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Summary. fonic conductances of rabbit osteoclasts were investi-
gated using both whole-cell and cell-attached configurations of the
patch-clamp recording technique. The predominant conductance
found in these cells was an inwardly rectifying K~ conductance.
Whole-cell currents showed an N-shaped current-voltage (I-V)
relation with inward current activated at potentials negative to
Ex. When external K* was varied, I-V curves shifted 53 mV/10-
fold change in [K*],,, as predicted for a K~ -selective channel.
Inward current was blocked by Ba’~ and showed a time-depen-
dent decline at negative potentials, which was reduced in Na*-
free external solution. Inward single-channel currents were re-
corded in the cell-attached configuration. Single-channel currents
were identified as inward-rectifier K* channels based on the fol-
lowing observations: (i) Unitary I-V relations rectified, with only
inward current resolved. (i) Unitary conductance (y) was 31 pS
when recorded in the cell-attached configuration with 140 mm K~
in the pipette and was found to be dependent on [K*]. (iii) Addi-
tion of Ba’!*™ to the pipette solution abolished single-channel
events. We conclude that rabbit osteoclasts possess inwardly
rectifying K™ channels which give rise to the inward current
recorded at negative potentials in the whole-cell configuration.
This inwardly rectifying K* current may be responsible for setting
the resting membrane potential and for dissipating electrical po-
tential differences which arise from electrogenic transport of pro-
tons across the osteoclast ruffled border.
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Introduction

Osteoclasts are large multinucleated cells with the
unique ability to mediate extracellular resorption of
bone. An active osteoclast adheres tightly to the
bone surface forming an extracellular compartment,
the resorption lacuna, between the cell membrane
and the bone (Vaes, 1988). Osteoclasts transport
protons and secrete lysosomal enzymes across a
specialized membrane, ‘‘the ruffled border,” into
this confined compartment. It is within this acidic
microenvironment that bone mineral is dissolved
and the organic matrix is digested (Baron et al., 1985;
Blair et al., 1986). Recent evidence has demon-

strated that acidification of the resorption lacuna is
mediated by the vacuolar class of ATP-driven proton
pump (H*-ATPase), located in the osteoclast ruffled
border (Blair et al., 1989; Bekker & Gay, 1990; Vaa-
ninen et al., 1990). Studies of the H*-ATPase in
osteoclasts and other cell types has demonstrated
that the presence of appropriate membrane ionic
fluxes is required to maintain pump activity (Forgac,
1989; Blair et al., 1991).

Studies of ionic conductances in mammalian
(Sims & Dixon, 1989) and avian osteoclasts (Rave-
sloot et al., 1989) as well as in related cell types,
such as macrophages (Gallin & McKinney,
1988a,b), have revealed the presence of several dis-
tinct voltage- and Ca’*-dependent K* conduc-
tances. Notable, in all of the above, is an inwardly
rectifying potassium conductance. In addition, at
least three different types of K* channels have now
been reported in macrophages (for review see Gallin
& McKinney, 1988¢) and in chick osteoclasts
(Ravesloot et al., 1989). Electrophysiological evi-
dence for voltage-dependent Ca’>™ current has not
been found in any of the above cells studied to date.

We have used patch-clamp techniques, both
whole-cell and single-channel, to investigate the
ionic currents of freshly isolated neonatal rabbit os-
teoclasts. We show that rabbit osteoclasts exhibit
an inwardly rectifying conductance at negative po-
tentials which is selective for K* and sensitive to
Ba’*. Inward K* current was the predominant cur-
rent recorded in all cells in our study. In some cells,
we aiso found an outwardly rectifying conductance
at positive membrane potentials, which preliminary
studies have shown to be an anion conductance
(Kelly, Dixon & Sims, 1991). In this present study,
we have characterized the ionic selectivity, voltage
dependence and pharmacology of the macroscopic
inwardly rectifying K™ conductance in rabbit osteo-
clasts. In addition, we describe single-channel cur-
rents whose properties could account for the current
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recorded in whole-cell configuration. We propose
that inwardly rectifying K™ current in rabbit osteo-
clasts provides a pathway capable of dissipating
electrical potentials arising from electrogenic proton
transport. A brief account of some of this work has
appeared (Kelly et al., 1991).

Materials and Methods

IsoLATION OF OSTEOCLASTS

Osteoclasts were isolated from long bones of neonatal rabbits
using methods similar to those described previously (Chambers
et al., 1984). Briefly, the long bones of new-born New Zealand
white rabbits were removed and placed in phosphate-buffered
saline at room temperature. Bones were then scraped clean of
adherent soft tissue and split longitudinally. The contents of the
marrow cavities, containing osteoclasts and other cells, were
curetted into Medium 199 (Gibco), buffered with HEPES and
HCO; and supplemented with heat-inactivated fetal bovine se-
rum (15%) and antibiotics. The marrow contents were further
dispersed by repeated trituration using a pasteur pipette. Small
aliquots (=0.4 ml) of the resulting suspension were plated onto
glass coverslips coated with collagen (Vitrogen 100, Collagen
Corp., Palto Alto, CA) and incubated in 5% C0O,/95% air at 37°C
for 60 min. Coverslips were then washed in phosphate-buffered
saline to remove nonadherent cells and debris and then reincu-
bated in fresh supplemented Medium 199 at 37°C for up to 16
hr. In some experiments, cells were stained for the presence of
tartrate-resistant acid phosphatase using a histochemical staining
kit (Cat. No. 387-A, Sigma).

ELECTROPHYSIOLOGICAL RECORDING

Patch electrodes were pulled from 1.5-mm outside diameter and
1.I-mm inside diameter borosilicate glass tubing (Sutter Instru-
ment) on a Brown Flaming P87 microelectrode puller. Electrodes
had resistances of 2 to 6 MQ when filled with intracellular solu-
tion. Electrodes were heat-polished and coated with beeswax to
reduce capacitance. Seal resistances were in the range of 5 to 50
GQ. Liquid junction potentials between the pipette and bath
solutions were nulled before seals were made on cells. Junction
potentials of 2 mV, between the bath and patch-clamp electrodes,
were measured using a 3 M KCl agar bridge, and potentials shown
here have been corrected.

In some experiments, perforated-patch recording tech-
niques (Horn & Marty, 1988) were used. Nystatin (Sigma) was
dissolved in dimethylsulphoxide (5 mg/ml) prior to dilution to a
final concentration of 0.1 mg/ml in intracellular pipette solution.
Pipette tips were first filled with nystatin-free solution and then
back-filled with nystatin-containing solution. A gigaohm seal was
then established on the cell and capacitance transients monitored.
The capacitance of the cell was usually apparent within 10 min,
with access resistance stabilizing at 10 to 15 MQ within 20 min.

Currents were recorded with an Axopatch-1B amplifier
(Axon Instruments), fiitered with a 4-pole low-pass Bessel filter
(—3 dB at 1 kHz) and digitized at a sampling frequency of S kHz
using pClamp (Axon Instruments). Values of current and voltage
reported in figures are averages of 10 to 50 points. Current records
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obtained with voltage-ramp commands were smoothed using a 4-
point averaging routine that reduced the number of data points to
facilitate display. A series resistance compensation of 80% was
applied in most cases. Current and voltage were displayed on a
Gould 3200S chart recorder and stored on computer disk as well
as on video tape with a pulse-code modulator. All experiments
were conducted at room temperature, 22-25°C. Cell capacitance
values were obtained from the capacitance compensation cir-
cuitry on the amplifier or by integration of the uncompensated
current transient (obtained using 10 mV voltage commands). Mea-
sures of series resistance (R,...,,) were obtained directly from the
amplifier or calculated using the relationship R,..., = 7/C, where
C was obtained as described previously and 7 was calculated by
fitting of the uncompensated capacitance transient with a mo-
noexponential function. Cells were considered acceptable for
recording if they had a membrane potential of —70 mV or more
negative and had an input resistance at depolarized potentials of
=1 GQ.

SUPERFUSION AND SOLUTIONS

Coverslips with adherent osteoclasts were placed in a chamber
mounted on an inverted microscope and superfused (1-2 ml/min)
with physiological salt solution composed of (in mm): NaCl 130;
KC15, CaCl, 1, MgCl, 1, HEPES 20, and glucose 10, adjusted to
pH 7.4 with NaOH. Standard patch-clamp recording technigues
were employed (Hamill et al., 1981). Electrode solution for both
whole-cell and cell-attached recordings was normally composed
of (in mm): KCI 140, MgCl, 1, HEPES 20, EGTA 1, and CaCl,
0.4, adjusted to pH 7.2 with KOH. Free [Ca’*] was estimated to
be ~100 nM. In some cases, 0.5 mm ATP and 1 mm GTP were
added to the standard electrode solution; however, no significant
difference in membrane currents was noted when they were in-
cluded. Extracellular K* concentration was altered by equimolar
substitution of NaCl with KCI. In some experiments, ] mm Ba’*
was included in the extracellular solution to block K* current. In
experiments investigating the time-dependent decrease of the
whole-cell inward current at negative potentials, Na* was substi-
tuted with N-methyl-D-glucamine ™. Solution osmolarities were
determined by freezing point depression (i Osmette, Precision
Instruments); values for extracellular solutions and for electrode-
filling solutions were between 280-290 mOsm/liter.

Results

OSTEOCLAST IDENTIFICATION

Osteoclasts were identified on the basis of their mor-
phology, cytochemical staining and functional activ-
ity. Using phase-contrast optics, freshly isolated os-
teoclasts appeared flattened with multiple nuclei in
an area of granular cytoplasm surrounded by pseu-
dopodia (Fig. 14). Such cells stained positive for
tartrate-resistant acid phosphatase (Fig. 18). When
cells were incubated on slices of human dentine,
resorption pits were formed (Fig. 1C). In addition,
multinucleated cells retracted in response to calcito-
nin (not shown). By these criteria, the cells studied
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Fig. 1. Morphological and functional characteristics of isolated rabbit osteoclasts. (A) Phase-contrast light micrograph of an isolated
rabbit osteoclast on collagen-coated substrate. Cell has 12 nuclei in an area of granular cytoplasm surrounded by pseudopodia. (B)
Another osteoclast stained for tartrate-resistant acid phosphatase (dark regions represent staining). (C) Scanning electron micrograph
of a resorption pit formed on a dentine slice following incubation for 24 hr at 37°C with freshly isolated osteoclasts. Cells were removed
by washing, slices were then air dried and sputter coated prior to observation using a scanning electron microscope. Scale bar is 50
pm in each panel.

here were identified as osteoclasts (Vaes, 1988;
Chambers, 1989).

I-V RELATION FOR RABBIT OSTEOCLASTS

The whole-cell current-voltage relationship (I-V) de-
termined under voltage-clamp showed inward recti-
fication (Fig. 2). Cells were held at —62 mV and
stepped from —102 to +38 mV in 20-mV incre-
ments. Hyperpolarizing commands elicited inward
current (Fig. 24), with little outward current appar-
ent at more positive potentials. The I-V relation for
the steady-state currents measured at 200 msec
(boxes) is displayed in Fig. 2B. In addition, the con-
tinuous line joining the data points in Fig. 2B repre-
sents a voltage-ramp command from — 122 to +48
mV at 85 mV/sec. The I-V obtained using the voltage
ramp agrees well with steady-state values, and is
therefore a valid measure of the steady-state I-V
relation. The I-V measured is N-shaped, with more
inward current obtained on hyperpolarization of the
membrane from Ey than outward current obtained
in response to depolarizing commands. The I-V rela-
tion is shown at higher gain in the inset of Fig. 2B,
where the current trace intersects the zero current
level with a positive slope conductance at —78 mV,
a value corresponding to the resting membrane po-
tential of the cell recorded in current clamp. It is
noteworthy that depolarizing commands from - 62
to —22 mV resulted in apparent inward current (Fig.
2A). This is consistent with depolarization causing
deactivation of the outward current active at the
holding potential of —62 mV. This phenomenon
gives rise to a region of negative slope between —62

and —22 mV on the /-V relationship (Fig. 2B inset).
An inwardly rectifying I-V relation has also been
reported for rat (Sims & Dixon, 1989) and chicken
(Ravesloot et al., 1989) osteoclasts.

THE INWARDLY RECTIFYING CURRENT IN RABBIT
OSTEOCLASTS IS SELECTIVE FOR K*

The selectivity of the inwardly rectifying current
for potassium ions was investigated by varying the
concentration of K* in the bathing solution
([K*]ow)- Membrane currents were measured using
voltage-ramp commands and values for current re-
versal (Vygy) were determined as the potential at
which the I-V relation intersected the zero current
level. I-V relationships were first recorded in stan-
dard solutions containing 4.7 or S mM K™ and then
during superfusion with solutions in which [K*]
was raised to 15, 47 and 120 mm. Increasing [K*],,,
shifted the reversal potential, and the voltage around
which the rectification occurred, positive along the
voltage axis (Fig. 34). The slope conductance of the
I-V at negative potentials also increased as [K*]
was increased. For example, in Fig. 3A, the slope
conductance increased from 49 nS in 5 mMm K solu-
tion to 69 and 138 nS in solutions containing 15 and
47 mMm K*, respectively. Vgpy was dependent on
[K*],. (Fig. 3B). The straight line in Fig. 3B is the
least-squares best fit of the data and has a slope of
53 mV/10-fold change of [K *],,,. This value is close
to that predicted from the Nernst relation (59 mV/10-
fold change in [K*],,) and suggests that the inward
rectifier is largely selective for K*.

Further evidence that the inwardly rectifying

out
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Fig. 2. Inwardly rectifying K* current in rabbit osteoclast. (4)
Cell was held at —62 mV, and the membrane commanded to
various potentials, as indicated to the left of the traces. Large
inward currents were apparent in response to hyperpolarizing
commands, indicative of inward rectification. At depolarizing
potentials little outward current was activated. (B) The current-
voltage relationship for the cell shown in A. Steady-state currents
were measured at 200 msec ({J). Continuous line is current elicited
using a voltage-ramp command from — 122 to 48 mV over 2 sec.
The inset shows the I-V curve at a higher gain to reveal the
negative slope region apparent between — 65 and —10 mV. The
cell capacitance was 76 pF.

current is a K* current came from analysis of volt-
age- and time-dependent current relaxations. The
membrane potential was stepped to —122 mV, to
activate inward current, and then to more depolar-
ized potentials to record current relaxations (Fig. 4).
Ignoring early current recorded during settling of the
clamp, the time course of decay of current relax-
ations was well fit with single exponentials. At po-
tentials negative to Ex, outward current relaxations
were elicited, with inward current relaxations at po-
tentials positive to Ex. The reversal potential was
obtained by interpolating between the two nearest
points where the relaxations changed direction. In
standard 3 mm K™ bathing solution, the measured
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Fig. 3. Inward rectifier of osteoclasts is dependent upon [K*],.
I-V relationships were obtained using voltage-ramp commands
from — 120 to + 50 mV over 2 sec. (A) External K* concentration
was raised from 5 to 15 and 47 mM by path perfusion, shifting
the reversal potential and the voltage around which rectification
occurred positive along the voltage axis. The slope conductance
(measured from the linear portion of the I-V at negative potentials)
in5, 15 and 47 mM K™, was 49, 69 and 138 nS, respectively. (B)
Zero current potentials (Vigy) for this and other cells are plotted
as a function of [K*],,. The straight line is the least-squares best
fit of the data, with a slope of 53 mV per 10-fold change of [K™ ] .
The number of cells studied is indicated in parentheses beside
each data point. The capacitance of cell shown in A was 115 pF.

reversal potential was —77 £ 1 mV (mean * SEM,
n = 6). When [K*],, was raised to 47 mm, the
current relaxations reversed at a more depolarized
potential (—25 = 3 mV, n = 3). These values for
reversal of the current relaxations are close to the
K* equilibrium potential. Taken together, the evi-
dence indicates that the inwardly rectifying current
in rabbit osteoclasts is carried by K™*.

BARIUM BLOCKS THE INWARD RECTIFIER

Barium has been demonstrated to block inwardly
rectifying K* current in a variety of cells types
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Fig. 4. Time-dependent decay of K™ current. Cell was bathed
in standard 5 mm K™-containing salt solution. From a holding
potential of —62 mV, the membrane was commanded to — 122
mV, to activate inwardly rectifying K* current, and then stepped
to various potentials, as indicated by the voltage commands at
top. Currents are shown at higher gain in B, with test potentials
shown to the left of the traces. Single exponential curves have
been fit to the currents (lines through the data) and extrapolated
back to the beginning of the voltage commands. Tail currents
reversed direction at =~78 mV, close to the predicted equilib-
rium potential for K. Time constants for the exponential curves
are —62 mV, 6 msec; —72 mV, 6 msec; and —82 mV, 2 msec.
Time constant for —92 mV was fixed at 4 msec to avoid fitting
the current transient during settling of the clamp. Data are from
the same cell as in Fig. 2.

(Standen & Stanfield, 1978; Sakmann & Trube,
1984; Gallin & McKinney, 1988a). We tested the
effects of Ba’* on the macroscopic K* current
recorded in rabbit osteoclasts. When whole-cell
currents were recorded in standard extracellular
bathing medium, the current records showed char-
acteristic inwardly rectifying current with the I-V
relationship crossing the zero current level at —76
mV and little outward current at positive potentials
(Fig. 5A). Superfusion of the cell with extracellular
solution containing 1 mM Ba®" reversibly blocked
the inward current (Fig. 5B). Similar results were
obtained in 10 other cells. The steady-state [-V
relation for the cell, before and after Ba?*, is
shown in Fig. 5C. After barium, the inward current
is blocked, leaving linear leak current (=3 GQ)
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which crosses the zero current level close to 0 mV.
Figure 5D shows the difference current obtained by
subtracting currents recorded in Ba’*-containing
solution from currents recorded in standard bathing
solution. The difference current was inward at
negative potentials, outward between —62 and
—22 mV, and essentially zero at more positive
potentials. We found no evidence for voltage-
activated Ca’" current under these conditions.
In addition, in seven cells recorded using the
perforated-patch technique (Horn & Marty, 1988),
which preserves the intracellular milieu, no volt-
age-activated inward Ca’* current was detected.
Resting membrane potentials recorded in current-
clamp mode with perforated-patch and conven-
tional whole-cell recording were similar (=75 = 2
mV,n = 7and —76 = 2 mV, n = 7, respectively),
and inwardly rectifying K™ current was present in
all cells studied.

INACTIVATION OF THE INWARDLY RECTIFYING
K* CURRENT AT NEGATIVE POTENTIALS

It has been shown in a number of cell types that the
time-dependent inactivation, or decay of the in-
wardly rectifying K* current at hyperpolarized po-
tentials, is attributable, in part, to blockage by exter-
nal Na™ ions (Ohmori, 1978; Lindau & Fernandez,
1986; Gallin & McKinney, 19885,c). In rabbit osteo-
clasts, we have also confirmed that the inward K*
current exhibits pronounced inactivation at poten-
tials hyperpolarized to — 120 mV. To test whether
the decay of the inward rectifier arose from blockage
by external Na*, we recorded currents in nominally
Na*-free solution (substituting N-methyl-b-glucam-
ine* for Na* (Fig. 6)). In standard bathing solution,
inactivation of the inwardly rectifying current was
readily observed at potentials negative to — 120 mV
(Fig. 6A4). When Na™ was omitted from the extracel-
lular bathing solution, the decay of the steady-state
inward current at negative potentials was consider-
ably reduced (Fig. 6B). Steady-state I-V relation-
ships for the cell in Fig. 64 and B are shown in Fig.
6C, with current measured at 200 msec. Inactivation
of the K* current in Na*-containing solution gave
rise to a region of negative slope between — 140
and —170 mV. The steady-state [-V relation was
essentially linear at negative potentials in Na™-free
solution. Similar findings were also observed in three
other cells.

SINGLE-CHANNEL CURRENTS
The single-channel currents underiying the whole-

cell currents were studied in the cell-attached patch
configuration. When the recording pipette contained
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Fig. 5. Inwardly rectifying current is blocked by external barium. (4) Whole-cell currents were recorded in standard extracellular
bathing solution. The membrane was stepped to — 122 mV and thento +78 mV in 20 mV increments. Current records show characteristic
inward K~ current with no outward current apparent at positive potentials. (B) Superfusion of the cell with extracellular solution
containing 1 mM Ba®* resulted in complete block of the inward current. (C) The steady-state [-V relation for the cell before (O) and
after Ba*™ (X) is shown. In Ba’" solution, the inward current is blocked leaving a small linear leak (=3 GQ), which crosses the zero
current level between —20 and 0 mV. (D) The Ba®*-sensitive difference current (F) is shown at higher gain, revealing that the Ba>*
blocked current was inward at negative potentials, outward between —62 and —22 mV, and essentially zero at more positive potentials.

Cell capacitance was 83 pF.

140 mm KCI, with 5 mM K7 in the bath, single-
channel events were observed at hyperpolarized po-
tentials. Current amplitudes increased as the pipette
potential became more positive (i.e., as the patch of
membrane was hyperpolarized). No reversal of the
currents was apparent (Fig. 7), indicating inward
rectification of the unitary channel I-V relation. In
patches that contained inward channel openings,
from one to three channels were commonly ob-
served. The slope conductance (y) was determined
from the slope of the linear portion of the /-V relation
(Fig. 7B). For the cell shown in Fig. 74, inward
single-current events had a slope conductance of 26
pS with an estimated reversal between — 60 and —70

mV (note that the ordinate in Fig. 7B is the negative
of the pipette potential). The intercept of the single-
channel current is close to the resting membrane
potential (RMP) of —75 mV.

Variations in the resting potential of cells may
have given rise to differences in the I-V relations
measured in the cell-attached recording configura-
tion. One way this was minimized was to zero the
membrane potential by raising [K*],, to 135 mmMm
(where RMP was assumed to be close to 0 mV, see
Fig. 8). In some cells, the single-channel conduc-
tance and Eggy could be determined quickly using a
voltage ramp. In cells shown in Fig. 84 and B, single-
channel currents were measured in response to a
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Fig. 6. Time-dependent decline of the inwardly rectifying current
at negative potentials. (4) Whole-cell records from cell bathed in
standard Na*-containing solution. Cell was held at —62 mV and
stepped from —172 to —72 mV in 20-mV increments. Dashed
line indicates the zero current level. (B) Whole-cell current
records from the same cell as in A, with N-methyl-D-glucamine™
substituting for Na* in the bathing solution. Peak current after
decay of the uncancelled portion of the membrane capacitance
remained unchanged; however, steady-state “‘inactivation’’ has
been largely removed in nominally Na*-free bathing solution. (C)
[-V relationship for the steady-state current as measured at 200
msec in Na*-containing ({J) and N-methyl-p-glucamine™ (X)
bathing solutions. Currents recorded in N-methyl-D-glucamine™
solution were subtracted for a linear leak of 0.9 G}, which devel-
oped during recording. Cell capacitance was 110 pF.

ramp stimuli of —150 to +50 mV and Egg, was
determined as the voltage at which open- and closed-
channel slopes intersected. Unitary conductance
and Eggy for inward single-channel currents re-
corded in the cell in Fig. 84, with 140 mMm K* in the
pipette, was estimated to be 30 pS and —12 mV,
respectively (mean y = 31 = 1 pS, n = 6). When
[K*] was increased in the pipette from 140 to 200
mM, the conductance increased to 40 pS
and the Eggy shifted positive to +7 mV (meany =
38 = 1 pS, n = 5). The shift in Eggy observed upon
increasing [K™] in the electrode from 140 to 200
mM is in the direction expected for a K™ -selective
channel. Figure 8C shows a plot of single-channel
conductance versus [K*],, in double-logarithmic
coordinates. Data are taken from ramp and steady-
state measurements and fit by the equation y =
C[K"1i., where C is a constant in pS, [K*],,, is in
mM and x was found to be 0.48. The exponent for
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Fig. 7. Single-channel currents recorded from a rabbit osteoclast
using the cell-attached configuration. (A) Inward currents, re-
corded with 140 mm K™ in the recording pipette and standard
Na* salt solution in the bath. Pipette potential (Vpp) is shown to
the left of each current trace. From 1 to 2 channels were open
simultaneously in this patch, as indicated by the dashed lines at
right of the current traces. Current was filtered (—3 dB) at 200
Hz and sampled at 1 kHz. (B) I-V relationship for channel activity
shown in A is linear at negative potentials, with a slope conduc-
tance of 26 pS determined by linear least-squares best fit. Single-
channel currents rectify around Ey, with no evidence of outward
current.

dependence of y on [K™],, agrees well with values
reported for the inwardly rectifying K* channel in
macrophages (Gallin & McKinney, 1988a,b) and rat
basophilic leukemia cells (Lindau & Fernandez,
1986).

Inward single-channel events were not observed
when Ba’" was applied to the extracellular surface
of the membrane patch. In the cell displayed in Fig.
8D, the pipette tip was filled with 140 mm KCI and
then backfilled with 140 mm KCl + 1 mm Ba’™", with
the bath containing standard 5 mMm K™ salt solution.
At apipette potential of 0 mV, inward single-channel
fluctuations of 1.95 pA (28 pS assuming Fy = 0
across the patch) were initially apparent but were
abolished within 5 min of recording. In three other
cells with 1 mm Ba®* in the recording pipette, single-
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Fig. 8. Single-channel conductance and Fggy are dependent on [K*],,. (4) I-V relationship for inward currents recorded in a cell-
attached patch with a voltage ramp (150 mV/sec). Cell was bathed in 135 mm K™ salt solution with 140 KCl in the recording electrode.
A line has been drawn through the open current to the point at which open- and closed-channel states intersect (Exgy). The slope of
the line was 30 pS. Eggy was — 11 mV. (B) [-V relationship from a different patch determined with a voltage ramp with 200 mm KCl
in the electrode and 135 mM K~ solution in the bath. Conductance was 40 pS, and channel fluctuations reversed at +7 mV. (C)
Dependence of the single-channel conductance on the K* concentration in the pipette ({K*1,,,) in a double-logarithmic plot. Values
shown are for [K*]y,, = 7S mM (r = 1); 90 mM (n = 2); 140 mM (n = 7); and 200 mm (n = 5). The fitted line has a slope of 0.48. (D)
Single-channel events recorded from a cell with 140 mm KCl and 1 mMm Ba’* in the pipette and bathed in standard Na* solution. On
initiation of recording, single-channel events of 1.9 pA were recorded at a Vp;p = 0 mV (top trace), but after 5 min channel openings
were not apparent (bottom trace). Records were filtered at 100 Hz and sampled at 1 kHz. Current traces in A and B were leak corrected

by subtracting sweeps containing no channel openings.

channel events were no longer observed 5-10 min
after initiation of recording.

DiscussioN

In this present study, we used patch-clamp recording
methods to investigate ionic currents in rabbit osteo-
clasts. Morphological, cytochemical and functional
studies confirmed that the isolated cells described
in this report are osteoclasts. Inwardly rectifying
current was evident in all cells studied. We charac-
terized the voltage dependence, ionic selectivity and
pharmacology of the inward current. The inwardly
rectifying current was found to be K* selective and
sensitive to Ba?*. The steady-state I-V relation for
the inward K* current showed time-dependent inac-
tivation at negative potentials which was largely re-
moved in Na*-free salt solution. Studies were un-
dertaken to investigate the inwardly rectifying K~
current at the single-channel level. Inward single-
channel fluctuations were recorded, which did not
reverse direction, were dependent on external [K™]

and were sensitive to Ba’*. Inwardly rectifying K
current has been described in osteoclasts from rat
(Sims & Dixon, 1989) and chicken (Ravesloot et al.,
1989). The present study extends these observations
by characterizing the inward K* current in rabbit
osteoclasts at the whole-cell and single-channel
level. We found no evidence of other voltage-acti-
vated inward currents, such as Ca?* currents.

EVIDENCE FOR INWARDLY RECTIFYING K™
CURRENT IN RABBIT OSTEOCLASTS

Evidence that the macroscopic inwardly rectifying
current was a K* current was provided by experi-
ments examining the voltage dependence, ionic se-
lectivity and pharmacological blockage of the inward
current. The macroscopic inward current was shown
to be dependent on [K™*],,, with the zero current
potential shifting positive as [K*],,, was raised (Fig.
3). The dependence on K* was also confirmed in
experiments investigating the time- and voltage-
dependent decay of the macroscopic inward current
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(Fig. 4). Current relaxations reversed direction with
estimated reversal potentials close to the expected
value for E. Moreover, reversal potentials shifted
as expected for a K*-selective channel when [K "],
was increased. The presence of current relaxations

suggests that time-dependent gating of the channel
may contribute to the inward rectification we ob-
served (Matsuda & Stanfield, 1989).

Barium, which has been shown to block in-
wardly rectifying K~ currents in a variety of other
cell types including rat (Sims & Dixon, 1989) and
chicken osteoclasts (Ravesloot et al., 1989), elimi-
nates the inward current in rabbit osteoclasts, leav-
ing only residual leak current.

Time-dependent inactivation of steady-state in-
ward current is a feature of the inward rectifier in a
number of different preparations (Standen & Stan-
field, 1978; Gallin & McKinney 1988b; Harvey &
Ten Eick, 1988). Inactivation of whole-cell inward
current was observed in rabbit osteoclasts at hyper-
polarized potentials in standard Na*-containing
bathing solution, and the rate of inactivation in-
creased at more negative potentials. When external
Na* was replaced in the bathing solution with N-
methyl-D-glucamine ™, inactivation was no longer
observed and the steady-state current at negative
potentials exhibited a linear I-V relation (Fig. 5).
Na*-dependent inactivation of the inward rectifier
has been described in detail in tunicate egg (Ohmori,
1978) and frog skeletal muscle (Standen & Stanfield,
1978) and has been attributed to low-affinity block
of the K* channel by Na*. Time-dependent inacti-
vation, attributable in part to Na™, has also been
reported at the whole-cell and single-channel level
in mouse (Gallin & McKinney, 1988a) and human
(Gallin & McKinney, 1988b) macrophages.

SINGLE-CHANNEL CURRENTS WITH PROPERTIES
OF THE MACROSCOPIC INWARD RECTIFIER

Inward single-channel currents were recorded in
cell-attached patches (Figs. 7 and 8). Single-channel
currents reversed around Ey and had an estimated
single-channel conductance of 31 pS. The unitary
conductance was dependent on external K+, being
approximately proportional to the square root of
[K*]oy Furthermore, the reversal potential for the
inward currents shifted positive when [K*],,, was
raised, as expected for a channel selective for K~
(Fig. 8). Inward single-channel events were also
blocked by Ba*", providing further evidence that
inward single-channel currents in rabbit osteoclasts
underlie the macroscopic inwardly rectifying K
current. Inwardly rectifying K* channels of 25 pS
were described recently in rat osteoclasts (Sims et
al., 1991).
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CompPARISON WITH OTHER CELL TYPES

Inwardly rectifying K* current has been described
in a number of cells, including skeletal (Standen &
Stanfield, 1978) and cardiac muscle cells (Sakmann
& Trube, 1984; Harvey & Ten Eick, 1988; Matsuda
& Stanfield, 1989) starfish egg cells (Hagiwara &
Jaffe, 1979), human malignant glioma cells (Brismar
& Collins, 1989), rat basophilic leukemia cells {Lin-
dau & Fernandez, 1986) and macrophages (Gallin &
McKinney, 1988a,b,c, 1989). The characteristics of
the inward rectification described in these previous
studies appear similar to the properties of the in-
wardly rectifying K* current of rabbit osteoclasts.
Macroscopic steady-state inwardly rectifying cur-
rent in the mouse J774.1 macrophage cell line (Gallin
& McKinney, 1988a), as well as cardiac ventricular
myocytes (Harvey & Ten Eick, 1988), exhibited in-
activation at negative potentials which was de-
creased by the removal of extracellular Na*. Inward
current in macrophages was dependent on [K*]
and sensitive to pharamacological blockers such as
Ba’® and Cs* (Gallin & McKinney, 1988a,b:
Harvey & Ten Eick, 1988).

Unitary conductances reported for macro-
phages (Gallin & McKinney, 1988a) and ventricular
myocytes (Sakmann & Trube, 1984) are in the range
of 27 to 29 pS, which is close to the unitary conduc-
tance of the channels recorded in rabbit osteoclasts
(31 pS). Although voitage-dependent inactivation of
single-channel currents in rabbit osteoclasts was not
investigated, inactivation was shown to be a prop-
erty of the mouse J774.1 macrophage cell line (Gallin
& McKinney, 19884). Thus, in these respects (I-V
relations, dependence on [K*],, and sensitivity to
Ba’* blockage), the inward single-channel currents
seen in rabbit osteoclasts resemble those described
in macrophages.

Similarities in the electrophysiological proper-
ties of osteoclasts and macrophages are not unex-
pected, since it appears that these cells share many
common properties (for review see Chambers,
1989). Both osteoclasts and macrophages originate
from hematopoietic tissue and display antigenic sim-
ilarities. In addition, like macrophages, osteoclasts
are capable of phagocytosis. However, despite these
similarities, osteoclasts exhibit several distinct char-
acteristics which are not shared by macrophages.
These include calcitonin responsiveness and the
ability to resorb bone extracellularly. These criteria
(calcitonin responsiveness and the ability to exca-
vate bone) together with multinuclearity and the de-
velopment of a highly specialized ‘‘ruffled border,”
distinguish osteoclasts both functionally and
morphologically from mononuclear phagocytic
cells.
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OTHER CURRENTS

The inwardly rectifying K* current was the major
current recorded in all rabbit osteoclasts under the
above conditions. In 30-40% of cells, outwardly rec-
tifying current was also apparent (M. Kelly, J. Dixon
and S. Sims, in preparation). Other than K" current,
no evidence for voltage-activated inward currents,
such as Ca’* currents, was found. An absence of
voltage-gated Ca’" current has also been noted in
rat (Sims & Dixon, 1989) and chicken osteoclasts
(Ravesloot et al., 1989) as well as in macrophages
(Gallin & McKinney, 19884,5). However, since our
experiments in rabbit osteoclasts have not investi-
gated the presence of voltage-gated Ca?" current
under conditions specifically designed to favor iden-
tification, we cannot eliminate the possibility that
Ca’" channels are present in low density in these
cells. It is also possible that dialysis of the cytoplasm
with the electrode solution may result in ‘‘wash-out”’
of those currents that require a specific intracellular
milieu. However, this is unlikely since experiments
with nystatin perforated-patch recording yielded
similar results. Alternatively, the presence of Ca’*
channels in osteoclasts may depend on culture con-
ditions or cell-substrate interactions (Miyauchi et
al., 1990), which may not be present when acutely
isolated cells are plated on collagen-coated glass
substrate. In contrast to what we have found in os-
teoclasts, voltage-gated Ca®* currents have been
demonstrated in osteoblastic cells (Chesnoy-
Marchais & Fritsch, 1988; Caffrey & Farach-Car-
son, 1989; Guggino et al., 1989).

FuncTioN oF INWARDLY RECTIFYING K7
CURRENT IN OSTEOCLASTS

We have demonstrated that the predominant con-
ductance in freshly isolated rabbit osteoclasts is an
inwardly rectifying K* conductance. When K* con-
ductance was blocked by Ba’*, cells depolarized
from =—75 mV to around 0 mV, indicating that
inwardly rectifying K* current sets the resting mem-
brane potential of rabbit osteoclasts. A similar func-
tion has been attributed to the inward rectifier of
rat basophilic leukemia cells (Lindau & Fernandez,
1986).

Osteoclastic bone resorption involves the secre-
tion of enzymes and the transport of H* ions into
the resorption lacuna. Recent evidence has revealed
that acidification of the resorption lacuna is mediated
by the vacuolar class of ATP-driven proton pump
(Blair et al., 1989; Bekker & Gay, 1990; Vainanen
et al., 1990), which is electrogenic (Forgac, 1989).
Thus, movement of counterions is required to dissi-
pate charge accumulation arising from the transport
of H* across the osteoclast ruffled border. The in-
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wardly rectifying K™ current provides such a con-
ductive pathway. Electrogenic H* transport would
hyperpolarize the cell, activating inward K* cur-
rent, which in turn would act to prevent excessive
hyperpolarization by clamping the membrane at E.
At depolarized potentials, the channels would close,
minimizing efflux of K.

In conclusion, we have demonstrated that in-
wardly rectifying K* current is the predominant
conductance in rabbit osteoclasts. Qur studies have
provided evidence for single channels whose proper-
ties could give rise to the macroscopic inwardly rec-
tifying K* current. We have found no evidence for
other voltage-dependent inward currents in these
cells, but outwardly rectifying current, previously
reported to be Cl~ current, was noted in some cells
(Kelly et al., 1991). The membrane properties of
rabbit osteoclasts are similar to those described in
another mammalian species, rat (Sims & Dixon,
1989). The presence of common characteristics
among different mammalian species suggests that
these ionic conductances play important roles in os-
teoclast function and regulation.
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