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Abstract :  This study analyzes outward currents  in freshly isolated goat
chondrocytes  patched in the whole cel l  mode.  Capaci tance t racings were
recorded from the cells by the time domain method. The average capacitance
was 6.33 pF ±2.15pF (Mean±SD, n=60).  The range was 2.7 pF to 11.2 pF.
A family of outward currents was seen when the cell was depolarized from
–70 mV to +70 mV in 10 mV increments.  The current density at  +60 mV
var ied  f rom 125 pA/pF  to  2410 pA/pF .  The  cur ren t s  were  inh ib i t ed  by
10 mM tetraethylammonium chloride (TEA) and the current-voltage profile
suggests that these are voltage gated K+ channels.  The currents were also
recordable in a chloride-free external solution, thereby proving that these
currents are not chloride currents. There was no evidence of voltage-gated
sodium channels  in these cel ls .
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INTRODUCTION

Chondrocytes  a re  the  ce l lu la r  e lements
of  ca r t i l age .  They  a re  respons ib le  fo r  the
main tenance  of  the  cons t i tu t ion  of  the
ex t race l lu la r  mat r ix  by  a  combina t ion  of
mat r ix  syn thes i s  and  breakdown (1) .  The
mat r ix  has  severa l  un ique  fea tures .  I t  i s
avascu la r  and  nu t r ien t s  and  oxygen  pass
through by diffusion across large distances.
The matrix is also hyperosmolar as compared
to normal plasma (2). Mechanical loading as
during walking causes  changes in  both the
osmolar i ty  and  the  hydros ta t ic  pressure  of
ar t icular  car t i lage .  The ext racel lu lar  pH is
usually about 6.9 (2). A number of channels
and  o ther  vo lume regula t ing  mechanisms

ensure  the  surv iva l  and  op t imum func t ion
of  Chondrocytes  in  th i s  hyperosmolar ,
avascular ,  acidic environment (1) .

A wide  var ie ty  o f  channe ls  have  been
descr ibed  on  the  chondrocyte  membrane .
Vol tage  ga ted  K + channe ls  have  been
described in rabbit ,  canine,  porcine and rat
Chondrocytes  (3–6) .  S t re tch  ac t iva ted  K +

channe ls  have  a l so  been  descr ibed  on  the
chondrocyte membrane. Sugimoto et al have
also found tetrodotoxin (TTX) sensitive Na+

channels  and voltage gated Cl– channels  in
rabbi t  Chondrocytes  (3) .  Vol tage  ga ted  H +

channe ls  have  been  descr ibed  in  bovine
Chondrocytes (7). Indirect evidence based on
the  effect  of  pharmacological  b lockers  has
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suggested the presence of T-type and L-type
Ca ++ channels  (8)  and s t re tch  ac t iva ted  K+

channels (9). Calcium dependent K+ channels
and aquaporins have also been described on
the chondrocyte membrane (10,  11).

E lec t rophys io log ica l  s tud ies  have  been
per formed in  Chondrocytes  f rom var ious
species such as the rat  (4),  the horse (12),
the  e lephant  (12) ,  the  dog  (5) ,  the  p ig
(6) ,  the  ch icken  and  a l so  in  bovine  (13)
and  human car t i l age  (14) .  Whi le  goa t
chondrocytes have been studied in different
culture conditions, there is little information
on  i t s  e lec t rophys io log ica l  charac te r i s t i cs .
This study provides base-line electrophysiological
data on goat  chondrocytes.

MATERIALS AND METHODS

Iso la t ion  procedure4

Goat  l egs  were  ob ta ined  f rom the
s laughte r  house  wi th in  2  to  4  hours
f rom the  t ime  of  s laughte r .  They  were
immediate ly  t rea ted  wi th  70% ethanol ,  de-
sk inned  and  re f r igera ted  un t i l  the  t ime  of
harvest .  The joint  cavity was opened under
asept ic  condi t ions.  Cart i lage shavings were
taken  f rom the  meta ta rsopha langea l  jo in t .
For  the  samples  f rom the  i l i ac  c res t ,  the
i l i ac  bone  was  ob ta ined  wi th  i t s  a t t ached
muscle. This was dissected to reveal the iliac
cres t ,  f rom which  car t i l age  shav ings  were
taken under sterile conditions. The cartilage
shavings were washed well  with Dulbecco’s
Modi f ied  Eagle ’s  medium wi th  Ham’s
Nut r ien t  Mix ture  F12 .  They  were  s to red
in  the  same medium unt i l  used .  The
medium was  supplemented  wi th  Penic i l l in /
Streptomycin 100 U/ml and Amphotericin B
2 .5  μ l /ml .  The  car t i l age  shav ings  were
digested using Sigma Collagenase Type IA
(1 .45  mg/ml)  fo r  a  per iod  of  16  hours .
Diges t ion  and  s to rage  of  the  ca r t i l age

shavings was done in culture flasks in a CO2

incuba tor  a t  37  degrees  cen t ig rade ,  85%
humidi ty  and  5% CO 2.  The  d iges ted  ce l l s
were allowed to pass through a 40 μM filter
which removed any undigested particles. The
ce l l s  were  cen t r i fuged  a t  200  rpm for  10
minutes ,  washed  wi th  cu l tu re  medium and
then plated on cover  s l ips  for  patch clamp
s tud ies .  Viab i l i ty  o f  the  ce l l s  us ing  th i s
protocol  was checked and was found to be
more  than  90% us ing  the  t rypan  b lue  dye
exclus ion tes t .

R e c o r d i n g s

Patch clamp recordings were made using
the Axopatch 200B.  Recordings were made
in  whole  ce l l  mode .  Pa tch  p ipe t tes  were
fashioned from Harvard capillary glass using
a Nar ishige  PP-830 ver t ica l  p ipet te  pul ler .
Pipet tes  used had a resis tance of  less  than
4 MΩ .  The pipet tes  were  pol ished using a
GlasswoRx 500 Fine Pont microforge before
use. Cells were bathed in a bath of volume
1 ml .  The  cont ro l  ex terna l  (ba th)  so lu t ion
consis ted of  ( in  mM) NaCl 140,  MgCl2 1,
CaCl2 1, HEPES 10, Glucose 11, pH 7.4. The
ch lor ide- f ree  ex te rna l  so lu t ion  had  the
following composition (in mM) : NaGlutamate
140, MgSO4 1, CaSO4 1, Glucose 11, HEPES
10,  pH 7.4 .  The internal  (pipet te)  solut ion
for both contained (in mM) KC1 140, MgCl2

4 ,  HEPES 10 ,  Glucose  11 ,  pH 7 .3 .  The
osmolarity of both the external solution and
the internal solution was kept between 280-
300  mOsm.  Af te r  ob ta in ing  g iga-sea l s  the
cel ls  were vol tage clamped from a holding
vol tage  of  –80 mV through  a  range  of
voltages from –70 mV to +70 mV with 10 mV
increments ,  each  pulse  las t ing  for  180  ms
and  cur ren t s  were  recorded .  Data  was
sampled  a t  10  KHz.  The  waveforms  were
ana lyzed  us ing  Clampf i t  9 .2  (Axon
Instruments)  and IGOR Pro Version 5.0.4.8
(Wavemetr ics  Inc.) .
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Membrane  capac i tance  of  ce l l s  was
recorded  us ing  the  membrane  tes t  fea ture
in  the  Axopatch  200B immedia te ly  a f te r
going into the whole cell mode. This records
capac i tances  us ing  repea ted  square  pulses .
The values of 50 capacitance transients were
averaged and 20 such values were recorded
each second.

Te t ra  E thy l  Ammonium Chlor ide ,  a
known K+ channel  blocker  (15) ,  was added
in to  the  ba th  so lu t ion  to  make  a  f ina l
concent ra t ion  of  10  mM.  Record ings  were
made before and after the addition of TEA.

Recordings were also made in a chloride-
f ree  external  solut ion.

A cell with a large surface area will have
a greater number of channels on its surface
and thus  record  a  larger  current .  Thus  for
analysis  of  currents ,  the current  densi ty or
current  per  uni t  sur face  a rea  i s  used .  The
capacitance of the cell membrane is directly
propor t iona l  to  i t s  sur face  a rea  and  hence
current density is represented as current per
uni t  capaci tance.

Sta t i s t ica l  ana lys is  was  done  us ing  the
repea ted  measures  ANOVA.  P<0.05  was
considered significant .  SPSS 12.0 was used
for data analysis .

RESULTS

The cells  studied varied widely in their
size (as viewed microscopically) and in their
capac i tances .  The  capac i tances  recorded
varied from 2.7 pF to 11.2 pF averaging at
6 .33±2 .15pF (Mean±SD,  n=60) .  This  da ta
corresponds with  the  wide var ia t ion in  the
size of cells patched.

Subjecting the cell to a voltage protocol
f rom –70  mV to  +70  mV demons t ra ted  a
family of  outward currents  (Fig.  1) .  These

F i g . 1 A : Vol tage  pu l se  p ro toco l  used  fo r
experiments.  The cell  was kept at  a holding
vo l tage  o f  –80  mV.  I t  was  depo la r i zed  by
10 mV steps from –70 mV to +70 mV, each
s tep  l a s t ing  fo r  180  ms .

B : Capac i t ance  t r ac ing  t aken  immedia te ly
a f t e r  go ing  whole  ce l l .

C : Fami ly  o f  ward  cur ren t s  seen  on  app ly ing
the above mentioned pulse  protocol  to  goat
c h o n d r o c y t e s .

cur ren ts  d id  no t  run  down over  t ime  and
could  be  recorded  for  up  to  10  min  a f te r
seal ing.  The currents  seen were of  a  large
magni tude ,  even  reach ing  10 ,000 pA a t
+70 mV.

Addi t ion  o f  TEA

A drop  in  cur ren t  dens i t i es  a f te r  the
addition of 10 mM TEA was seen in five of
the s ix cel ls  tested (Fig.  2) .  There was no
change in  one cel l .  The IV curve of  mean
current density under control conditions was
found to differ significantly from that of the
IV curve after the addition of TEA (P=0.001)

Recordings  in  Cl –- free  ex trace l lu lar  f lu id

In  the  s ix  ce l l s  s tudied  in  the  Cl–- f ree
ex te rna l  so lu t ion ,  l a rge  ou tward  cur ren t s
were  recorded .  Al though  the  cur ren t s  the
Cl –- f ree  ex te rna l  so lu t ion  were  l a rger  in
ampli tude (Fig.  3) ,  this  difference was not
found to be significant (P=0.15).
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solutions, the only positive ion that could carry
these currents from the internal solution was
potassium, and the only negative ion that could
cause these currents is a chloride movement from
the external solution. As the outward currents are
blocked by 10 mM TEA which is a known K+

channel blocker (3, 4) they must be K+ currents.
No change was seen in one cell. This remains to
be investigated if such a phenomenon in seen
repeatedly.

If the currents were due to an inward flow of
Cl– ions they should have been absent when Cl–

was removed from the extracellular solution. This
was not the case. The current densities in cells in
a chloride-free external solution were comparable
and in fact larger than those seen in cells in the
control external solution. This difference was not
significant. However this difference needs to be
investigated further.

The current  densi t ies  (which reflect  the
density of ion channels) also varied widely among
the cells. This indicates that there seems to be a
variation in the potassium channel density among
chondrocytes.

The IV curves of the cells are suggestive of
voltage gated K+ channels. They show voltage
dependence and outward rectification. The currents
did not inactivate with time.

The depolarizing protocol and the solutions
that have been used would have revealed voltage
gated Na+ channel currents if present. These will
be seen as inward currents with a fast activation
and inactivation. There was no evidence of such
a current in any of our cells which shows that the
goat chondrocyte does not have sodium currents.
This is unlike the finding reported by Sugimoto et
al in rabbit chondrocytes (3).

In summary goat chondrocytes show a high
density of voltage gated potassium channels. The
presence of large currents even in the absence of
chloride in the external solution suggest that

F i g . 2 A : Currents  recorded  f rom a  goat  chondrocyte
with a depolarizing pulse protocol.  Currents
in the same cell after the addition of 10 mM
TEA showing  a  l a rge  reduc t ion  in  cu r ren t
a m p l i t u d e .

C : Cur ren t  dens i ty -vo l t age  curve  o f  5  ce l l s
s tudied before  and af ter  the  addi t ion of  10
mM TEA.  A drop  in  the  magni tude  o f
cur ren t s  i s  seen  a t  every  vo l tage  a f te r  the
addit ion of TEA. (Values :  Mean±SD, n=5).

Fig .  3 : Compar i son  o f  cu r ren t  dens i t i e s  in  goa t
chondrocy te  con t ro l s  wi th  normal  ex te rna l
so lu t ion  (Mean±SD,  n=19)  and  ce l l s  in  Cl –-
f r ee  so lu t ion  (Mean±SD,  n=6) .

DISCUSSION

An outward current by convention indicates
the flow of a positive ion out of the cell or the
flow of a negative ion into the cell. In the control



Indian J Physiol  Pharmacol 2010; 54(4) Potassium Currents in Goat Chondrocytes 365

voltage gated chloride channels may not be present
on the goat chondrocyte membrane. Although
voltage gated Na+ Channels have been suggested
in chondrocytes of other species we have not
found evidence for the same in goat chondrocytes.
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