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Abstract. Ion channel expression was studied in THP-1
human monocytic leukemia cells induced to differentiate
into macrophage-like cells by exposure to the phorbol
ester, phorbol 12-myristate 13-acetate (PMA). Inactivat-
ing delayed rectifier K+ currents,IDR, present in almost
all undifferentiated THP-1 monocytes, were absent from
PMA-differentiated macrophages. Two K+ channels
were observed in THP-1 cells only after differentiation
into macrophages, an inwardly rectifying K+ channel
(IIR) and a Ca

2+-activated maxi-K channel (IBK). IIR was
a classical inward rectifier, conducting large inward cur-
rents negative toEK and very small outward currents.
IIR was blocked in a voltage-dependent manner by Cs+,
Na+, and Ba2+, block increasing with hyperpolarization.
Block by Na+ and Ba2+ was time-dependent, whereas
Cs+ block was too fast to resolve. Rb+ was sparingly
permeant. In cell-attached patches with high [K+] in the
pipette, the singleIIR channel conductance was∼30 pS
and no outward current could be detected.IBK channels
were observed in cell-attached or inside-out patches and
in whole-cell configuration. In cell-attached patches the
conductance was∼200–250 pS and at potentials positive
to ∼100 mV a negative slope conductance of the unitary
current was observed, suggesting block by intracellular
Na+. IBK was activated at large positive potentials in
cell-attached patches; in inside-out patches the voltage-
activation relationship was shifted to more negative po-
tentials by increased [Ca2+]. Macroscopic IBK was
blocked by external TEA+ with half block at 0.35 mM.
THP-1 cells were found to contain mRNA for Kv1.3 and
IRK1. Levels of mRNA coding for these K+ channels
were studied by competitive PCR (polymerase chain re-
action), and were found to change upon differentiation in

the same direction as did channel expression: IRK1
mRNA increased at least 5-fold, and Kv1.3 mRNA de-
creased on average 7-fold. Possible functional correlates
of the changes in ion channel expression during differ-
entiation of THP-1 cells are discussed.
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Introduction

As monocytes differentiate into mature, nondividing
macrophages they become capable of a large variety of
responses, including chemotaxis, phagocytosis, and se-
cretion of numerous cytokines and other substances. The
expression of membrane proteins changes during differ-
entiation, in some cases dramatically. Here we explore
changes in ion channel expression in the human leuke-
mia cell line, THP-1, after differentiation induced by
PMA. Our long-term goals include defining channels as
markers for stages of differentiation, evaluating the
mechanisms by which channel expression is regulated,
and exploring possible functional correlates of different
patterns of ion channel expression. A large body of lit-
erature exists describing ion channel expression in vari-
ous monocytes and related cell lines (Gallin, 1991). One
advantage of using the THP-1 cell line over primary
human monocytes is a more uniform cell population-
macrophages which differentiate terminally in different
tissues have very different properties (e.g., Peters-
Golden et al., 1990), including divergent ion channel
expression (Nelson, Jow & Popovich, 1990b). THP-1
cells are more differentiated than many other monocytic
cell lines (Hass et al., 1990; Auwerx, 1991) and are com-
mitted to the macrophage lineage. In contrast, the moreCorrespondence to:T.E. DeCoursey
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primitive HL-60 or ML-1 cells can be induced to differ-
entiate along either macrophage or granulocytic path-
ways. Compared in detail with other cell lines, the
THP-1 model more closely resembles the differentiation
of human monocytes (Auwerx, 1991).

Although four of the seven or more types of ion
channels in THP-1 cells were present both before and
after differentiation, the expression of three K+ channels
changed dramatically, apparently in an all-or-none man-
ner under the conditions of these studies. Inactivating
delayed rectifier K+ currents,IDR, were present in most
control THP-1 monocytes (Kim, Silver & DeCoursey,
1996), but absent in differentiated cells; ‘‘maxi-K’’
Ca2+-activated K+ channels (IBK) and inward rectifier K

+

currents (IIR) were absent from undifferentiated mono-
cytes, but present in many differentiated THP-1 macro-
phages. We identify the molecular species evidently re-
sponsible forIDR andIIR in THP-1 cells by the polymer-
ase chain reaction (PCR), and explore the hypothesis that
changes in the expression of these K+ channels are me-
diated by changes in the levels of channel-specific
mRNA. The observed correlation between mRNA levels
and K+ channel expression provides a powerful tool for
future studies of mechanisms of regulation of ion chan-
nel expression.

Materials and Methods

CELL PREPARATION

THP-1 cells were cultured as described (Kim et al., 1996). To induce
differentiation, cells were incubated with 10 ng/ml PMA (Sigma
Chemical Company, St. Louis, MO) for three days in 35-mm tissue
culture dishes containing several small pieces of sterile glass cover-
slips. One manifestation of differentiation is adherence; cells adhering
to the coverslip fragments were transferred to the recording chamber.
Some cells were studied immediately, others were washed with HBSS
(Hanks Balanced Salt Solution) or with RPMI to remove the PMA and
then cultured in PMA-free media another 1 or 2 days before use in
patch clamp experiments. No qualitative differences were observed
between cells studied immediately after PMA treatment and those stud-
ied one or two days later; evidently the dramatic changes in K+ channel
expression were not reversed rapidly. Differentiation of THP-1 and
other myeloid leukemia cell lines is not permanent; retrodifferentiation
occurs after 3–4 weeks, with complete reversion of all morphological
and biochemical changes (Hass, 1992).

ELECTROPHYSIOLOGY

Methods and solutions are described in a companion paper (Kim et al.,
1996).

EstimatingPopen for IBK Channels

The total number ofIBK channels present in membrane patches,N,was
estimated in several ways. In patches with only a few channels, all

channels were open simultaneously often enough to establish directly
the maximum number of channels. When more channels were present,
current amplitude histograms were constructed, and the probability of
each number,r, of simultaneously open channels,P(r), measured by
integrating under the appropriate peak. Assuming a binomial distribu-
tion:

P(r) 4 N!/(r! (N − r)!) (Popen)
r (1 − Popen)

(N−r) r 4 0.1, . . . ,N
(1)

(p. 163, Colquhoun & Hawkes, 1985) which is valid if the channels are
identical and independent, we assumed several guesses ofN and com-
pared calculatedP(r) distributions with the actualP(r) data to select the
optimal value ofN. When more than a dozen channels were present, a
lower limit for N was obtained by dividing the maximum observed K+

current at the most positive potential studied (usually RP + 190 mV,
that is, 190 mV positive to the resting potential) by the unitary current
at that potential. The error in these estimates increases withN and may
be substantial at largeN. In cell-attached patches, the total number of
channels in the patch often was not well determined, because [Ca2+] i
was at physiological levels, and at the most positive potentials tested
Popenappeared to be only∼0.5. In inside-out patches in whichN was
known (e.g., Fig. 8),Popen could be calculated directly, and the ob-
served distribution fit the binomial prediction well, supporting the in-
dependence of channel opening.

MOLECULAR BIOLOGY

Isolation of RNA

Prior to amplification of cDNA, total RNA was isolated using TRIZOL
reagent (Bethesda Research Labs, Gaithersburg, MD) according to the
manufacturer’s procedures. This is a modification of the acid-
guanidinium-phenol extraction method of Chomczynski (1993). The
concentration of RNA in any sample was measured by spectrophotom-
etry. Samples were stored at −70°C until used for reverse transcription.

Reverse Transcription-PCR

Reverse transcription (RT) was carried out using Superscript reverse
transcriptase (Bethesda Research Labs). Each RT reaction was nor-
malized by adding a constant 1mg of RNA per 20ml reaction volume.
The resulting cDNA was amplified using one of three primer sets.
To amplify human IRK1 cDNA, the upstream (sense strand) primer
was 58-ACAGGACATTGACAACGCAG. The downstream IRK1
primer sequence was 58-GCGTGTCCGTACTAGTGCTT. To amplify
Kv1.3 cDNA, the upstream primer was 58-ATCTTCAAGCTGTCGC-
GCCA and the downstream primer 58-CGATCACCATATACTCC-
GAC. We also amplified glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) cDNA (Ercolani et al., 1988) in some control experiments
using primers having the upstream sequence 58-TGATGAC-
ATCAAGAAGGTGGTGAAG and downstream sequence 58-
TCCTTGGAGGCCATGTAGGCCAT.

Sequencing

The cDNA amplified by PCR was partially sequenced by a thermo-
cycle sequencing procedure which uses dideoxynucleotides for termi-
nation of extension. The primer was biotinylated, and a colorimetric
reaction employing the biotin complexed with streptavidin and alkaline
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phosphatase then detected the strands after blotting of the sequencing
gel.

Competitive PCR

The competitive PCR procedure was employed to assay quantitatively
the amount of cDNA in the RT reaction (seeGilliland et al., 1990).
A volume of the RT reaction was amplified with the primers for one
channel, in the presence of a DNA fragment which competes for the
same primers. An increasing concentration of competitor DNA was
added to aliquots of any RT reaction. Following PCR, the ratio of
amplified competitor to amplified channel DNA was used to determine
the original amount of cDNA. The competitor was constructed by
appending the channel primer sequences onto a DNA fragment (PCR
Mimic™ Construction Kit, Clontech, Palo Alto, CA) via PCR. The
length of the competitor was made to be larger than the channel DNA.
The concentration of competitor stock was measured by spectropho-
tometry or by gel electrophoresis.

The products of the PCR reaction were subjected to electropho-
resis. The relative ratios of channel to competitor DNA amplified by
PCR were determined by measuring the ratio of the intensity of fluo-
rescence of the two bands in any lane, after staining with ethidium
bromide. To measure the intensity, an image taken with a CCD camera
was analyzed by computer-aided densitometry. To determine the in-
tensity, background was first subtracted, and the amplitude of each
pixel of the image was integrated over a fixed area of the gel.

Results

ION CHANNELS FOUND ONLY IN DIFFERENTIATED

THP-1 CELLS

Inwardly Rectifying K+ Current (IIR)

PMA-treated cells expressed an inwardly rectifying K+

current (IIR) resembling that in other macrophage-related

cells (Gallin, 1991). Figure 1 illustratesIIR currents dur-
ing voltage ramps. In Ringer’s solution with 4.5 mM
extracellular K+, [K+]o , inward currents were apparent at
membrane potentials negative to −80 mV. When the
bathing solution was changed to 160 mM K+ Ringer’s
solution, the inward currents were much larger and were
evident negative to 0 mV. Outward currents in either
solution were quite small, and the small bump of outward
current visible in K+ Ringer’s decreased with depolar-
ization, resulting in a region of negative slope conduc-
tance. The [K+]o dependence and strong inward rectifi-
cation is typical of inward rectifier K+ currents in many
cells.

Inward rectifier channels are blocked by several ex-
tracellular cations. Figure 1B illustrates that Cs+ pro-
duced potent voltage-dependent block. Block by 1 mM

Cs+ was almost complete at −120 mV, and was relieved
by depolarization, with almost no block at −30 mV. In-
creasing Cs+ to 10 mM increased block at all potentials
and shifted the block to more positive potentials. Block
by Ba2+ was also voltage dependent, as illustrated in Fig.
1C. In this experiment the voltage was ramped from
positive to negative. Even 0.1 mM Ba2+ produced dis-
tinct block, which was markedly enhanced at more nega-
tive potentials. More profound block was seen at 1 mM

Ba2+, and at 10 mM Ba2+ block was nearly complete,
although a small inward current dip is still present.
When the voltage was ramped from negative to posi-
tive, Ba2+ block appeared to be deeper and little voltage-
dependence was observed. This behavior reflects the
relatively slow time-dependence of Ba2+ block; the deep
block at negative potentials was not relieved by depolar-

Fig. 1. (A) [K+]o dependence ofIIR. Voltage ramps were applied in Ringer’s solution (4.5 mM K+) and then in isotonic K+ Ringer’s solution (160
mM [K+]o) from Vhold 4 0 mV. Pipette contained Mg2+-free KMeSO3, filter 2 kHz. (B) Voltage-dependent block ofIIR by Cs

+ in symmetrical high
[K+] in the same cell. Because Cs+ block is very rapid, the voltage dependence of block is reasonably accurately defined by currents during voltage
ramps. The indicated concentration of CsCl was added to K+ Ringer’s solution. (C) Voltage-dependent block ofIIR by Ba2+ in symmetrical high
[K+], also in the same cell. Ba2+ block is relatively slow; thus the level of block at any given voltage during downward voltage ramps will
underestimate the true steady-state level. During up ramps like those inA orB voltage-dependent block was obscured because block was substantial
at large negative potentials, and the ramp was too rapid to allowIIR channels to become unblocked.
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ization as fast as the voltage was ramped (see also be-
low).

Block by Cs+ on the other hand appeared similar
whether the voltage was ramped up or down. This can
be explained if Cs+ block is rapid, and Ba2+ block is
slow. Figure 2 confirms this explanation. Figures 2A
andB illustrate a family of currents during voltage pulses
applied to a cell studied in the presence of 1 mM Cs+

added to K+ Ringer’s, after a depolarizing prepulse in-
tended to remove any block and to ‘‘close’’ the channels.
Very little current was observed at positive potentials.

At small negative potentials large inward currents turned
on with a time constant of several msec. This time-
dependent turn-on is another hallmark ofIIR currents,
and was seen in the absence of Cs+ as well. At −40 mV
the inward current in Fig. 2A became much noisier, and
with further hyperpolarization beyond −50 mV its am-
plitude decreased (Fig. 2B), both features reflecting Cs+

block. The decay of inward current during large hyper-
polarizing pulses was rapid and complete in <2 msec,
and could not be distinguished reliably from a capacity
transient. Clearly, Cs+ block is very rapid.

Figure 2C illustrates the distinctive time dependence
of the voltage-dependent block by 1 mM Ba2+. The in-
ward current was large at first and decayed slowly at −20
mV and more rapidly and completely at more negative
potentials. Under these conditions in the absence of
Ba2+ little decay of inward current was observed. Volt-
age- and time-dependent block by Ba2+ is another clas-
sical property of true inward rectifiers, includingIIR in
murine J774.1 macrophages (McKinney & Gallin, 1988).

In Ringer’s solution,IIR decayed with time during
large hyperpolarizing pulses, the rate and extent of decay
increasing with hyperpolarization (Fig. 2D). When all
Na+ was replaced by NMG+, this decay disappeared.
The decay reflects time- and voltage-dependent block by
Na+, as has been described forI IR in many tissues
(Ohmori, 1978; Standen & Stanfield, 1979; Biermans,
Vereecke & Carmeliet, 1987; Harvey & Ten Eick, 1989).

Rb+ is a weakly permeant blocker of inward rectifier
channels (Hutter & Williams, 1979; Standen & Stanfield,
1980; Silver, Shapiro & DeCoursey, 1994). Whole-cell
ramp currents are illustrated in Fig. 3 for a cell in Ring-
er’s and K+ Ringer’s solutions. The voltage range of
channel activation shifted along withEK and small out-
ward currents were present just positive toEK both in
Ringer’s and K+ Ringer’s solutions, as was shown in Fig.

Fig. 2. Voltage-dependent block ofIIR by cations. (A andB) Block of
IIR by Cs

+ is rapid and strongly voltage-dependent. A cell in K+ Ring-
er’s solution with 1 mM Cs+ was held at 0 mV and a 20 msec prepulse
applied to +20 mV to ‘‘close’’ the channels and remove any residual
block atVhold 4 0 mV. A series of test pulses was applied, ranging
from +40 to −120 mV in −10 mV increments. The currents during
pulses from +40 to −50 mV are superimposed inA,and the currents for
pulses to −60 through −120 mV are plotted inB. The strong inward
rectification of this conductance is apparent. During small hyperpolar-
izing pulses the time-dependent activation ofIIR can be seen. By −40
mV the inward currents are quite noisy, and at potentials negative to
−50 mV the currents become smaller, as Cs+ block is enhanced by
hyperpolarization. The onset of block is too fast to be resolved con-
vincingly. The pipette contained divalent-free KMeSO3 solution, filter
2 kHz. (C) Block of IIR by 1 mM Ba2+ in K+ Ringer’s solution in the
same cell is slower and strongly voltage-dependent. Illustrated currents
are in 20 mV increments between +20 and −100 mV.Vhold was +10
mV, filter 2 kHz. (D) Voltage- and time-dependent decay ofIIR in
normal Ringer’s solution in a different cell. Illustrated currents at 0 and
−40 mV show a small leak current, and the currents at −100 through
−160 mV in −20 mV increments show the increasingly rapid and
complete block, presumably by the 160 mM Na+. Vhold was −60 mV,
filter 2 kHz.

Fig. 3. Whole-cell IIR currents during voltage ramps, in Ringer’s so-
lution (4.5 mM [K+]o), and 160 mM Rb+ or K+ Ringer’s solution. In Rb+

Ringer’s solution there is distinct inward current, blockable by Ba2+

(not shown), indicating that Rb+ can carry small inward currents
throughIIR channels.Vrev, measured without leak correction, shifted 25
mV more negative in Rb+ than in K+ Ringer’s.Vhold −80 mV, pipette
KMeSO3.
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1A. When K+ Ringer’s solution was replaced with Rb+,
small inward currents persisted, andVrev shifted∼25 mV
more negative. As in skeletal muscle (Standen & Stan-
field, 1980) and endothelial cells (Silver et al., 1994),IIR
in THP-1 cells has a relative permeability to Rb+ about
0.4 that of K+, calculated with the Goldman-Hodgkin-
Katz voltage equation, but a relative conductance <10%
that of K+.

Single IR Channels

Single IIR channels could be identified in cell-attached
patches by the absence of outward current and high open
probability at potentials negative toEK. The average
leak-subtracted single open channel current-voltage rela-
tionship is plotted in Fig. 4 for a patch containing one
active IIR channel. The slope conductance was 30–35
pS, similar to that ofIIR channels in J774.1 cells (Mc-
Kinney & Gallin, 1988). The inside-out patch configu-
ration allowed exploration of the effects of intracellular
divalent cations on theIIR channel. Little difference in
either current amplitude or open probability was detected
after 5 min exposure to KMeSO3 solutions containing
1.9 mM Mg2+, 10mM Ca2+, or a nominally divalent-free
solution. Apparently theIIR channel is neither activated
by Ca2+i nor is its rectification (as observed in voltage
ramps) the result of block by Mg2+i.

LARGE CONDUCTANCE Ca2+-ACTIVATED K+

CURRENT (IBK)

Large-conductance, voltage- and calcium-activated
‘‘maxi-K’’ or IBK channels were observed in cell-
attached or excised inside-out patches, and in whole-cell
currents.

In cell-attached patches,IBK channels could be iden-
tified by their large unitary conductance, activation only
at extreme positive potentials, and by a characteristic
negative conductance region at voltages positive to about
+100 mV. To facilitate recordingIBK channels, we rou-
tinely ramped the voltage rapidly from large positive
toward negative potentials, so that any open channel
would tend to remain open for some time before closing.
Figure 5A illustrates a single leak-subtracted ramp cur-
rent in which oneIBK channel remained open to about
−20 mV. The maximum slope conductance was 220 pS,
and in the negative slope conductance region the open-
channel noise was clearly increased. This negative con-
ductance region was observed in allIBK channels in cell-
attached patches, and is reminiscent of the voltage-
dependent block ofIBK outward current by cytoplasmic
Na+ (Marty, 1983).

The average open-channel current-voltage relation-
ship for theIBK channel in Fig. 5A is plotted in Fig. 5B.
The I-V relation is sublinear (i.e., the slope conductance
decreases) at large negative potentials as well as at large

positive potentials. Similar sublinearity has been attrib-
uted to diffusion limitation in the approach of K+ to the
IBK channel mouth (Yellen, 1984). Diffusion limitation
may contribute at positive potentials as well, but could
not cause negative conductance.

The voltage dependence ofIBK opening can be seen
in the cell-attached patch experiment illustrated in Fig. 6.
Two brief channel openings can be seen at +40 mV. At
+80 mV up to 5 channels were open simultaneously, and
all channels were closed only infrequently. By +120 mV
many channels were open throughout the pulse. At large
positive potentials the individual current levels are hard
to distinguish, partly because the number of open chan-
nels was large, but partly because of the increased open-
channel noise (cf.Fig. 5A). Clearly the probability of the
IBK channel being open,Popen, is voltage dependent.IBK
events were detected in most patches at +60 mV al-
thoughPopenwas small, and at +40 mV with even lower
Popen. Thus in intact cells,IBK channels would be acti-
vated only during large depolarizations or when [Ca2+] i
is increased.

Popen at different voltages was measured in cell-
attached patches with K+ Ringer’s solution in the bath to
‘‘clamp’’ the resting potential near 0 mV. The total
number ofIBK channels present was estimated in several
ways described in Materials and Methods. Figure 7 il-
lustrates the voltage dependence ofPopen in a patch es-
timated to contain 12IBK channels. Superimposed on

Fig. 4. SingleIIR channel current-voltage relationship in an inside-out
patch, containing one activeIIR channel. The slope conductance mea-
sured between −140 and −40 mV was 34 pS, measured closer toVrev
the conductance was 31 pS. Averaged closed-channel records were
subtracted from averaged open-channel records. Because no distinct
openings were detected at potentials positive toVrev, records in which
the IIR channel appeared to be open over the entire voltage range
negative toVrev were included in the ‘‘open’’ average. Pipette solution
3 mM Ca2+ KMeSO3, bath solution Mg-free KMeSO3. The unitary
conductance, the highPopenat negative potentials and absence of de-
tectable openings positive toVrev were indistinguishable in this patch
when exposed to 1.9 mM Mg2+ or 10mM Ca2+ KMeSO3 solutions (each
for 5 min) from the behavior in divalent-free KMeSO3 solution. The
voltage was ramped from −140 to +80 mV at 0.88 V/sec, filter 1 kHz.
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the data points is thePopen-V relationship fitted by a
Boltzmann distribution, which was forced to limit at
0.95. The averageV1/2 from similar fits in six patches
was +171 ± 18 mV (mean ±SD), with an average slope
factor,Vslope, −19.6 ± 6.2 mV. Because of errors in the
estimate onN and the possibility that K+ Ringer’s in the

bath may not clamp the resting potential perfectly, espe-
cially in patches with largeIBK currents, these values
should be considered quite approximate. Most estimates
of the voltage dependence ofIBK channel opening range
10–15 mV/e-fold (Rudy, 1988).

The [Ca2+] i dependence ofIBK channels could be
defined in excised inside-out patches. Figure 8 illus-
trates an experiment on an inside-out patch which con-
tained 5IBK channels and remained stable for about two
hours. The left-hand panel illustrates superimposed
patch currents during 8 consecutive pulses to each of
several depolarizing voltages. The bath, corresponding
to the intracellular solution, contained 1mM [Ca2+].
Several properties are apparent. First,Popen is voltage
dependent. Only two openings were seen at +20 mV.
At +40 mV, one channel was open often, and occasion-
ally two. At +100 mV, all six current levels are distinct,
with all 5 channels open in some pulses. It is also evi-
dent that it takes some time for the channels to reach their
steady-statePopenat a given potential. At each potential,
most channels were initially closed, withPopenincreasing
during the pulses.

To determine the steady-statePopenat various voltages
and [Ca2+]i , currents were recorded continuously at several
Vhold. Amplitude histograms were constructed to deter-
mine the probability of each number,r, of open channels,
P(r) (cf. Eq. 1), and finallyPopenwas calculated as:

Popen4 {SrP(r)}/N r 4 1,2, . . . ,N (2)

whereN is the total number of channels, five in this
patch. The open probability at three [Ca2+] i and several

Fig. 5. (A) Single IBK channel current in a cell-attached patch. One
channel was open at the beginning of the ramp and except for brief
closures, remained open to about −20 mV. The bath contained K+

Ringer’s solution to depolarize the resting potential of the cell; in ramps
like this one in which a channel was open atVrev, the current reversed
consistently at +2 mV, indicating that the membrane potential was kept
near 0 mV. The voltage was ramped rapidly from positive to negative
so that open channels would stay open to more negative potentials than
during up ramps. The averaged current from ramps or segments of
ramps in which no channels were open has been subtracted from the
current record. The negative conductance region positive to +100 mV
was observed consistently, and was also observed when the voltage was
ramped from negative to positive. (B) SingleIBK open-channel current-
voltage relationship for the same experiment illustrated inA. The av-
erage of ramp current segments selected when no channels were open
was subtracted from the average of currents selected when one channel
was open. The slope conductance at its maximum (nearVrev) was
220 pS.

Fig. 6. IBK currents in a cell-attached patch. FromVhold40 mV pulses
were applied, with currents illustrated at 40 mV increments. Discrete
single-channel levels can be seen up to +80 mV, but at more positive
potentials they are not clearly distinguishable. Pipette contained
KMeSO3 and the bath K+ Ringer’s solution. Filter 1 kHz, sample
interval 0.5 msec.
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voltages is plotted in Fig. 8B. At 3 mM [Ca2+] i Popen
increased from nearly 0 at −60 mV to nearly 1.0 at +40
mV. Increasing [Ca2+] i to 10mM shiftedPopen to more
negative potentials, increasingPopen at each potential.
The maximumPopenwas 0.97–0.98, similar to previous
observations in other cells. Lowering [Ca2+] i to 300 nM
shifted thePopen-V relationship to more positive poten-
tials. Comparison withPopen-V relationships in cell-
attached patches (Fig. 7) suggests that [Ca2+] i < 300 nM
in intact THP-1 cells. The slope factor at 3mM [Ca2+] i in
Fig. 8 was −10 mV, comparable with that reported in
other cells (Rudy, 1988), whereas in cell-attached patch
configuration the apparent slope was less steep, with
Vslopenearly −20 mV (cf. Fig. 7). Because of the possi-
bility that the membrane potential of the cell changes due
to the large IBK currents flowing through the cell-
attached patch membrane, especially at large positive
potentials, the excised patch data are more reliable.

MacroscopicIBK was seen in the whole-cell con-
figuration, and resembled that described in human mac-
rophages (Gallin & McKinney, 1988). Its identification
was complicated in some cells by the presence of other
channels, particularly chloride (ICl) and nonselective cat-
ion (Icat). Nevertheless, in many cellsIBK was clearly

evident, characterized by its large fluctuations, its acti-
vation only during rather large depolarizations, its mod-
erately rapid activation, and its lack of inactivation.
Whole-cell currents with a clearIBK component are il-
lustrated in Fig. 9. A few singleIBK channel openings
are evident at +40 mV and the current rapidly increased
in amplitude with further depolarization. When the bath
Cl− was replaced by MeSO3

− (B), the noisy fluctuations
attributed toIBK were still present, but the pedestal of
current at all positive potentials was reduced. Most of
the time-independent current pedestal is thus attributable
to anion current, which was reduced but not abolished in
MeSO3

− solutions. Further depolarization elicited larger
IBK currents, as illustrated in Fig. 9C, in the same cell at
lower gain. TheIBK currents in Fig. 9B andC are quite
similar to those in the cell-attached patch illustrated in
Fig. 6. Within about 100 msec after the start of each
pulse,IBK reached a steady-state level of activation and
thereafter appeared to be time-independent, with no in-
activation.

Block of IBK by TEA
+ is illustrated in Fig. 10. Typi-

Fig. 7. Open probability,Popen, of IBK channels in a cell-attached
patch. The bath contained K+ Ringer’s solution, and data are plotted
assuming that the membrane potential was 0 mV. There were 12IBK
channels in this patch, determined from thirteen discrete levels of cur-
rent seen at +180 mV, and reasonable agreement between the observed
probability of observing each level and that calculated with the bino-
mial theorem (seeMaterials and Methods). The curve shows the best-
fitting (by nonlinear least squares) Boltzmann, with maximumPopen
constrained at 0.95 because it was not well-defined by these data, with
fitted V1/2 + 172 mV andVslope−21.7 mV.

Fig. 8. (A) Voltage and time dependence ofIBK currents in an excised
inside-out patch. Pipette 3mM [Ca2+] KMeSO3 solution, bath 1mM

[Ca2+] KMeSO3 solution. Currents recorded during 8 consecutive
pulses to each of the indicated potentials are superimposed. There were
five IBK channels in this patch, which was stable for more than an hour.
Superimposed on these records is chatter due to a smaller channel
which appeared to be voltage independent. (B) Steady-state open prob-
ability, Popen, for the IBK channels in the patch illustrated inA. Mea-
surements were made with bath (i.e., internal) solutions containing 0.3
mM (m), 3 mM (l), or 10mM (j) [Ca2+]. The curve shows the best-
fitting simple Boltzmann function to the data at 3mM [Ca2+], with
midpoint, V1/2 4− 7.5 mV, slope factor,Vslope 4 −10.3 mV, and
Popen,max4 0.946; data at other [Ca2+] are connected by lines for
clarity. Currents were recorded continuously at each potential, ampli-
tude histograms constructed, and the area under each peak calculated,
to obtainPopen. Seetext and Eq. (2) for details. The largest number of
channels ever observed to be open simultaneously in this patch was 5,
settingN.The data were in excellent agreement with the predictions of
binomial theorem for five identical, independent channels.
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cal of PMA-differentiated cells, there was prominentIIR
current at potentials negative toEK, and IBK which is
evident positive to about +20 mV.IBK exhibits charac-
teristically large fluctuations. Addition of 0.5 mM TEA+

to the bath solution reduced the outward current by
>50%. Thirty mM TEA+ virtually abolished the outward
current. In other experiments in which several concen-
trations of TEA+ were applied, the half-blocking concen-
tration of TEA+ was estimated to be 0.35 mM for IBK.
TEA+ inhibited IIR weakly; 30 mM TEA+ rapidly and
reversibly reducedIIR by about 30%.

CHANGES IN ION CHANNEL EXPRESSIONDURING

DIFFERENTIATION OFTHP-1 CELLS

The Table summarizes the occurrence and amplitudes of
the major ion channels found in THP-1 cells before and

after differentiation by PMA. Undifferentiated THP-1
monocytes consistently expressed five channels:IDR,
ISK, IH, Icat, andICl. PMA-differentiated cells expressed
six ion channels:IIR, IBK, ISK, IH, Icat, andICl. IIR andIBK
were found almost exclusively in differentiated cells,IDR
was found almost exclusively in undifferentiated cells,
while ISK, ICl, IH, and Icat were found in both. In the
following, we describe the criteria used to decide wheth-
er a particular channel was present.

Delayed Rectifier, IDR

Nearly all undifferentiated THP-1 cells tested in Ringer’s
solution (99%, Table) expressedIDR. The presence of
IDR was established by its characteristic inactivation with
ti several hundred msec and slow recovery.IDR was
activated by depolarization above threshold potentials
and decreased progressively during repeated voltage
ramps (illustrated in Fig. 2B, Kim et al., 1996). The
amplitudes summarized in the Table are the difference
between the currents at +80 mV during the first and last
ramp, i.e., the inactivating component of outward cur-
rent, and therefore underestimateIDR, but unequivocally
reflect this conductance. No other channels in these cells
inactivated. The average amplitude ofIDRwas 378 pA at
+80 mV in control THP-1 cells. This conductance was
rarely (4%) detected in differentiated cells.

Ca2+-activated K+ Channels, ISK

When 10mM Ca2+ was present in the internal solution, a
time-independent K+ conductance,ISK, was present in
every cell studied. Even using the ‘‘standard’’ pipette
solution, with [Ca2+] i buffered to nominally 38 nM, there
were small currents resemblingISK in some cells. This
may mean that this conductance is activated to a small
extent even at low [Ca2+] i , but could also reflect imper-
fect control of [Ca2+] i by EGTA, which is a rather slow
Ca2+ buffer. Because it is not voltage-gated,ISK is dif-
ficult to isolate from other conductances. We therefore

Fig. 10. Whole-cell ramp currents in a cell with prominentIIR andIBK
currents. The bath contained Ringer’s solution, the pipette KCl, with
nominally 38 nM Ca2+. Three consecutive ramps in each solution are
superimposed. The traces are labeled according to the concentration of
TEACl added, and the 0 TEA+ data were recorded after washout of 30
mM TEA+. The IIR current was rapidly and reversibly reduced by 30
mM TEA+. Although theIIR current was slightly larger in 0.5 mM TEA+

than in Ringer’s, this may reflect incomplete washout of TEA+.

Fig. 9. IBK currents in Ringer’s solution with Cl
− (A) with Cl− replaced by MeSO3

− (B). In both solutions identical pulse families are plotted, in 20
mV increments between −80 and +100 mV, fromVhold −60 mV. (C) Same conditions as inB, but the gain is lower, and the voltage range extends
from −20 to +140 mV. Arrows indicate zero current. The calibration bars on the left apply to bothA andB. Filter 2 kHz inA and 1 kHz inB and
C. Pipette contained KMeSO3 solution, with nominally 38 nM Ca2+.

148 T.E. DeCoursey et al.: Ion Channels in Differentiated THP-1 Macrophages



arbitrarily quantitatedISK only when the whole-cell cur-
rents reversed negative to −60 mV in Ringer’s solution.
Because theISK amplitude was not well-determined, we
have not attempted to compare its amplitude in control
and differentiated THP-1 cells. The value for the slope
conductance ofISK is given in the Table only as a general
benchmark.

Ca2+-activated ‘‘maxi’’ K+ Channels, IBK

The entries in the Table forIBK include only observations
in cell-attached patches. We sawIBK in many whole-cell
experiments (e.g., Figs. 9 and 10) (only in differentiated
THP-1 cells), but could not reliably estimate its ampli-
tude due to the possibility that other conductances (ICl,
Icat) might be present. Maxi-K

+ channels were searched
for in cell-attached patches by ramping the voltage rap-
idly from RP + 190 mV down to RP − 40 mV, after a∼55
msec prepulse to RP + 190 mV. WhenIBK channels
were present, they usually were elicited by this proce-
dure. If no channels were observed in∼200 ramps, the
IBK channel was considered absent in that patch. Num-
bers of channels were estimated as described in Materials
and Methods.IBK channels were often observed in
patches or in whole-cell records of differentiated THP-1
cells, but were never observed in control THP-1 cells.

Inwardly-rectifying K+ Channels, IIR

IIR was defined by a clear inflection of inward current
negative toEK. In contrast,ISK does not exhibit this

inflection, but has a more uniform conductance in this
voltage range. In many, but not all cells, the bath was
changed from Ringer’s solution to K+ Ringer’s to con-
firm the shift withEK of the voltage range of activation
of IIR, and to increase theIIR amplitude. IIR was almost
never seen in undifferentiated THP-1 monocytes, but
was present in the majority of differentiated THP-1 mac-
rophages.

H+ Currents, IH

Voltage-activated H+ selective currents were observed
both in undifferentiated and differentiated THP-1 cells.
The properties of these currents, and changes during dif-
ferentiation are described elsewhere (DeCoursey &
Cherny, 1996). H+ current activation was slower and its
density decreased by about one-half in differentiated
cells.

Nonselective Cation Currents, Icat

A time-independent outward current (Icat) was observed
in addition to the inactivating outward K+ current in two-
thirds of undifferentiated THP-1 monocytes. This con-
ductance was observed with K+ (32/49) or Na+ (5/7) but
not TMA+ (0/9) in the pipette solution. Therefore this
channel conducts small cations rather indiscriminately,
but not large cations. The data in the Table therefore

Table. Ion channel expression during THP-1 cell differentiation

Channel

Undifferentiated monocytes PMA-differentiated macrophages

% expressing Amplitude % expressing Amplitude

IDR (pA) 99 (81/82) 378 ± 339 (57) 4 (2/45) 60
ISK (nS) 100 (22/22) 2.3 ± 1.8 (21) 100 (5/5)
IBK (no. in patch) 0 (0/24) 38 (11/29) 14 ± 16 (9)
IIR (nS) 1 (1/82) 1.8 70 (31/44) 5.6 ± 5.5 (28)
IH (pA/pF) present 16.6 ± 8.8 (10) present 7.2 ± 5.2 (22)
Icat (nS) 66 (37/56) present 32 ± 33 (6)
ICl 89 (8/9) 100 (12/12)

In each case, expression is the percent of cells studied under appropriate conditions judged to
express the conductance (expressing/total). Amplitudes are mean ±SD for (n) cells, including
only cells expressing the conductance.IDR amplitude is the current at +80 mV which inac-
tivated during repeated voltage ramps in Ringer’s solution with K+-containing pipette solu-
tions with < 3µM Ca2+. ISK amplitude is the slope conductance measured atVrev in Ringer’s
solution in cells studied at 10µM [Ca2+] i. IBK amplitude is the estimated number of channels
per cell-attached patch.IIR amplitude is the slope conductance in Ringer’s solution near −100
mV, after subtraction of leak estimated at more positive potentials.IH was seen in nearly every
cell. IH at +40 mV at pHo 7.0//pHi 5.5 is normalized to cell size and was taken from Fig. 2,
DeCoursey & Cherny, 1996.Icat is the slope conductance between +80 and +100 mV for
pipette solutions with K+ or Na+ as the cation; in 9 cells studied with TMA+ in the pipetteIcat
was not seen.ICl was studied with TMACl or TEAMeSO3 pipette solutions to preclude other
outward current carriers, and was considered present if outward current was reduced when Cl−

was replaced with MeSO3
−. Seetext for further details.
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include only K+ and Na+ pipette solutions.Icat increased
dramatically with depolarization during either voltage
ramps or pulses. In rampsIcat did not inactivate, in con-
trast withIDR; in pulses it was time independent.Icatwas
not reduced when Cl− in the bath was replaced with
MeSO3

−. Given the development ofIcat with time in
whole-cell configuration and the possible presence of
other currents, the amplitude ofIcat should be considered
approximate.Icat was clearly present in some differenti-
ated THP-1 macrophages, but in cells with largeIBK
currents, the presence ofIcat was hard to establish.
Therefore we cannot determine whether its expression
changed after differentiation.

Chloride Current ICl

ICl was considered present when replacing Cl− with
MeSO3

− reduced the outward current and shiftedVrev to
more positive potentials.ICl was present in practically
all THP-1 cells in which it was searched for, regardless
of state of differentiation.ICl ran down fairly rapidly in
THP-1 cells, and was not studied extensively. Its tran-
sience precludes meaningful quantitative comparisons.

MOLECULAR IDENTIFICATION OF CHANNELS EXPRESSED
IN THP-1 CELLS

The physiological and pharmacological characteristics of
the whole cell currents were consistent with a prediction

that Kv1.3 was responsible forIDR and IRK1 for IIR.
We therefore tested, by PCR of cDNA, whether mRNA
associated with these channel types was present in
THP-1 cells. Total RNA was reverse-transcribed, and
the cDNA was amplified by PCR employing primers
with sequences specific for one of the two types of chan-
nel. A gel showing the amplified products is shown in
Fig. 11. The DNA band obtained following PCR with
the Kv1.3 primer set (lane 3) was the size predicted from
the known sequence, 478 BP (K. Folander, S. Lin, G.
Koo, and R. Swanson,unpublished,GenBank locus
HUMPOCH). The band obtained using the IRK1 primer
set (lane 2) was also of the predicted size based on the
sequence of human heart IRK1, 356 BP (Raab-Graham,
Radeke & Vandenberg, 1994). The gel also shows bands
of DNA in two lanes which were constructed to be used
for the competitive PCR assay of mRNA levels (see
below).

Because amplified DNA could possibly originate
from genomic, rather than cDNA, we tested for the pres-
ence of genomic DNA in the total RNA samples. A
typical example experiment is also shown on the gel in
Fig. 11. G3PDH can routinely be amplified from human
genomic DNA (lane 6). Although G3PDH cDNA could
be amplified from total RNA following reverse transcrip-
tion (lane 8), no amplification was obtained for PCR of
total RNA from the same isolation but without reverse
transcription (lane 7). This result indicates that genomic
DNA is not present in the sample. Although the G3PDH
gene has a small intron in the amplified region (Ercolani
et al., 1988), the genome contains numerous processed
pseudogenes (Arcari, Martinelli & Salvatore, 1989)
which likely are amplified in this procedure.

Comparison of Sequence with Known Channels

We used a BLAST analysis (Altschul et al., 1990) to
compare the sequence of our cDNA fragments with all
known sequences in the GenBank and EMBL databases
(657,579 sequences). To positively identify the PCR
products obtained using the channel primers, we partially
sequenced the resulting cDNA. The sequence obtained
in single-pass sequencing for the IRK1 cDNA fragment
of 195 bases in fact matched that of nucleotides 949 to
1145 of the known sequence for the human inward rec-
tifier channel HH-IRK1 (Raab-Graham et al., 1994). A
partial (260 base) sequence from our Kv1.3 product ex-
actly matched that of nucleotides 1109 to 1369 for the
human voltage-gated K+ channel Kv1.3 (Folander et al.,
loc cit; see alsoCai et al., 1992). The results therefore
indicate that both IRK1 and Kv1.3 K+ channel mRNA
species are found in THP-1 cells, suggesting that these
channels contribute to the inward and outward mem-
brane currents respectively.

Fig. 11. Identification of channels expressed in THP-1 cells. DNA was
amplified by PCR and stained with ethidium bromide after electropho-
resis in an agarose gel. Lane 1, molecular weight marker increasing in
123 BP increments (from bottom to top). Lane 2, reverse transcription
was applied to isolated RNA from PMA-differentiated THP-1 cells,
followed by PCR to amplify cDNA using IRK1 primers. Lane 3, same
procedure as lane 2 using primers for Kv1.3 on cDNA from undiffer-
entiated THP-1 cells. Lane 4, competitor DNA used for measurement
of Kv1.3 cDNA. Lane 5, competitor DNA for measurement of IRK1
cDNA. Lane 6, DNA amplified by PCR applied to human genomic
DNA using the G3PDH primer set. Lane 7, PCR using G3PDH primers
was applied to a RNA sample in which reverse transcription was ab-
sent. Lane 8, same procedure as lane 2 and amplified with G3PDH
primers. Comparison of lanes 7 and 8 reveals reverse transcription is
required for amplification of DNA from total RNA, confirming that the
bands originate from mRNA. Note that amplification of IRK1 and
Kv1.3 cDNA in samples from THP-1 cells indicates that mRNA for
these two types of channels is represented.
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CHANGES IN mRNA ABUNDANCE IN THP-1 CELLS
AFTERDIFFERENTIATION

As described above and in the Table,IDR was present in
almost all undifferentiated THP-1 monocytes but almost
never in differentiated macrophages, whereasIIR was
found almost exclusively in differentiated cells. We ex-
plored whether changes in mRNA abundance could ex-
plain these changes in K+ channel expression. The levels
of mRNA associated with the IRK1 and Kv1.3 channels
were measured in differentiated cells and in a matched
culture of undifferentiated cells. The results of a com-
petitive PCR experiment which determined changes in
mRNA following differentiation are shown in Fig. 12A.
In this experiment, cDNA following reverse transcription
of total RNA was amplified in the presence of a com-
petitor DNA. As the amount of competitor added was
increased, the ratio of competitor to channel cDNA
which was amplified decreased. Note in the figure that
for IRK1 at any concentration of competitor the ratio of
channel to competitor DNA amplified is greater for the
sample from the differentiated cells, indicating that there
was more cDNA present. Because the cDNA in each
sample is derived from a constant amount of total RNA,
the difference in cDNA is associated with a difference in
mRNA for this species of channel. A difference in
Kv1.3 mRNA was also found, as shown in Fig. 12B.
In these same RNA samples, the amount of Kv1.3
mRNA was less in the differentiated cells.

The change in the concentration of competitor giv-
ing equal amplification of channel cDNA and competitor
DNA (log ratio4 0) was used to determine the percent
difference in cDNA between two samples. The abun-
dance of mRNA for IRK1 in undifferentiated monocytes
was only 20% of the level found in matched cultures of
differentiated cells in two experiments and was only 1%
in a third experiment. In the same samples, the level of
Kv1.3 mRNA in differentiated THP-1 macrophages de-
creased to 13.7 ± 8.6% (mean ±SE, n 4 3) of the value
found in undifferentiated cells. Thus, although there was
substantial variability, there was a dramatic decrease in
mRNA for Kv1.3 and a large increase in mRNA for
IRK1 in differentiated cells.

Discussion

INWARDLY RECTIFYING K+ CURRENT, IIR

Properties

IIR channels in PMA-differentiated THP-1 macrophages
exhibit all of the properties of classical ‘‘strong’’ inward
rectifiers. There are large inward currents negative toEK
and a small bump of outward current which decreases to

zero within about 50 mV positive toEK. The single
channel conductance in symmetrical high [K+] is about
30 pS, and in cell-attached patches no outwardIIR cur-
rent can be detected. TheIIR turns on with time during
hyperpolarizing pulses in a [K+]o- and voltage-dependent
manner. This time-dependent turn-on has been inter-
preted as an ‘‘intrinsic gating’’ process in other cells
(e.g., Matsuda, Saigusa & Irisawa, 1987; Silver & De-
Coursey, 1990), and recently has been ascribed to a volt-
age-dependent unblock by intracellular polyamines (Fak-
ler et al., 1994; Lopatin, Makhina & Nichols, 1994). In
any case, this time-dependence is another hallmark ofIIR
currents. The voltage-activation relationship shifts along
the voltage axis in parallel withVrev when [K+]o is var-
ied. IIR is blocked in a voltage-dependent manner, with
block increasing with hyperpolarization, by Na+, Cs+,

Fig. 12. Determination of changes in IRK1 and Kv1.3 mRNA inferred
using competitive PCR of cDNA. (A) PCR was applied simultaneously
to cDNA obtained from either undifferentiated or differentiated THP-1
cells. The ratio of the signal associated with amplified IRK1, relative to
that of the competitor, was measured as the concentration of competitor
was increased. The concentration of competitor added to obtain a ratio
of 1 (log 14 0) was higher in the sample from differentiated cells,
indicating that the cDNA in that sample was greater. The direction and
magnitude of the increase is shown by the arrow. The concentration of
the competitor is given as the dilution of a stock of 100 attomoles/ml.
(B) Kv1.3 cDNA was measured from the same cDNA samples used for
the experiment shown inA. Note that the level of Kv1.3 cDNA is
higher in the sample from undifferentiated cells.
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and Ba2+. Block by Na+ and Ba2+ is time-dependent,
with the rate of block increasing with hyperpolarization;
any time-dependence of Cs+ block was too fast to re-
solve.

Expression in Other Monocytes

IIR in THP-1 cells is similar to that in mouse peritoneal
macrophages (Gallin & Livengood, 1981), J774 cells
(Gallin & Sheehy, 1985; Gallin & McKinney, 1988;
McKinney & Gallin, 1988), HL-60 cells differentiated
into macrophage-like cells (Wieland, Chou & Gong,
1990), rabbit osteoclasts (Kelly, Dixon & Sims, 1992),
and microglia (Kettenmann, Banati & Walz, 1993).IIR
expression changes predictably in several macrophage-
related cells.IIR appears in J774.1 cells 2–4 hr after
plating, and is expressed in all cells after adherence (Gal-
lin & Sheehy, 1985); the increase inIIR channel density
was prevented by cyclohexamide (McKinney & Gallin,
1990). IIR appears in murine macrophages after a few
days in culture (Gallin & Livengood, 1981; Randria-
mampita & Trautmann, 1987). HL-60 cells developIIR
when induced by PMA to differentiate into macrophages,
but not when induced to differentiate along the granulo-
cyte lineage (Wieland et al., 1990). Rat osteoclasts with
spread morphology expressedIIR, whereas those with
rounded shape expressedIDR (Arkett, Dixon & Sims,
1992). In human monocyte-derived macrophages, how-
ever, expression ofIIR was independent of adherence or
time in culture (Nelson, Jow & Jow, 1990a). We ob-
servedIIR rarely in undifferentiated THP-1 monocytes,
but in a majority of PMA-differentiated (and adherent)
macrophages (Table). The general pattern emerging
from most studies is thatIIR expression in macrophages
appears to be correlated with adherence or with differ-
entiation. Because there are quite real differences be-
tween macrophages in different tissues and at different
stages of differentiation and activation, more explicit
generalization may not be possible or fruitful.

Possible Functions ofIIR

There is substantial evidence thatIIR helps maintain a
large negative resting potential in macrophages (Gallin
& Livengood, 1981; Gallin & Sheehy, 1985; McKinney
& Gallin, 1990; seeGallin, 1991). In undifferentiated
THP-1 cells lackingIIR, IDR may be capable of setting
the resting potential, although its threshold would likely
keep the resting potential at somewhat more positive
values (e.g., −50 to −60 mV) than wouldIIR. The ap-
pearance ofIIR in differentiated THP-1 cells may reflect
a need for the cell to have a more negative resting po-
tential. The reciprocal expression ofIIR and IDR, how-
ever, provides THP-1 cells with a K+ channel capable of

setting the resting potential at all stages of differentia-
tion.

LARGE CONDUCTANCE Ca2+-ACTIVATED ‘‘M AXI K’’
CHANNEL, IBK

Properties

IBK in differentiated THP-1 cells is quite similar toIBK
channels described in a wide variety of cells.IBK chan-
nels are activated by a combination of intracellular Ca2+

and membrane depolarization. At physiological [Ca2+] i
IBK was active only at large positive membrane poten-
tials, e.g., >+40 mV, as can be seen either from the
[Ca2+] i dependence in inside-out patches, or in cell-
attached patches, in which channels were exposed to cy-
toplasmic [Ca2+] i. Increasing [Ca2+] i shifts the voltage-
activation relationship to more negative potentials; thus,
IBK can be activated by increases in [Ca2+] i especially
when coupled with membrane depolarization.IBK chan-
nels have a large unitary conductance, 200–250 pS at
symmetrical high [K+]. In cell-attached patches single-
channel currents exhibited pronounced negative slope
conductance at large positive potentials (>+80 mV), con-
sistent with rapid voltage-dependent block by cytoplas-
mic Na+ (Marty, 1983). MacroscopicIBK is noisy be-
cause of the large unitary conductance, and is potently
blocked by external TEA+, with half-block at <0.5 mM,
consistent withIBK behavior in other cells (Rudy, 1988).

Expression in Other Monocytes

IBK in human macrophages has been described in both
single-channel (Gallin, 1984) and whole-cell studies
(Gallin & McKinney, 1988). A similar channel is pres-
ent in chick osteoblasts (Ravesloot et al., 1990) and rab-
bit osteoclasts (Weidema et al., 1993). In the latter
study, the characteristic negative slope conductance
prominently observed inIBK channels in cell-attached
patches was shown to be due to voltage-dependent block
by intracellular Na+, as first shown in chromaffin cells by
Marty (1983).

IBK is absent from most human peripheral blood
macrophages, but expression increases to >90% after 1–2
weeks in culture (Gallin & McKinney, 1988). Similarly,
IBK was absent from undifferentiated THP-1 monocytes,
but was often present in PMA-differentiated macro-
phages (Table). An intriguing juxtaposition ofIIR and
IBK channels is seen in both differentiated THP-1 cells
and cultured human macrophages (Gallin & McKinney,
1988).

DELAYED RECTIFIER, IDR

Expression in Other Monocytes

The predominance ofIDR in undifferentiated THP-1
monocytes contrasts sharply with its absence in most
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PMA-differentiated THP-1 macrophages (Table). Other
investigators have reported up- or down-regulation of
IDR in macrophages and related cells. Mouse peritoneal
macrophages expressIDR after one to four days in culture
(Ypey & Clapham, 1984), which then decreases after
5–6 days in culture (Randriamampita & Trautmann,
1987). IDR was expressed in freshly-plated J774.1 cells
but then disappeared, asIIR became predominant (Gallin
& Sheehy, 1985).IDR expression in monocyte-derived
macrophages increased after incubation with bacterial
endotoxin, lipopolysaccharide (LPS), or with IL-2 (Nel-
son, Jow & Jow, 1992). Undifferentiated microglia,
which are derived from monocytes, expressIIR (Ketten-
mann et al., 1990), but after induction by LPS to differ-
entiate expressIDR as well (Nörenberg, Gebicke-Haerter
& Illes, 1992). IDR channels are expressed in the human
myeloblastic leukemia cell line ML-1, but disappear after
the cells are induced by PMA to differentiate terminally
(Lu et al., 1993). In general, theIDR conductance ap-
pears to develop a short time after cell isolation or cell
adherence and often disappears over long-term culture.

In a number of cell types there appears to be a re-
quirement for functionalIDR channels during prolifera-
tion. K+ channel blockers inhibit proliferation of human
T lymphocytes (DeCoursey et al., 1984; Price, Lee &
Deutsch, 1989). Unstimulated murine T lymphocytes
express only a fewIDR channels per cell, but the channel
density increases more than an order of magnitude 1–2
days after stimulation with mitogens (DeCoursey et al.,
1987). Block ofIDR but not of Ca2+-activated K+ cur-
rents inhibits growth and differentiation of brown fat
cells (Pappone & Ortiz-Miranda, 1993). K+ channel
blockers also inhibit proliferation of glia (Chiu & Wil-
son, 1989), neuroblastoma (Rouzaire-Dubois & Dubois,
1991), melanocytes (Nilius & Wohlrab, 1992), and renal
tubule cells (Teulon et al., 1992). Undifferentiated
THP-1 cells which are actively proliferating expressIDR,
but after differentiationIDR disappears. Most of these
results suggest a role forIDR channels in actively prolif-
erating cells.

Can IDR Channels Help Set the Resting Potential?

Two hypotheses proposed for the involvement of Kv1.3
channels in lymphocyte proliferation invoke roles in set-
ting the membrane potential or in volume regulation.
The resting potential of T lymphocytes averages −59 mV
(range −35 to −72 mV), is near the threshold for activat-
ing Kv1.3 channels, and fluctuates over a 20 mV range
(Verheugen et al., 1995). Because the input resistance of
these small cells is so high, only a few channels need
open to significantly alter the membrane potential (Ca-
halan et al., 1985). ChTX and other toxin blockers of
IDR depolarize the membrane potential of T lymphocytes
(Leonard et al., 1992). ChTX-sensitive, voltage-gated

K+ channels also maintain the resting potential of human
platelets (Mahaut-Smith et al., 1990). By maintaining a
large negative membrane potential, Kv1.3 channels may
facilitate influx via receptor-activated Ca2+ channels
(Lewis & Cahalan, 1989; Leonard et al., 1992). Whether
IDR channels also contribute to maintaining the resting
membrane potential of THP-1 cells would presumably
depend on whether other K+ channels are present which
might be active under physiological conditions.IIR, if
present, would be expected to predominate. If activated
sufficiently, ISK might set the membrane potential. But
if IDR is the only K+ channel active in a cell, it would
prevent the membrane potential from depolarizing far
beyond its threshold potential.

Do IDR Channels Participate in Volume Regulation?

The second hypothesis is based on the suggestion that
Kv1.3 channels are activated during volume regulation in
lymphocytes (DeCoursey et al., 1985; Cahalan & Lewis,
1988; Deutsch & Lee, 1988). This mechanism has been
extended to include a role in lymphocyte proliferation
(Deutsch & Lee, 1988; Rouzaire-Dubois & Dubois,
1991; Dubois & Rouzaire-Dubois, 1993). The sensitiv-
ity of both proliferation and volume regulation to Kv1.3
blockers is intriguing in light of the fact that block of
Kv3.1, another depolarization-activated K+ channel in
lymphocytes, inhibits neither mitogen-stimulated prolif-
eration (DeCoursey et al., 1987) nor volume regulation
(Deutsch & Chen, 1993). In contrast, neither ChTX nor
4-aminopyridine inhibited regulatory volume decrease in
THP-1 cells (Gallin, Mason & Moran, 1994), thusIDR
apparently does not serve this function in THP-1 cells
(see next section).

SMALL CONDUCTANCE Ca2+-ACTIVATED K+

CHANNEL, ISK

ISK was observed both in control and differentiated
THP-1 cells. MacroscopicISK currents were reported in
J774 and murine peritoneal macrophages (Randriamam-
pita & Trautmann, 1987). An apparently similar macro-
scopic ISK current is present in HL-60 promyelocytes,
and also after differentiation by PMA into macrophages,
but is suppressed in HL-60 cells differentiated into
granulocytes by retinoic acid (Wieland et al., 1992).ISK
channels have been described in human macrophages,
and in contrast withIBK were present at all times in
culture (Gallin, 1989). Most likely,ISK is responsible for
spontaneous membrane hyperpolarizations described in
macrophages (Gallin et al., 1975). In general,ISK ap-
pears to be expressed in macrophages more consistently
than are several other K+ channels.

Because the opening ofISK channels depends on
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[Ca2+] i and not on membrane potential, this conductance
will be activated whenever [Ca2+] i is increased suffi-
ciently. Our data indicate massive activation at >300 nM

[Ca2+] i , and detectableISK current in a minority of cells
even with a low [Ca2+] pipette solution (nominally 46
nM). We interpret this latter result to poor control of
[Ca2+] i in these cells, however, and expect thatISK is at
most minimally active at resting [Ca2+] i. The [Ca

2+] i de-
pendence observed here is in agreement with more quan-
titative studies in which both [Ca2+] i andISK were moni-
tored simultaneously in individual lymphocytes (Griss-
mer, Nguyen & Cahalan, 1993; Verheugen et al., 1995).
Any increase of [Ca2+] i above resting values will tend to
activateISK. [Ca

2+] i is increased in macrophages upon
stimulation with a formyl peptide stimulating superoxide
release (Stickle, Daniele & Holian, 1984), extracellular
ATP (Sung et al., 1985), platelet activating factor, PAF
(Conrad & Rink, 1986), or monocyte chemotactic pro-
tein-1, MCP-1 (Sozzani et al., 1993), and during Fc-
receptor-mediated phagocytosis (Young, Ko & Cohn,
1984; Di Virgilio et al., 1988). However, an increase in
[Ca2+] i is not regulatory for superoxide release (Stickle et
al., 1984) or for phagocytosis (Di Virgilio et al., 1988).
Those stimuli resulting in increases in [Ca2+] i would
likely activateISK, resulting in K

+ efflux and membrane
hyperpolarization. This mechanism has been demon-
strated in mitogen-stimulated rat thymocytes (Mahaut-
Smith & Mason, 1991). In macrophages, ATP activates
ISK (Hara et al., 1990), presumably the result of Ca2+

influx through the ATP-induced conductance (Buisman
et al., 1988).

Challenging THP-1 cells with hypotonic solutions
increases [Ca2+] i and triggers regulatory volume de-
crease, mediated by both cation and anion conductances
(Gallin et al., 1994). The pharmacology is somewhat
suggestive ofISK or possiblyIIR involvement in the cat-
ion fluxes, but existing data do not clearly identify the
channel(s) responsible.

PCR STUDIES OFmRNA FOR K+ CHANNELS

We provide evidence by PCR that theIIR currents in
human THP-1 cells are due to an IRK1-related channel
like that cloned originally in the J774 macrophage cell
line (Kubo et al., 1993). The evidence also suggests that
the channel responsible forIDR is Kv1.3, which has been
found in human and rat lymphocytes (Douglass et al.,
1990; Grissmer et al., 1990; Cai et al., 1992) and in rat
microglia (Nörenberg et al., 1993).

Because the expression of these two K+ channels
changed dramatically during differentiation, we tested
whether these changes were reflected in mRNA abun-
dance. The levels of mRNA for Kv1.3 decreased on av-
erage by 7-fold, whereas the mRNA for IRK1 increased
on average 7-fold. The abundance of mRNA thus

roughly paralleled channel expression in undifferentiated
and differentiated THP-1 cells, suggesting that changes
in either the rate of transcription or of degradation of
mRNA (or both) were responsible for a substantial part
of the changes in channel expression. A more quantita-
tive estimate of the change in the average number of
channels per cell can be made by weighting the current
amplitude (Table) by the percent of cells expressing that
channel. By this calculation, expression of functional
IDR channels decreased 141-fold, andIIR channel expres-
sion increased 180 times during differentiation. Based
on these estimates of channel density, the numbers of
functional channels changed by a factor at least an order-
of-magnitude greater than did mRNA levels.

Comparisons between changes in K+ channel ex-
pression and corresponding mRNA levels in immune
cells have been few. Cai et al. (1992) reported a marked
decrease in Kv1.3 mRNA levels after stimulation with
the mitogen concanavalin A, in contrast with the two-
fold increase inIDR observed in activated human T lym-
phocytes (Deutsch, Krause & Lee, 1989). However, the
changes in K+ channel expression in activated human T
lymphocytes were small, whereas the changes in THP-1
cells were dramatic. No¨renberg et al. (1993) failed to
detect differences in mRNA levels for Kv1.3 in microg-
lia after LPS treatment which increased the fraction of
cells expressingIDR from 7% to 92%, but concluded that
this 13-fold increase in the number of cells expressing
IDR might not result in changes in mRNA detectable by
their technique. We saw essentially noIIR in control
THP-1 cells, and almost never sawIDR in differentiated
THP-1 cells, with >100-fold changes in total channel
expression. The changes in K+ channel mRNA levels in
THP-1 cells were much smaller than those in channel
expression, but the changes were still large and in the
same direction. Thus, posttranscriptional events may
play a role in modulating K+ channel expression. How-
ever, expression of functional channels at three days may
reflect changes in mRNA levels occurring earlier and
possibly subsiding. Thus, it is not surprising that mRNA
levels measured at a specific time point may not correlate
precisely with channel expression. Nevertheless, the ob-
served general correlation between mRNA levels and K+

channel expression provides a powerful tool for future
studies of mechanisms of regulation of ion channel ex-
pression.
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