by solving the following equation

where F is the fractional current remaining and [c] is die 
concentration of ligand. Kd values are presented with 95% 
confidence intervals (95% Cl) as described previously (Barrett- 
jolley et al„ 1999; Barrett-jolley, 2001). Unless otherwise 
stated, statistical significance was assessed by ANOVA in 
StatsDirect (Altrincham, Cheshire, UK) with statistical 
significance defined as P < 0.05. Electrophysiological data were 
fitted in SigmaPlot (Systat Software, Inc. [SSI], San Jose, CA) 
and Microcal Origin (Northampton, MA). Figures were

prepared using SigmaPlot. Values are expressed as mean 
±SEM (n).

Predicted and Fa- values given in the text are calculated 
assuming ISOmM internal potassium and lOmM internal chloride 
(Mobasheri et al„ 1998). All membrane potentials have been corrected 
for junction potentials (see Table I).

All experiments were performed at a slighdy elevated room 
temperature (23-26°C).

Results
Cell-attached patch mode

We applied stretch to chondrocyte membranes by applying 
negative pressure directly to the patch pipette while recording 
ion channel activity with the cell-attached mode of the 
patch-clamp technique. This activated outward current in six of 
seven patches (Fig. I). When activated, the mean total current 
activity was 45.9 ± I. i pA at a membrane potential of 33 mV. 
Under these conditions, the most conspicuous unitary activity 
was calculated to have a slope conductance of I 18 ± 19 pS 
(n = 6, Fig. 2). Activation of current by stretch was significantly 
inhibited by TEA and by iberiotoxin (Fig. I) Dissociation 
constants (Kj) calculated from Equation i were; TEA 0.9 mM 
(95% Cl; 0.5-i.7mM), n = 4. Iberiotoxin 40nM (95% Cl: 28.0- 
56.9), n= 14.

Current-voltage analysis revealed that these channels 
reversed near to predicted values for EK+ (Table I and Fig. 2), 
both with high (116 mM) and low (15 mM) extracellular (pipette 
solution) potassium concentrations. Slope conductance was 
118 ± 19 pS (n = 6) with I 16 mM extracellular potassium and 
nonlinear with 15 mM extracellular potassium (note that K+ 
was replaced with Li+ since Li+ has a low permeability for BK 
channels (Latorre etal., 1989).

Isolated patch-clamp experiments
To confirm sensitivity of the channel to cytosolic Ca2+, patches 
with stretch-activated channels were isolated (inside-out 
patches, Fig. 3) and Ca2+ applied to the intracellular face of the 
membrane (i.e., to the bath solution). In die presence of 200 p.M 
bath Ca2+, high levels of channel activity were maintained. In 
inside-out patch mode, unitary currents again reversed near to 
Ek+ (Fig. 3D, and see Table I); however, as predicted for 
calcium-activated potassium channels, channel activity ceased 
when cytosolic calcium was removed (addition of 0.5 mM 
EGTA).

Membrane potential (V,n) measurement experiments

Since we have shown the activation of a significant potassium 
current (above), one would expect the whole-cell Vm to be 
hyperpolarized by membrane stretch. To apply membrane

TABLE I. All junction potentials (V|) calculated with JPCalcW, by Prof. P. Barry, University of New South Wales, Australia

K+ U+ Na+ Mga+ CaJ+ Cl Sucrose Glucose HEPES EGTA pH Eit+ (mV) Vj (mV)

Cell-attached (bath solution) 115 0 0 1.6 2 123 0 10 10 0 7.4 ___ ___

Cell-attached (pipette; high K+) 116 0 0 1.6 2 123 0 10 10 0 7.4 —71 O'
Cell-attached (pipette; low K+) 14 110 0 1.6 2 131 0 10 10 0 7.4 -57' -6.r
Inside-out (Bath) 145 0 0 1 145 0 0 to 7.2 —

Inside-out (pipette) 50 0 90 1 0 142 0 0 10 0 7.4 —25 3 —2.53
Whole-Cell (pipette) 148 0 4 1 0 148 0 0 10 0.5 7.2 -85'' a.!4
Hypotonic 134 mOsm (bath solution)5 5 0 556 1 2 61 0 0 10 0 7.4 —
Hypotonic 224 mOsm (bath solution)5 5 0 55* 1 2 61 90 0 10 0 7.4 —
Isontonic (bath solution)5 5 0 55* 1 2 61 180 0 10 0 7.4 —

'When used with die standard cel! attached “Bath" solution and assuming intracellular K+ = I SO mM.
’Either 200p.M Ca was added or O.SmM EGTA as stated in die text.
3When combined with the standard inside-out “Bath" solution.
^When matched to either of the whole-cel! bath solutions.
5For whole-cell TEA experiments: TEA was maintained at 10 mM both in the bath and the pipette.
dWhen changing die osmolarity of this system, it was essential not to disturb Ionic concentrations, thus the only difference between the isotonic and hypotonic bath solutions is the concentration 
of sucrose. Thus, an initial low Na+ concentration was required.
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Fig. I. Activation of ion channels by membrane stretch. A: Application of suction (as indicated by the solid bar) to the patch pipette of 
chondrocytes under cell-attached mode of recording increases membrane current. Vm = 33 mV. B: Similar experiment to “A,” but with 3 mM TEA 
included in the patch pipette. The suction “response” is greatly reduced. C: Increasing negative pressures yield increasingly large activations of 
current. The y-axis is the percentage current activation of the maximum seen in each particular patch. Data from nine patches. D: Single channels 
(Vm = 33 mV) in the “tail” of the suction response for a control experiment similar to that in “A.” EtSingie channels (V^ = 33 mV) in the “tail" of the 
suction response for an experiment similar to that in “B,” with 3 mM TEA in the patch pi pette. F: Summary of experiments similar to that shown in A 
and B. *P<0.05. IBTX, ibeHotoxin.

strecch in chis configuration, we applied solutions of decreased 
osmolality (Fig. 4). This led to a hyperpolarization of 
13.9 ±3.1 mV (n = 9). This hyperpolarization was significantly 
inhibited by the presence of lOmM TEA (5.2 ± 1.5 mV, n = 6; 
P<0.05).

Immunohistochemical distribution of the BK channel

The results of the immunohistochemical experiments are 
summarized in Figure 5.

a I -subunit of the BK channel (KCNMN AI). The a I -
subunit of the BK channel was mainly expressed in the 
superficial zone of macroscopically and microscopically normal 
articular cartilage from healthy joints (Fig. 5)Q2. The 
immunoreactivity observed for this subunit was much lower in 
the middle and deep zones of normal cartilage samples.

pi-subunit of the BK channel (KCNMNBI). We observed 
a similar pattern of immunoreactivity for the (31 -subunit of the 
BK channel in articular cartilage. The (31 -subunit was strongly 
expressed in the superficial zone of normal articular cartilage. 
As with the a I -subunit, immunoreactivity for the (31 -subunit 
was much lower in the middle and deep zones of normal 
cartilage samples.

Discussion

In this study, we used the patch-clamp technique to functionally 
characterize an ion channel activated in response to 
mechanically applied membrane stretch in acutely isolated 
primary equine chondrocytes. These cells hyperpolarize when 
stretched using a hypotonic challenge applied to the whole cell.

This hyperpolarization was gready reduced by TEA. Having 
identified functional BK-like calcium-activated potassium 
channels electrophysiologically, we then employed 
immunohistochemistry to demonstrate the presence of 
the a I - and 31 -subunits of the BK channel in sections of normal 
articular cartilage.

We chose the equine chondrocyte model since we have 
ready access to fresh equine joint tissues. Ideally, one would 
measure the electrical activity of chondrocytes in vivo or in 
fresh slices of articular cartilage. However, the presence of a 
tough ECM of collagens and aggregating proteoglycans makes 
this a technically impossible prospect. Consequently, most 
electrophysiological studies are performed with freshly isolated 
chondrocytes or with cell lines. Work from our own group has 
established that the primary isolated chondrocytes 
dedifferentiate to a fibroblastic phenotype after four or 
more passages in culture (Schulze-Tanzil et al., 2004) and 
cell lines themselves have the profound limitation that they 
have little phenotypic homology to primary chondrocytes 
(see, e.g., Benya and Shaffer, 1982; Gebauer et al., 2005; 
Schorle et al., 2005). For this reason, we used freshly 
dissociated chondrocytes and up to second passage cells for 
patch-clamp electrophysiological studies. This ensures that 
the cells being studied retain their unique phenotype, but 
still allows for the application of powerful patch-clamp 
techniques. Indeed, we have found a strong correlation 
between our immunohistochemical studies on native tissue 
and our patch-clamp studies on isolated cells. This has been the 
case both here and in previous studies (Mobasheri etal., 2005, 
2007).
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Fig. 2. Stretch activates a high-conductance potassium current. A-F: cell-attached patch recordings of stretch-activated channel activity with
I IS mM pipette [K * J. A,C,E: Raw traces at -40, +20, and +40 mV respectively. B,D,F: All-points amplitude histograms for the events shown in
corresponding traces A, C, and E. Results from similar experiments are shown in G to J, but with I 5 mM [K ' ] in the pipette. K: Mean
current-voltage curves from experiments similar to those illustrated in A to J. Triangles: pipette I IS mM(n = 6), circles: pipette IS mM (n= 5).The
straight line Fitted through the 11S mM K data has slope 192 pS.The I S mM K ' data are fit with the Hodgkin-Katz current equation (Hodgkin and
Katz, 1949) assuming the presence of only potassium conductance with PK+ 0.4e 11 m* 1 s '. Complete solutions and calculated EK+ values are
described in Table I.

The principal stretch-activated channel we identified in these 
functional studies had a size (slope conductance), reversal 
potential, and pharmacology consistent with it being a large 
calcium-activated potassium channel (BK) (Latorre etal., 1989; 
Cui et al., 2009). We found the sensitivity to iberiotoxin to be 
statistically significant but weak. This is interesting because 
although the BK channel can exist as a standalone six 
transmembrane a-subunit, complete with potassium 
conducting pore and Ca2 * * * * ‘ sensor (Wang and Sigworth, 2009), 
the presence of a ^-subunit modifies many of the channel’s 
functional properties (Salkoff et al., 2006). In particular, low 
sensitivity to iberiotoxin is highly characteristic of the 
expression of BK channels consisting of both the a | and 
3rsu^un'cs (Lippiat et al., 2003). This correlated well with our 
idendfication of positive immunohistochemical staining for BK 
channels in normal articular cartilage samples with antibodies 
both a I - and (31 -subunits.

Membrane stretch is a realistic physiological challenge for the 
chondrocyte and directly linked to changes in matrix 
production (Urban et al., 1993). Stretch will occur in two 
contexts. First, when the chondrocyte is deformed by 
compressive force, the cell passes from a virtually spherical 
conformation to an approximate ellipsoid (Guilak, 1994; Urban, 
1994). For a given volume, an ellipsoid has a greater surface area 
than a sphere and so membrane stretch is the result. Secondly 
hypo-osmotic conditions cause cell swelling (Urban et al., 
1993), increase cell radius, and consequently increase its 
surface area. These increases in membrane surface area are 
likely to be met by stretch rather than the production of a new 
membrane. This membrane stretch will be limited to a 
theoretical maximum of approximately 3% at which point it may

be expected to rupture (Morris and Homann, 2001). In our 
experiments, we used two different membrane stretch 
paradigms, but the results from both were consistent with the 
opening of potassium channels in response. Both of these 
approaches have their strengths and weaknesses. The direct 
membrane stretch (cell-attached patch) experiments allowed 
us to investigate the situation when neither intracellular or 
extracellular environments were altered, but this did not allow 
us to see the effects on the whole cell. Our osmotic challenge 
experiments required, by definition, alterations of extracellular 
environment and dialization of the cytosol with the patch- 
pipette solution. Nevertheless with the whole-cell 
experiments, we were able to measure the resultant 
hyperpolarization.

In general terms, there appear to be two possibilities to 
explain the activation of BK channels by stretch. These could be 
termed either calcium-dependent or calcium-independent 
mechanisms. The calcium-dependent lypothesis would require 
that stretch increases intracellular Ca7 and that this activates 
the BK channel. Such Ca2+ ions could come either from stores 
(Grandolfo et al., 1998) or from TRP ion channels in the cell 
membrane (Phan et al., 2009). This is difficult to prove in 
patch-clamp experiments. In cell-attached patch mode, the 
intracellular milieu is controlled by the cell itself and, in our 
whole-cell experiments, Ca2t is buffered partially, but not 
entirely by EGTA in the patch-pipette solution. More effective 
calcium buffers are available (BAPTA for example), but with 
these in the patch-pipette solution there may be brief local rises 
in Ca2 ' as, for example, “sparks” (Cheng and Lederer, 2008) 
that are apparent in many cell types. The calcium-independent 
hypothesis could involve either direct sensing of stretch by the
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Fig. 3. Isolated patch recordings. A: Application of negative pressure to the side port of the pipette holder stretches the membrane beneath the 
patch pipette (cell-attached patch mode) and activates an ion channel current (—3 mV). B: Channel activity is still apparent following patch 
excision (inside-out patch) and is dearly sensitive to 200 p.M cytoplasmic calcium or S00 jxM EGTA (—3 mV). C: Ion channel activity activated as 
described in A and B (inside-out patch, 200 p.M Ca1+, but with 145/55 mM K+ Ek+ — 25 mV) at a range of holding potentials. D: Current-voltage 
curves from nine experiments such as that shown in C, in inside-out patch mode. The curve represents a straight line regression with slope 147 pS.
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Fig. 4. Whole-cell stretch hyperpolarizes chondrocytes. A: Application of membrane stretch by means of hypotonic challenge (from 314 to 
I 34 mOsm) hyperpolarizes the membrane. Membrane potential was measured continuously with periodic injections of current to monitor cell 
integrity. B: An equivalent experiment repeated (different cell) in the presence of 10 mM TEA. The hyperpolarization is significantly reduced by the 
presence of (OmM TEA (B.C). "PS0.05.
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Fig. 5. Distribution of the a I - and p I -subunits of the BK channel 
(KCNMBI and KCNMNBI) in equine articular cartilage. 
Immunohistochemical analysis of samples of full-depth equine 
articular cartilage was carried out using polyclonal antibodies raised 
against the a I - and fl I -subunits of the BK channel. Sections of equine 
cartilage were immunostained with primary antibodies and 
horseradish peroxidase-labelled rabbit anti-goat secondary IgG 
(DakoCytomation). Positive immunoreactivity for both subunits was 
predominantly observed in superficial zone chondrocytes in normal 
cartilage. The magnified areas in the insets shown in panels A and B 
highlight the chondrocyte-specific immunostaining. Omission of 
primary antibody from the immunohistochemical procedure served 
as negative controls. Sections of equine articular cartilage were 
treated in exactly the same way during the immunohistochemical 
procedure except that the primary antibody was omitted. Original 
magnifications of the main panels: 200 X. Bars in the main panels 
represent 100 pm. Bars in the magnified insets shown in panels A and B 
represent 10 p.m.

channel itself or coupling of the channel to other 
mechanoreceptors such as 3 Hntegrins (Mobasheri et al., 
2002).

The function of BK channels within the chondrocyte cell 
membrane is still unknown, but there are a few clear 
possibilities. First, the BK channel could be acting as an 
“osmolyte” channel (Hall etal., 1996; Kerrigan and Hall, 2008), 
since the activation of potassium conductances will allow 
potassium ion efflux, decreasing intracellular osmotic potential 
and facilitating regulatory volume decrease. Secondly, it is 
possible that it is the influence of the BK channel on the 
membrane potential that is critical, as it is in vascular tissue 
(Ledoux et al., 2006). In many cell types, BK channels also 
function as 02 sensors (Kemp et al., 2006), and hypoxia is a 
condition important to the function of chondrocytes (Pfander 
and Gelse, 2007; Srinivas et al., 2009). BK channels could 
therefore be involved in coupling tension and mechanical 
pressure to membrane potential. The membrane potential in 
turn appears to be important for key chondrocyte functions. 
For example, ion channel blockers, such as SITS and 4-AP, 
depolarize the membrane potential (Tsuga et al., 2002; Ponce, 
2006) and decrease cell proliferation and matrix secretion 
(Wohlrab et al., 2001,2004; Mouw et al., 2007). These 
possibilities will be the subject of future investigations.
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CHARACTERISATION OF A CHLORIDE CONDUCTANCE IN CANINE CHONDROCYTES

Rebecca Lewis, William Wilkinson, Rebecca Fallman, Robert Whiffin and Richard 

Barrett-Jolley

Healthy chondrocytes can exist with strikingly depolarised resting membrane 

potentials (RMP) (Wright et al.r 1992; Wright et ai, 1996). Several papers have 

investigated the role of potassium conductances in control of RMP (including Wilson 

et at., 2004) and we showed that the RMP was also dependent upon TRPV5 (Lewis 

et ai, 2011). In the same study we showed that this depolarised RMP was crucial to 

the control of chondrocyte volume. A number of studies have also suggested that 

chloride channels are important for control of the RMP (reviewed by Barrett-Jolley 

et al., 2010) so in this study we investigated the functional expression of these 

channels in chondrocytes, using both inside-out patch clamp and whole-cell 

electrophysiology.

Chondrocytes were isolated from canine articular cartilage by standard methods 

(Lewis et al.t 2011). Cells were used up to and including the third passage. For 

inside-out patch experiments, membrane potential {Vm) was calculated as Vm=-Hp- 

Vj where Hp was the holding potential and Vj the calculated junction potential. Data 

are expressed as mean±standard error, p-values are from unpaired t-tests.

We identified a population of ion channels with a mean slope unitary conductance 

of 183±3pS (n=5) using inside-out patch experiments. These channels reversed at a 

membrane potential of -34±6mV (n=5) in the presence of 40mM internal and 

158mM external Cl' solutions, indicative of a chloride current (calculated 

equilibrium potential, Eci~-35mV). This channel activity was inhibited by the 

chloride-channel blocker A-Acetamido^'-isothiocyanato-stilbene-Z^’-disulfonic acid 

(SITS) at a concentration of IQOpM and seen in approximately 30% of patches with 

a mean open probability (PQ) of 0.7±0.1 (n=3). Application of 100|iM SITS decreased 

channel P0 by 83±6% (n = 3; p<0.05). In whole-cell voltage clamp mode, lOOpM 

SITS inhibited voltage ramps by 52±6% (n = 4; p<0.05) at 20mV. We investigated 

the effect of SITS on the RMP with whole cell current-clamp experiments and found 

lOOpM induced a significant change of+12±3mV (n=5; p<0.01).



SITS is a relatively non-selective inhibitor of anionic currents so to further 

characterise this chloride current, we used a more specific channel inhibitor; 

niflumic acid (NFA). NFA inhibits the calcium-activated chloride channel (CaCC), 

which is also believed to be a volume-sensitive chloride channel. lOOpM NFA 

inhibited whole-cell current by 18±2% (n = 15; p<0.01) at 20mV.

Our combined single channel and whole-cell data are consistent with the expression 

of a mixed population of chloride channels in chondrocytes, including both high 

conductance maxi-chloride and CaCC-like channels.
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Characterisation of a chloride conductance in canine
chondrocytes

Rebecca Lewis. William Wilkinson. Rebecca Fallman, Robert Whiffin and Richard Barrett-Jolley 

Institute of Ageing and Chronic Disease. University of Liverpool, UK

Introduction

Chondrocytes are the cells of articular cartilage, responsible for the production and 

maintenance of their extracellular milieu. Healthy chondrocytes can exist with strikingly 

depolarised resting membrane potentials (RMP) (Wright et al., 1992; Wright et al., 1996). 

Several papers have investigated the role of potassium conductances in control of RMP 

(including Wilson et al., 2004) and we shewed that the RMP was also dependent upon TRPV5 

(Lewis et al., 2011). In the same study we showed that this depolarised RMP was crucial to the 

control of chondrocyte volume. A number of studies have also suggested that chloride 

channels are important for control of the RMP (reviewed by Barrett-Jolley et aL, 2010) so in 

this study we investigated the functional expression of these channels in chondrocytes, using 

both inside-out patch clamp and whole-cell electrophysiology.

“cr-
Single channel physiology

-xrr We identified a population of ion 

channels with a mean slope unitary 

conductance of 18313pS (n = 5) using 

inside-out patch experiments. These 

channels reversed at a membrane 

potential of-34±6mV(n = 5) in the 

presence of 40mM internal and ISSmM 

external Cl- solutions, indicative of a 

chloride current (calculated equilibrium

This channel activity was inhibited by the chloride-channel blocker, SITS, at a concentration of 

lOOpM and seen in approximately 30% of patches with a mean open probability (Po) of 

0.7±0.1 (n = 3). For inside-out channel data, membrane potential (Vm) was calculated as Vm - 

-Hp-V/where Hp was the holding potential and V/the calculated junction potential. Data are 

expressed as mean ± standard error.

Contribution to the Vm

As SITS had a significant inhibitory 

effect on t he single channel activity 

(application of lOOpM decreased 

channel P0 by 8316% (n = 3; 

p<0.05)), we investigated the effect 

of SITSonthe RMP with whole cell 

current-clamp experiments and 

found lOOpM induced a significant 

change of +15±3mV (n=5; pcO.Ol).

Methods

Single channel data was obtained using inside-out patch clamp. Whole-cell currents were 

obtained using a voltage ramp protocol. Voltage ramp protocols consisted of a 50ms voltage 

step at OmV followed by a 4.5s linear ramp from -60mV to +80mV. This was repeated every 

50s. Difference currents were obtained by subtraction of a ramp in the presence of 4- 

Acetamido-4'-isothiocYanato-stilbene-2,2'-disulfonic  acid (SITS) or nifkjmic acid (NFA) from 

that run in vehicle control. Wholecell current clamp was used to obtain RMP measurements.

Whole cell current
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Regulatorv Volume Decrease

It is thought that a potassium efflux allows a cell to 

. return to its original volume after ce!', swelling

followinga hypotonic challenge. Wehypothesisedthat 

there must bean equivalent anionic efflux. Cell volume 

was measured continuously throughout a hypotonic 

challenge in control solutions (filled circles) and in the 

presence of lOOpM NFA (white circles). No significant 

difference in cell volume recovery was seen between 

the two conditions.

Summary

Our combined single channel and wholecell data are consistent with the expression of a mixed 

population of chloride channels in chondrocytes, including both high conductance maxi-chloride 

and CaCC-like channels. Inhibition of the NFA sensitive conductancedid not havea significant 

effect on volume regulation.

Future work could includethe effect of NFA on single channel conductanceandon the Vm. 

Further investigation of the combined effect of SITS and NFA is necessary The contribution of 

an anionic current tocontrol of chondrocyte volume regulation also requires additional 

research.
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MODELLING ION CHANNEL BEHAVIOUR IN CHONDROCYTES

Rebecca Lewis and Richard Barrett-Jolley

Several reports of chondrocyte membrane potential (Vm) have shown that these 

cells have significantly depolarised Vm compared to other cell types, such as 

neurones and muscle cells.

Here, we measured the Vm of canine chondrocytes embedded in cartilage using 

sharp electrode electrophysiology {Vm - -7±lmV; n - 10) and of isolated 

chondrocytes in physiological saline using the whole-cell current-clamp technique 

{Vm - -6±lmV; n = 53). This depolarised value was consistent across a range of 

species (Bovine = -12+lmV; n ~Sr Equine = -9±lmV; n = 9, Ovine = -8±lmV; n = 8).

We developed a mathematical model to simulate Vm and describe the behaviour of 

ion channels in the chondrocyte membrane. The model was developed combining 

data from our own experiments with the approach of Hodgkin and Huxley1. It 

allows manipulation of extracellular and intracellular conditions and simulates the 

time dependent effects of these changes on Vm. We incorporated the effects of pH, 

temperature and several channel blockers (magnesium, gadolinium III and 

amiloride) into the model and tested its predictions using the whole-cell current- 

clamp technique.

Previously, large-conductance chloride and voltage-sensitive potassium channels 

have been reported to be important in the maintenance of chondrocyte Vm. This 

model of Vm, combined with data from our previous studies, indicates that a 

number of non-selective cation channels also contribute to the maintenance of Vm 

in the chondrocyte.

1 Hodgkin, A. L. & Huxley, A. F. A Quantitative Description of Membrane Current 

and Its Application to Conduction and Excitation in Nerve. Journal of Physiology- 

London 117, 500-544 (1952).
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MODELLING THE MEMBRANE POTENTIAL DEPENDENCE ON NON-SPECIFIC CATION 

CHANNELS

Rebecca Lewis, Gregor Purves, Julia Crossley and Richard Barrett-Jolley

In a previous report, we showed that the predominant ion channel in potassium- 

free solutions was a gadolinium III (Gd3+) sensitive non-specific cation channel, with 

functional characteristics similar to that expected for transient receptor potential 

(TRP) type channels.

In this study reverse transcription-PCR (RT-PCR) was used to investigate the 

expression of TRP channels in canine articular chondrocytes. Both a mathematical 

model based on the Goldman-Hodgkin-Katz voltage equation and current clamp 

whole-cell electrophysiology were then used to investigate the effect of these 

channels on membrane potential {Vm),

Chondrocytes isolated from canine articular cartilage were cultured for 5 days in 

Dulbeccos Modified Eagles Medium with 10% Foetal Calf Serum. For RT-PCR 

analysis, total RNA was extracted from first passage cells. Eiectrophysiological 

recording was carried out on first to third passage cells.

RT-PCR analysis of chondrocyte mRNA, and subsequent sequencing of products, 

showed a member of the TRP vanilloid group of channels (TRPV4) to be present; 

sequence homology to the human TRPV4 was 94%. We have so far failed to find 

mRNA for the functionally similar TRPC3 and TRPC6 channels.

Using whole-cell and single-channel data from our own experiments and the 

literature, our model predicts the membrane to be heavily dependent on the 

activity of TRPV4. Simulated block of all non-specific cation channels in the 

chondrocyte membrane leads to a predicted -27mV change in Vm. This prediction 

closely matches our current clamp experiments with IOOjiM Gd3+ inducing a -32 ± 

ImV (n = 6) change of Vm.



Previously, large-conductance chloride and voltage-sensitive potassium channels 

have been reported to be important in the maintenance of chondrocyte Vm. The 

data presented here shows that the TRPV4 channel also has a significant 

contribution to maintenance of the chondrocyte Vm.





A GADOLINIUM-SENSITIVE NON-SPECIFIC CATION CHANNEL IN CANINE 

ARTICULAR CHONDROCYTES

Rebecca Lewis and Richard Barrett-Jolley

Non-specific cation channels are present in a number of cell membranes and can be 

activated by diverse cellular stimuli, allowing mono- and divalent cations to cross 

the cell membrane (Sanchez & Wilkins 2003).

In the present study we used both inside-out and whole-cell patch clamp 

electrophysiology to characterise the predominant ion channel in potassium free 

solutions.

Isolated chondrocytes were cultured for 7 to 9 days in Duibeccos Modified Eagles 

Medium with 10% Foetal Calf Serum. Recording was carried out on first to third 

passage cells. For single channel data, membrane potential (Vm) was calculated as 

Vm - -Hp~Vj where Hp was the holding potential and Vj the calculated junction 

potential. Data are expressed as mean ± standard error.

Single-channel activity reversed at a membrane potential of 3 ± 2mV (n = 5) in the 

presence of 196mM internal and 155mM external Na+, indicative of a non-specific 

cation channel. Mean slope conductance of the channel was calculated to be 67 ± 

5pS (n = 5). This channel activity was seen in 53% of patches (32/61), with mean 

open probability of 0.6 at -40mV. 100pM gadolinium III reduced this open 

probability by 75 ± 9%.

In identical solutions the predominant whole-cell current showed a reversal 

potential of 1 ± 5mV. lOOpM gadolinium III inhibited whole-cell current by 85 ± 7%. 

The whole-cell current exhibited weak voltage sensitivity with Boltzmann 

parameters for slope and half maximal activation of /c = 83mV and I/1/2 = -38mV.

The ion channels identified in these electrophysiological experiments may underlie 

the gadolinium-sensitive stretch-activated increases in calcium observed by Guilak 

et al (1999) in bovine tissue.
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ELECTROPHYSIOLOGICAL IDENTIFICATION OF EPITHELIAL SODIUM 

CHANNELS IN CANINE ARTICULAR CHONDROCYTES

Rebecca Lewis, AH Mobasheriand Richard Barrett-Jolley

Amiloride-sensitive epithelial Na+ channels (ENaC) play a key role in Na+ 

transport and fluid homeostasis across the epitheiia of the kidney, 

lung, and colon. ENaC is also known to be present in skin (Mauro et al., 

2002, Charles et aL, 2008) and articular cartilage (Trujillo et al, 1999) 

although functional evidence for ENaC in articular cartilage is still 

lacking.

In the present study, inside-out patch clamp electrophysiology was 

used to identify ENaC-like unitary currents in isolated canine articular 

chondrocytes. Isolated chondrocytes were cultured for 7 to 9 days in 

Dulbeccos Modified Eagles Medium with 10% Foetal Calf Serum. 

Recording was carried out on first to third passage cells. Membrane 

potential {Vm) was calculated as Vm = -Hp-Vj 

where Hp was the holding potential and Vj the calculated Junction 

potential. Data is expressed as meanistandard error.

Single-channel activity reversed at a membrane potential of -l±5mV (n 

= 5) in the presence of 196mM internal and 155mM external Na* 

solutions, indicative of a sodium current (calculated equilibrium 

potential, Ewa = -6mV). Mean slope conductance of the channel was 

calculated to be 9±0.4pS (n = 5). The ENaC-like channel activity was 

inhibited by the sodium-channel blocker amiloride at a concentration 

of lOpM. ENaC-like unitary currents were seen in approximately 60% 

of patches and had a mean open probability (P0) of 0.3+0.06 (n = 3). 

After application of amiloride, channel P0 decreased by 97±2% (n ~ 3).

This study provides the first single channel electrophysiological



evidence of functional ENaC expression in canine articular 

chondrocytes and supports previously published molecular evidence 

for the presence of ENaC in chondrocytes (Trujillo et a!., 1999).
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