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Abstract. lon channel expression was studied in THP-1the same direction as did channel expression: IRK1
human monocytic leukemia cells induced to differentiatemRNA increased at least 5-fold, and Kv1.3 mRNA de-
into macrophage-like cells by exposure to the phorbolcreased on average 7-fold. Possible functional correlates
ester, phorbol 12-myristate 13-acetate (PMA). Inactivat-of the changes in ion channel expression during differ-
ing delayed rectifier K currents,Ipg, present in almost entiation of THP-1 cells are discussed.
all undifferentiated THP-1 monocytes, were absent from
PMA-differentiated macrophages. Two*Kchannels
were observed in THP-1 cells only after differentiation
into macrophages, an inwardly rectifying” Kchannel
(I,r) and a C&™-activated maxi-K channelgy). 1,z was
a classical inward rectifier, conducting large inward cur-
rents negative td, and very small outward currents.
I,r Was blocked in a voltage-dependent manner b, Cs
Na’, and B&", block increasing with hyperpolarization. As monocytes differentiate into mature, nondividing
Block by Na& and B&* was time-dependent, whereas macrophages they become capable of a large variety of
Cs" block was too fast to resolve. Rlwas sparingly responses, including chemotaxis, phagocytosis, and se-
permeant. In cell-attached patches with high][iu the  cretion of numerous cytokines and other substances. The
pipette, the singlé,z channel conductance wa80 pS  expression of membrane proteins changes during differ-
and no outward current could be detectégl channels  entiation, in some cases dramatically. Here we explore
were observed in cell-attached or inside-out patches anghanges in ion channel expression in the human leuke-
in whole-cell configuration. In cell-attached patches themia cell line, THP-1, after differentiation induced by
conductance wals200-250 pS and at potentials positive PMA. Our long-term goals include defining channels as
to (1100 mV a negative slope conductance of the unitarymarkers for stages of differentiation, evaluating the
current was observed, suggesting block by intracellulamechanisms by which channel expression is regulated,
Na'. lgc was activated at large positive potentials in and exploring possible functional correlates of different
cell-attached patches; in inside-out patches the voltagepatterns of ion channel expression. A large body of lit-
activation relationship was shifted to more negative po-erature exists describing ion channel expression in vari-
tentials by increased [C4. Macroscopiclgx Was  ous monocytes and related cell lines (Gallin, 1991). One
blocked by external TEAwith half block at 0.35 m. advantage of using the THP-1 cell line over primary
THP-1 cells were found to contain mMRNA for Kv1.3 and human monocytes is a more uniform cell population_
IRK1. Levels of mRNA coding for these Kchannels macrophages which differentiate terminally in different
were studied by competitive PCR (polymerase chain retissues have very different properties (e.g., Peters-
action), and were found to change upon differentiation inGolden et al., 1990), including divergent ion channel
expression (Nelson, Jow & Popovich, 180THP-1
cells are more differentiated than many other monocytic
S cell lines (Hass et al., 1990; Auwerx, 1991) and are com-
Correspondence toT.E. DeCoursey mitted to the macrophage lineage. In contrast, the more
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primitive HL-60 or ML-1 cells can be induced to differ- channels were open simultaneously often enough to establish directly
entiate along either macrophage or granulocytic pathIhe maximum number of channels. When more channels were present,
ways Compared in detail with other cell lines. the current amplitude histograms were constructed, and the probability of

. . .. _each numbert, of simultaneously open channeB(r), measured by
THP-1 model more closely resembles the dlﬁerentlatlorintegrating under the appropriate peak. Assuming a binomial distribu-

of human monocytes (Auwerx, 1991). tion:

Although four of the seven or more types of ion
channels in THP-1 cells were present both before ane(r) = NY(r! (N = 1)!) (Popen” (1 = Poped™™ r=01,...,N
after differentiation, the expression of threé éhannels (€]
changed dramatically, apparently in an all-or-none man-
ner under the conditions of these studies. Inactivatind® 163, Colquhoun & Hawkes, 1985) which is valid if the channels are
delayed rectifier K currents,| pg, Were present in most dentical and independent, we assumed several gues$éard com-

. . pared calculate®(r) distributions with the actud®(r) data to select the
control THP-1 monocytes (Kim, Silver & DeCoursey, optimal value ofN. When more than a dozen channels were present, a

1996), but absent in differentiated cells; “maxi-K™ jower limit for N was obtained by dividing the maximum observeti K
Céa*-activated K channelsl,) and inward rectifier K current at the most positive potential studied (usually RP + 190 mV,
currents [g) were absent from undifferentiated mono- thatis, 190 mV positive to the resting potential) by the unitary current

cytes, but present in many differentiated THP-1 macro-2t that potential. The error in these estimates increased\atid may

phages We identify the molecular species evidently re_be substantial at largd. In cell-attached patches, the total number of

. . channels in the patch often was not well determined, becausé][Ca
sponsible fol pr and| g in THP-1 cells by the polymer- was at physiological levels, and at the most positive potentials tested

ase chain reaction (PCR), and explore the hypothesis th‘ii‘tc,ll,enappeared to be onlyD.5. In inside-out patches in whidh was
changes in the expression of thesé ¢hannels are me-  known (e.g., Fig. 8)Popen COUID be calculated directly, and the ob-
diated by changes in the levels of channel-specificserved distribution fit the binomial prediction well, supporting the in-
mRNA. The observed correlation between mRNA levelsdependence of channel opening.

and K" channel expression provides a powerful tool for

future studi f mechanisms of r lation of ion chan-
u esudeso echanisms of regulation of ion chan-, = .\ o B ooy
nel expression.

Isolation of RNA
Materials and Methods
Prior to amplification of cDNA, total RNA was isolated using TRIZOL
reagent (Bethesda Research Labs, Gaithersburg, MD) according to the
CELL PREPARATION manufacturer's procedures. This is a modification of the acid-
guanidinium-phenol extraction method of Chomczynski (1993). The
THP-1 cells were cultured as described (Kim et al., 1996). To induceconcentration of RNA in any sample was measured by spectrophotom-
differentiation, cells were incubated with 10 ng/ml PMA (Sigma etry. Samples were stored at —70°C until used for reverse transcription.
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 adherind?
to the coverslip fragments were transferred to the recording chamber.
Some cells were studied immediately, others were washed with HBS&Reverse transcription (RT) was carried out using Superscript reverse
(Hanks Balanced Salt Solution) or with RPMI to remove the PMA and transcriptase (Bethesda Research Labs). Each RT reaction was nor-
then cultured in PMA-free media another 1 or 2 days before use inMalized by adding a constantudy of RNA per 20pl reaction volume.
patch clamp experiments. No qualitative differences were observed he resulting cDNA was amplified using one of three primer sets.
between cells studied immediately after PMA treatment and those studl© amplify human IRK1 cDNA, the upstream (sense strand) primer
ied one or two days later; evidently the dramatic changes'ioténnel ~ Was S-ACAGGACATTGACAACGCAG. The downstream IRK1
expression were not reversed rapidly. Differentiation of THP-1 andPrimer sequence was-5CGTGTCCGTACTAGTGCTT. To amplify
other myeloid leukemia cell lines is not permanent; retrodifferentiation Kv1.3 CDNA, the upstream primer was-BTCTTCAAGCTGTCGC-
occurs after 3-4 weeks, with complete reversion of all morphological GCCA and the downstream primer-6GATCACCATATACTCC-
and biochemical changes (Hass, 1992). GAC. We also amplified glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) cDNA (Ercolani et al., 1988) in some control experiments
using primers having the upstream sequenceT6ATGAC-
ELECTROPHYSIOLOGY ATCAAGAAGGTGGTGAAG and downstream sequencé-5
TCCTTGGAGGCCATGTAGGCCAT.

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

1996). Sequencing

everse Transcription-PCR

EstimatingP,pe, for g« Channels The cDNA amplified by PCR was partially sequenced by a thermo-
cycle sequencing procedure which uses dideoxynucleotides for termi-

The total number ofg, channels present in membrane patchgsyas nation of extension. The primer was biotinylated, and a colorimetric

estimated in several ways. In patches with only a few channels, alfeaction employing the biotin complexed with streptavidin and alkaline
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Fig. 1. (A) [K*], dependence dfx. Voltage ramps were applied in Ringer’s solution (4.6 K*) and then in isotonic KRinger's solution (160

mm [K*],) from V,,,,q = 0 mV. Pipette contained Mg-free KMeSQ, filter 2 kHz. (B) Voltage-dependent block df; by Cs in symmetrical high

[K*]in the same cell. Because Tislock is very rapid, the voltage dependence of block is reasonably accurately defined by currents during voltage
ramps. The indicated concentration of CsCl was added‘t®ikger’s solution. €) Voltage-dependent block df; by B&* in symmetrical high

[K*], also in the same cell. B4 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 théseriB voltage-dependent block was obscured because block was substantial
at large negative potentials, and the ramp was too rapid to d|jpshannels to become unblocked.

phosphatase then detected the strands after blotting of the sequenciggl|s (Gallin, 1991). Figure 1 illustra_telgﬁQ currents dur-
gel. ing voltage ramps. In Ringer's solution with 4.5vm
-

Competitive PCR extracellular K, [K ']o, mward'currents were apparent at
membrane potentials negative to —80 mV. When the

The competitive PCR procedure was employed to assay quantitativeljpathing solution was changed to 160 nK* Ringer’s

the amount of cDNA in the RT reactiorsdeGilliland et al., 1990). solution, the inward currents were much |arger and were

A volume of the RT reaction was amplified with the primers for one evident negative to 0 mV. Outward currents in either

channel, in the presence of a DNA fragment which competes for theg) i \vere quite small, and the small bump of outward

same primers. An increasing concentration of competitor DNA was . . . , .

added to aliquots of any RT reaction. Following PCR, the ratio of CUITENt VISIle n .K Ringer’s deCfeaS.ed with depolar-

amplified competitor to amplified channel DNA was used to determineiZation, resulting in a region of negative slope conduc-

the original amount of cDNA. The competitor was constructed by tance. The [K], dependence and strong inward rectifi-

appending the channel primer sequences onto a DNA fragment (PCRation is typical of inward rectifier K currents in many

Mimic™ Construction Kit, Clontech, Palo Alto, CA) via PCR. The ¢gl|s.

length of the competitor was made to be larger than the channel DNA. Inward rectifier channels are blocked by several ex-

The concentration of competitor stock was measured by spectropho:- . . .
tometry or by gel electrophoresis. tracellular cations. FigureBlillustrates that C§ pro-

The products of the PCR reaction were subjected to electropho-dufed potent voltage-dependent block. Block by Kb m
resis. The relative ratios of channel to competitor DNA amplified by CS™ was almost complete at =120 mV, and was relieved

PCR were determined by measuring the ratio of the intensity of fluo-by depolarization, with almost no block at =30 mV. In-
rescence of the two bands in any lane, after staining with ethidiumcreasing C8to 10 mm increased block at all potentials
bromide. To measure the inte‘nsity, an image taken with aC(_ZD camgrgnd shifted the block to more positive potentials. Block
was_analyzed by computer-alded densitometry. To dete_rmme the mby B&* was also voltage dependent, as illustrated in Fig.
tgnsny, bacl_(ground was first subtracted,‘and the amplitude of eacr]LC In thi . t th It ’ d f
pixel of the image was integrated over a fixed area of the gel. " _n IS eXperlmen € voltage was rampe . rom
positive to negative. Even 0.1nmBa?" produced dis-
tinct block, which was markedly enhanced at more nega-
tive potentials. More profound block was seen ath m
Ba?*, and at 10 mn Ba?* block was nearly complete,
although a small inward current dip is still present.
When the voltage was ramped from negative to posi-
Inwardly Rectifying K Current (l) tive, B&* block appeared to be deeper and little voltage-
dependence was observed. This behavior reflects the
PMA-treated cells expressed an inwardly rectifyin§ K relatively slow time-dependence of Bablock; the deep
current (,z) resembling that in other macrophage-relatedblock at negative potentials was not relieved by depolar-

Results

IoN CHANNELS FOUND ONLY IN DIFFERENTIATED
THP-1 CELLs
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10ms 60 mvV
-50 mv 400 pA
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+20 mV L omVv Fig. 3. Whole-celll, currents during voltag_e ramps, in _Ringer’s So-
e 40mV lution (4.5 mM [K'],), and 160 nw Rb* or K Ringer’s solution. In Rb
Ringer’s solution there is distinct inward current, blockable by'Ba
Lmo mv (not shown, indicating that Rb can carry small inward currents
throughl g channelsV,.,, measured without leak correction, shifted 25

mV more negative in Rbthan in K" Ringer's.V,,,,q =80 mV, pipette
KMeSO;.

-3 I‘&
840 ms 160 mv 10ms | At small negative potentials large inward currents turned

A0my M on with a time constant of several msec. This time-

dependent turn-on is another hallmark Igf currents,
and was seen in the absence of @s well. At -40 mV

Fig. 2. Voltage-dependent block df by cations. A andB) Block of th.e inward current in F[Q-IQ became much noisier, and
l,= by Cs' is rapid and strongly voltage-dependent. A cell inRing- ~ Wwith further hyperpolarization beyond -50 mV its am-
er's solution with 1 nw Cs" was held at 0 mV and a 20 msec prepulse plitude decreased (FigB, both features reflecting Cs
applied to +20 mV to “close” the channels and remove any residual hlock. The decay of inward current during large hyper-
block atV,,q = 0 mV. A series of test pulses was applied, ranging polarizing pulses was rapid and complete in <2 msec,

fi +40 to -12 V in -1 Vi ts. Th t i . . . .
fom +40 to ~120 mV in ~10 mV increments. The currents during oy 61 not be distinguished reliably from a capacity
pulses from +40 to -50 mV are superimposedjmand the currents for . C: . f

pulses to —60 through ~120 mV are plottedBnThe strong inward ~ transient. Clearly, Csblock is very rapid.

rectification of this conductance is apparent. During small hyperpolar- Figure Zillustrates the distinctive time dependence

izing pulses the time-dependent activationl gfcan be seen. By -40  of the voltage-dependent block by ImmBa?*. The in-
mV the inward currents are quite noisy, and at potentials negative toyard current was |arge at first and decayed slowly at-20
-50 mV the c_urrents become smaller_, as" @tock is enhanced by mv and more rapidly and completely at more negative
hyperpolarization. The onset of block is too fast to be resolved conyotantials. Under these conditions in the absence of
vincingly. The pipette contained dlval_ent—free_ KMe§®|ut|_on,‘f|Iter B22" little decay of inward current was observed. Volt-
2 kHz. (C) Block of I,z by 1 mv B&?* in K* Ringer’s solution in the . ) )
same cell is slower and strongly voltage-dependent. lllustrated current§d€- and time-dependent block by’Bas another clas-
are in 20 mV increments between +20 and —100 rie,,, was +10  Sical property of true inward rectifiers, includinig, in
mV, filter 2 kHz. (D) Voltage- and time-dependent decay lgf in murine J774.1 macrophages (McKinney & Gallin, 1988).
normal Ringer’s solution in a different cell. lllustrated currents at 0 and In Ringer’s solution,l,z decayed with time during
‘igomvvshow ;osmetl/l leak Cu”et”tv f]‘”d t[‘ﬁ currents at I—1oo Fgrougharge hyperpolarizing pulses, the rate and extent of decay
- mv in — mV Increments snow e Increasin rapia ana . : . . . .
complete block, presumably by the 16@amNa". Vg wasg )—/60 ‘r)nv, InCIeasmg with hyperpolarlzatpn (Fig D3. .When all
filter 2 kHz. Na* was replaced by NM@G this decay disappeared.
The decay reflects time- and voltage-dependent block by
ization as fast as the voltage was rampsele(also be- Na', as has been described fg in many tissues
low). (Ohmori, 1978; Standen & Stanfield, 1979; Biermans,
Block by C$ on the other hand appeared similar Vereecke & Carmeliet, 1987; Harvey & Ten Eick, 1989).
whether the voltage was ramped up or down. This can  Rb*is a weakly permeant blocker of inward rectifier
be explained if C§ block is rapid, and B& block is  channels (Hutter & Williams, 1979; Standen & Stanfield,
slow. Figure 2 confirms this explanation. Figure8 2 1980; Silver, Shapiro & DeCoursey, 1994). Whole-cell
andB illustrate a family of currents during voltage pulses ramp currents are illustrated in Fig. 3 for a cell in Ring-
applied to a cell studied in the presence of 1 1i8s" er's and K Ringer's solutions. The voltage range of
added to K Ringer’s, after a depolarizing prepulse in- channel activation shifted along with, and small out-
tended to remove any block and to “close” the channels.ward currents were present just positiveEg both in
Very little current was observed at positive potentials.Ringer’s and K Ringer’s solutions, as was shown in Fig.

1 mM Ba2+ 150 mM Na+*
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1A. When K’ Ringer’s solution was replaced with Rb i (pA) |
small inward currents persisted, avid, shifted[(25 mV

more negative. As in skeletal muscle (Standen & Stan-Voltage (mV)
field, 1980) and endothelial cells (Silver et al., 1994), -120 -80 -40 40

in THP-1 cells has a relative permeability to ‘Rabout — e
0.4 that of K, calculated with the Goldman-Hodgkin-
Katz voltage equation, but a relative conductance <10%
that of K". 4-2

Single IR Channels

Single I,z channels could be identified in cell-attached
patches by the absence of outward current and high open
probability at potentials negative tB,. The average
leak-subtracted single open channel current-voltage reld=ig. 4. Singlgl_,R channel gurrent-voltage relationship in an inside-out
tionship is plotted in Fig. 4 for a patch containing one patch, containing one activg; channel. The slope conductance mea-

active |.. channel. The slope conductance was 30—3 ured between -140 and -40 mV was 34 pS, measured closgg,to
IR ’ p he conductance was 31 pS. Averaged closed-channel records were

pS, similar to that ofl,z channels in J774.1 cells (MC- gyptracted from averaged open-channel records. Because no distinct
Kinney & Gallin, 1988). The inside-out patch configu- openings were detected at potentials positiv¥tg, records in which
ration allowed exploration of the effects of intracellular the I,z channel appeared to be open over the entire voltage range
divalent cations on thég channel. Little difference in  negative tov,., were included in the “open” average. Pipette solution
either current amplitude or open probability was detectec #M C&" KMeSO;, bath solution Mg-free KMeSQ The unitary
after 5 min exposure to KMe%@olutions Containing conductance, the higR,,.,at negative potentials and absence of de-

o4 + . . tectable openings positive ¥, were indistinguishable in this patch
1.9 mv Mg™, 10 pm Ca* ora nominally divalent-free when exposed to 1.9mMg?* or 10um Ca2* KMeSG; solutions (each

50|Uti0£‘- Appargntly th¢lR qhannel is neither _activated for 5 min) from the behavior in divalent-free KMe$®olution. The
by ce i nor is its rectification (as observed in voltage voltage was ramped from —140 to +80 mV at 0.88 V/sec, filter 1 kHz.

ramps) the result of block by Mg.

LARGE CONDUCTANCE Ca&*-AcTIVATED K* positive potentials. Similar sublinearity has been attrib-
CURRENT (I gx) uted to diffusion limitation in the approach of'Ko the
Igx channel mouth (Yellen, 1984). Diffusion limitation

Large-conductance, voltage- and calcium-activatednay contribute at positive potentials as well, but could
“maxi-K” or gk channels were observed in cell- not cause negative conductance.
attached or excised inside-out patches, and in whole-cell The voltage dependence lgfi opening can be seen
currents. in the cell-attached patch experiment illustrated in Fig. 6.

In cell-attached patchek; channels could be iden- Two brief channel openings can be seen at +40 mV. At
tified by their large unitary conductance, activation only +80 mV up to 5 channels were open simultaneously, and
at extreme positive potentials, and by a characteristi@all channels were closed only infrequently. By +120 mV
negative conductance region at voltages positive to abouhany channels were open throughout the pulse. Atlarge
+100 mV. To facilitate recording channels, we rou- positive potentials the individual current levels are hard
tinely ramped the voltage rapidly from large positive to distinguish, partly because the number of open chan-
toward negative potentials, so that any open channethels was large, but partly because of the increased open-
would tend to remain open for some time before closing.channel noisecf. Fig. 54). Clearly the probability of the
Figure A illustrates a single leak-subtracted ramp cur-lg, channel being opei,,., is voltage dependentgy
rent in which onelgc channel remained open to about events were detected in most patches at +60 mV al-
—20 mV. The maximum slope conductance was 220 pSthoughP,,.,was small, and at +40 mV with even lower
and in the negative slope conductance region the operR,,., Thus in intact cells|g channels would be acti-
channel noise was clearly increased. This negative convated only during large depolarizations or when{Ga
ductance region was observed inlglk channels in cell- is increased.
attached patches, and is reminiscent of the voltage- P,,., at different voltages was measured in cell-
dependent block off;, outward current by cytoplasmic attached patches with*KRinger’s solution in the bath to
Na* (Marty, 1983). “clamp” the resting potential near 0 mV. The total

The average open-channel current-voltage relationnumber ofl g channels present was estimated in several
ship for thelgk channel in Fig. B is plotted in Fig. B.  ways described in Materials and Methods. Figure 7 il-
Thel-V relation is sublinear (i.e., the slope conductancelustrates the voltage dependencePgf,,in a patch es-
decreases) at large negative potentials as well as at larginated to contain 1325 channels. Superimposed on
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50 ms
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« (mV)
160
160 120 80 40 (0] -40 -80
Voltage (mV) ' 120
80
! ) 40
B i (pA)
Fig. 6. lgk currents in a cell-attached patch. Frfp, =0 mV pulses
were applied, with currents illustrated at 40 mV increments. Discrete
110 single-channel levels can be seen up to +80 mV, but at more positive
potentials they are not clearly distinguishable. Pipette contained
KMeSO, and the bath K Ringer's solution. Filter 1 kHz, sample
interval 0.5 msec.
150 50 -50

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

The [C&"]; dependence ofg, channels could be
defined in excised inside-out patches. Figure 8 illus-
trates an experiment on an inside-out patch which con-
Fig. 5. (A) Singlelg, channel current in a cell-attached patch. One tained 5lg channels and remained stable for about two
channel was open at the beginning of the ramp and except _fcir briehours. The left-hand panel illustrates superimposed
closures, remained open to about —20 mV. The bath contairfed Kpatch currents during 8 consecutive pulses to each of

Ringer’s solution to depolarize the resting potential of the cell; in ramps | d larizi It The bath di
like this one in which a channel was open\at,, the current reversed several depolanzing voftages. € bath, corresponading

consistently at +2 mV, indicating that the membrane potential was kepf©® the intracellular solution, contained {im [Ca].

near 0 mV. The voltage was ramped rapidly from positive to negativeSeveral properties are apparent. Fiif,.,is voltage

so that open channels would stay open to more negative potentials thadependent, Only two openings were seen at +20 mV.
during up ramps. The averaged current from ramps or segments oAt +40 mV, one channel was open often, and occasion-
ramps in which no channels were open has been subtracted from thﬁlly two. At +100 mV, all six current levels are distinct,
current record. The negative conductance region positive to +100 m\</vith all 5 channels open in some pulses. It is also evi-

was observed consistently, and was also observed when the voltage Wzas hat it tak . for the ch | h thei
ramped from negative to positiveB) Singlelg, open-channel current- entthat it takes some time for the channels to reach their

voltage relationship for the same experiment illustratediThe av-  Steady-stat®,,eat algi_V.en potential. At ea.Ch poteptial,

erage of ramp current segments selected when no channels were opgRost channels were initially closed, Wiy ,eqincreasing

was subtracted from the average of currents selected when one chanr@Uring the pulses_

was open. The slope conductance at its maximum (Meg) was To determine the steady-staftgpenat various voltages

220 pS. and [C&"]; , currents were recorded continuously at several
Vot Amplitude histograms were constructed to deter-
mine the probability of each number,of open channels,

¢ P(r) (cf. Eq. 1), and finallyP,,.,was calculated as:

Voltage (mV)

the data points is th@,,.;V relationship fitted by a
Boltzmann distribution, which was forced to limit a
0.95. The averag®,, from similar fits in six patches p  _ {SIPOYN r=12,...,N )
was +171 + 18 mV (mean #p), with an average slope ~ °"*" B

factor, Vqope —19.6 + 6.2 mV. Because of errors in the where N is the total number of channels, five in this
estimate orN and the possibility that KRinger's in the  patch. The open probability at three g and several
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r 1.0

Popen

0.5

160

120
Voltage (mV)

80

Fig. 7. Open probability,Py,., Of Ig channels in a cell-attached
patch. The bath contained"KRinger’'s solution, and data are plotted
assuming that the membrane potential was 0 mV. There weig,12

147
P
opPeny 0
A B
*
10 yM 3pM
*
"Iy
80 mV — 0.4
e 00
- 60mv — ‘y‘:"ff/
- 80 40 o 40 = 80
40mv ~ Voltage (mV)
~ 20mv *

Fig. 8. (A) Voltage and time dependencelg@f currents in an excised
inside-out patch. Pipette g@m [Ca®*] KMeSO; solution, bath 1um

[Ca®*] KMeSO; solution. Currents recorded during 8 consecutive
pulses to each of the indicated potentials are superimposed. There were
five 15« 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 independeB}.Steady-state open prob-
ability, P,,e, for thelg, channels in the patch illustrated A& Mea-
surements were made with bath (i.e., internal) solutions containing 0.3

channels in this patch, determined from thirteen discrete levels of curum (A), 3 um (), or 10 um (M) [C&2"]. The curve shows the best-
rent seen at +180 mV, and reasonable agreement between the observiigeing simple Boltzmann function to the data atds [Ca2*], with
probability of observing each level and that calculated with the bino-midpoint, v, == 7.5 mV, slope factorVge,e = -10.3 mV, and
mial theorem ¢eeMaterials and Methods). The curve shows the best-p, . .. = 0.946; data at other [€4§ are connected by lines for

fitting (by nonlinear least squares) Boltzmann, with maximBg.,

clarity. Currents were recorded continuously at each potential, ampli-

constrained at 0.95 because it was not well-defined by these data, wittude histograms constructed, and the area under each peak calculated,

fitted Vo, + 172 mV andV . —21.7 mV.

voltages is plotted in Fig. B At 3 um [Ca®]; Pypen

increased from nearly 0 at -60 mV to nearly 1.0 at +40

mV. Increasing [C&T; to 10 um shifted Pgpento more
negative potentials, increasirg,,., at each potential.
The maximumP,,.,was 0.97-0.98, similar to previous
observations in other cells. Lowering [€} to 300 m
shifted theP,,.;V relationship to more positive poten-
tials. Comparison withP,,.;V relationships in cell-
attached patches (Fig. 7) suggests thaf{f;a 300

in intact THP-1 cells. The slope factor ap® [Ca®*]; in

to obtainP,,,, 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.

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 cledg, component are il-
lustrated in Fig. 9. A few singlég channel openings
are evident at +40 mV and the current rapidly increased
in amplitude with further depolarization. When the bath

Fig. 8 was —10 mV, comparable with that reported in ClI~ was replaced by MeS{(B), the noisy fluctuations

other cells (Rudy, 1988), whereas in cell-attached patchattributed tolg, were still present, but the pedestal of
configuration the apparent slope was less steep, witlturrent at all positive potentials was reduced. Most of
Vaiope N€2rly =20 mV ¢€f. Fig. 7). Because of the possi- the time-independent current pedestal is thus attributable
bility that the membrane potential of the cell changes dueo anion current, which was reduced but not abolished in
to the largelgk currents flowing through the cell- MeSG; solutions. Further depolarization elicited larger
attached patch membrane, especially at large positives, currents, as illustrated in FigQin the same cell at
potentials, the excised patch data are more reliable. lower gain. The g, currents in Fig. 8 andC are quite
Macroscopiclgx was seen in the whole-cell con- similar to those in the cell-attached patch illustrated in
figuration, and resembled that described in human macFig. 6. Within about 100 msec after the start of each
rophages (Gallin & McKinney, 1988). Its identification pulse,lg reached a steady-state level of activation and
was complicated in some cells by the presence of othethereafter appeared to be time-independent, with no in-
channels, particularly chloridé4) and nonselective cat- activation.
ion (I;.)- Nevertheless, in many cellg, was clearly Block of |5 by TEA" is illustrated in Fig. 10. Typi-
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Fig. 9. Igk currents in Ringer’s solution with C(A) with CI™ replaced by MeSQ(B). In both solutions identical pulse families are plotted, in 20
mV increments between -80 and +100 mV, frdfn,, —60 mV. (C) Same conditions as iB, 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 toAbantld B. Filter 2 kHz inA and 1 kHz inB and

C. Pipette contained KMeS@solution, with nominally 38 m C&?*.

after differentiation by PMA. Undifferentiated THP-1
TEAT (mM) monocytes consistently expressed five channkls;
lsk I leap @ndlg.. PMA-differentiated cells expressed
six ion channelst g, Ik, lsks s lcar @Ndlg. I1g @andlgk
were found almost exclusively in differentiated cel|sg
was found almost exclusively in undifferentiated cells,
while lgy, g, I, andl ., were found in both. In the
following, we describe the criteria used to decide wheth-
er a particular channel was present.

250 pA

60 ms

Voltage (mV)

1 T v
-120 -80 -40 0

-

Delayed Rectifier, dr

Nearly all undifferentiated THP-1 cells tested in Ringer’s

solution (99%, Table) expressddg. The presence of
Fig. 10. Whole-cell ramp currents in a cell with prominegg andl g Ipr Was established by its characteristic inactivation with
currents. The bath contained Ringer’s solution, the pipette KCI, witht; several hundred msec and slow recovdry was
nominally 38 m C&*. Three consecutive ramps in each solution are gctivated by depolarization above threshold potentials
superimposed. The traces are labeled according to the concentration gfnd decreased progressively during repeated voltage
TEACI added, and the 0 TEAdata were recorded after washout of 30 ramps (illustrated in Fig. B, Kim et al., 1996). The

mMm TEA*. Thel,; current was rapidly and reversibly reduced by 30 . . . .

v TEA*. AIthOLIJthhehR Curremevasysnghﬂy |argeri3r/]0.5mTEA3/ amplitudes summarized in the Tablg are thg difference

than in Ringer's, this may reflect incomplete washout of TEA between the currents at +80 mV during the first and last
ramp, i.e., the inactivating component of outward cur-
rent, and therefore underestimajg, but unequivocally

cal of PMA-differentiated cells, there was prominépt  reflect this conductance. No other channels in these cells

current at potentials negative #,, andlgc Which is  inactivated. The average amplitudel gf, was 378 pA at

evident positive to about +20 mMgy exhibits charac-  +80 mV in control THP-1 cells. This conductance was

teristically large fluctuations. Addition of 0.5MTEA™ rarely (4%) detected in differentiated cells.

to the bath solution reduced the outward current by

>50%. Thirty mv TEA" virtually abolished the outward + oot

current. In gther experimentsyin which several concen-Caz activated K- Channels, 4

trations of TEA were applied, the half-blocking concen- \yhen 10um Ca2* was present in the internal solution, a

tratio+n.of'T.EA+ was estim.ated to be 0;35W°r lek-  time-independent K conductance|g,, was present in
TEA” inhibited I,z weakly; 30 nu TEA" rapidly and  gyery cell studied. Even using the “standard” pipette

reversibly reducedr by about 30%. solution, with [C&"]; buffered to nominally 38 m, there
were small currents resemblirig, in some cells. This

CHANGES IN |ON CHANNEL EXPRESSIONDURING may mean that this conductance is activated to a small

DIFFERENTIATION OF THP-1 C=LLS extent even at low [C4], , but could also reflect imper-

fect control of [C&"]; by EGTA, which is a rather slow
The Table summarizes the occurrence and amplitudes @& buffer. Because it is not voltage-gateddy is dif-
the major ion channels found in THP-1 cells before andficult to isolate from other conductances. We therefore
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Table. lon channel expression during THP-1 cell differentiation

Undifferentiated monocytes PMA-differentiated macrophages
Channel % expressing Amplitude % expressing  Amplitude
lor (PA) 99 (81/82) 378 +339 (57) 4 (2/45) 60
Ik (NS) 100 (22/22) 2.3+ 1.8(21) 100 (5/5)
Igk (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)
I, (PA/PF) present 16.6 + 8.8 (10) present 7.2+ 5.2 (22)
lcat (NS) 66 (37/56) present 32 £33 (6)
I 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 memfot(n) cells, including

only cells expressing the conductantgs amplitude is the current at +80 mV which inac-
tivated during repeated voltage ramps in Ringer’s solution witkcntaining pipette solu-
tions with < 3pm C&*. I, amplitude is the slope conductance measuredatin Ringer's
solution in cells studied at 1av [Ca2*];. |z amplitude is the estimated number of channels
per cell-attached patchg amplitude is the slope conductance in Ringer’s solution near =100
mV, after subtraction of leak estimated at more positive potentjalsas seen in nearly every

cell. 1., at +40 mV at pH 7.0//pH 5.5 is normalized to cell size and was taken from Fig. 2,
DeCoursey & Cherny, 1996, is the slope conductance between +80 and +100 mV for
pipette solutions with Kor Na" as the cation; in 9 cells studied with TMAn the pipettd ..,

was not seerl, was studied with TMACI or TEAMeSQpipette solutions to preclude other
outward current carriers, and was considered present if outward current was reduced when Cl
was replaced with MeSD Seetext for further details.

arbitrarily quantitatedg, only when the whole-cell cur- inflection, but has a more uniform conductance in this
rents reversed negative to —60 mV in Ringer’s solution.voltage range. In many, but not all cells, the bath was
Because thég, amplitude was not well-determined, we changed from Ringer’s solution to*KRinger’s to con-
have not attempted to compare its amplitude in controfirm the shift with E, of the voltage range of activation
and differentiated THP-1 cells. The value for the slopeof Iz, and to increase thigz amplitude. I,z was almost
conductance dfg is given in the Table only as a general never seen in undifferentiated THP-1 monocytes, but
benchmark. was present in the majority of differentiated THP-1 mac-
rophages.

Ca**-activated “maxi” K* Channels, 4«

The entries in the Table fog, include only observations H™ Currents, |,

in cell-attached patches. We sy in many whole-cell

experiments (e.g., Figs. 9 and 10) (only in differentiatedy/qjiage-activated M selective currents were observed
THP-1 cells), but could not reliably estimate its ampli- hoth in undifferentiated and differentiated THP-1 cells.
tude due to the possibility that other conductandgs ( The properties of these currents, and changes during dif-
|cad Might be present. Maerchanngls were searched ferentiation are described elsewhere (DeCoursey &
for in cell-attached patches by ramping the voltage rapcherny, 1996). M current activation was slower and its

idly from RP + 190 mV down to RP - 40 mV, aftet®5  gensity decreased by about one-half in differentiated
msec prepulse to RP + 190 mV. Wheg channels g5

were present, they usually were elicited by this proce-

dure. If no channels were observedR0O0 ramps, the

lgx channel was considered absent in that patch. NumNonselective Cation Currents,,}
bers of channels were estimated as described in Materials

and Methods.lgx channels were often observed in =
patches or in whole-cell records of differentiated THP-1A time-independent outward current) was observed
cells. but were never observed in control THP-1 cells. N addition to the inactivating outward'Kcurrent in two-

thirds of undifferentiated THP-1 monocytes. This con-
Inwardly-rectifying K~ Channels, | ductance was observed with" K32/49) or Na (5/7) but

not TMA™ (0/9) in the pipette solution. Therefore this
l,r was defined by a clear inflection of inward current channel conducts small cations rather indiscriminately,
negative toE. In contrast,lgc does not exhibit this but not large cations. The data in the Table therefore
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that Kv1.3 was responsible fdpg and IRK1 for | .

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
Fig. 11 Identification of channel_s expr_es_sed in THP-l cells. DNAwas the known sequence, 478 BP (K. Folander, S. Lin, G.
ampllfled by PCR and stained with ethidium br_omlde after .electrophofKoo and R. Swansonunpublished GenBank locus
resis in an agarose gel. Lane 1, molecular weight marker increasing in ! . N .

123 BP increments (from bottom to top). Lane 2, reverse transcriptionHUMPOCH)- The band obtained .USIng the IRK1 primer
was applied to isolated RNA from PMA-differentiated THP-1 cells, S€t (lane 2) was also of the predicted size based on the
followed by PCR to amplify cDNA using IRK1 primers. Lane 3, same Sequence of human heart IRK1, 356 BP (Raab-Graham,
procedure as lane 2 using primers for Kv1.3 on cDNA from undiffer- Radeke & Vandenberg, 1994)_ The gel also shows bands
entiated THP-1 cells. Lane 4, competitor DNA used for measuremenpf DNA in two lanes which were constructed to be used

of Kv1.3 cDNA. Lane 5, competitor DNA for measurement of IRK1 for the Competitive PCR assay of mMRNA Ievelsee
cDNA. Lane 6, DNA amplified by PCR applied to human genomic belovx)

DNA using the G3PDH primer set. Lane 7, PCR using G3PDH primers g . -
was applied to a RNA sample in which reverse transcription was ab- Because amplified DNA could possibly originate
sent. Lane 8, same procedure as lane 2 and amplified with G3PDHrOm genomic, rather than cDNA, we tested for the pres-
primers. Comparison of lanes 7 and 8 reveals reverse transcription ience of genomic DNA in the total RNA samples. A
required for amplification of DNA from total RNA, confirming that the typical examp|e experiment is also shown on the ge| in
bands origina_lte from mRNA. Note that ar_npl?fication of IRK1 and Fig. 11. G3PDH can routinely be amplified from human
Kv1.3 cDNA in samples from_ THP-1 cells indicates that mRNA for genomic DNA (Iane 6). Although G3PDH cDNA could
these two types of channels is represented. - . .

be amplified from total RNA following reverse transcrip-

tion (lane 8), no amplification was obtained for PCR of
include only K" and N4& pipette solutionsl . increased total RNA from the same isolation but without reverse
dramatically with depolarization during either voltage transcription (lane 7). This result indicates that genomic
ramps or pulses. In rampg,, did not inactivate, in con- DNA is not present in the sample. Although the G3PDH
trast withly; in pulses it was time independerif,,,was  gene has a small intron in the amplified region (Ercolani
not reduced when Clin the bath was replaced with et al., 1988), the genome contains numerous processed
MeSG;. Given the development off,; with time in  pseudogenes (Arcari, Martinelli & Salvatore, 1989)
whole-cell configuration and the possible presence ofwhich likely are amplified in this procedure.
other currents, the amplitude bf,; should be considered
approximate.l,,was clearly present in some differenti-
ated THP-1 macrophages, but in cells with laigg
currents, the presence ¢f,, was hard to establish.
Therefore we cannot determine whether its expressione used a BLAST analysis (Altschul et al., 1990) to

Comparison of Sequence with Known Channels

changed after differentiation. compare the sequence of our cDNA fragments with all
known sequences in the GenBank and EMBL databases
Chloride Current |, (657,579 sequences). To positively identify the PCR

products obtained using the channel primers, we partially
Ic; was considered present when replacing @fth  sequenced the resulting cDNA. The sequence obtained
MeSG; reduced the outward current and shiftéd, to  in single-pass sequencing for the IRK1 cDNA fragment
more positive potentialslc, was present in practically of 195 bases in fact matched that of nucleotides 949 to
all THP-1 cells in which it was searched for, regardless]145 of the known sequence for the human inward rec-
of state of differentiation.c, ran down fairly rapidly in  tifier channel HH-IRK1 (Raab-Graham et al., 1994). A
THP-1 cells, and was not studied extensively. Its tranpartial (260 base) sequence from our Kv1.3 product ex-
sience precludes meaningful quantitative comparisons. actly matched that of nucleotides 1109 to 1369 for the

human voltage-gated ‘Kchannel Kv1.3 (Folander et al.,
MOLECULAR IDENTIEICATION OF CHANNELS EXPRESSED loc cit; see alsoCai et al., 1992) The results therefore
IN THP-1 CELLs indicate that both IRK1 and Kv1.3 Kchannel mRNA

species are found in THP-1 cells, suggesting that these
The physiological and pharmacological characteristics othannels contribute to the inward and outward mem-
the whole cell currents were consistent with a predictionbrane currents respectively.
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CHANGES IN MRNA ABUNDANCE IN THP-1 CELLs A, OJ

IRK1 mRNA
AFTER DIFFERENTIATION

S e Undifferentiated
As described above and in the Tablgg was present in ‘é 1 Differentiated
almost all undifferentiated THP-1 monocytes but almost € 907 ==~
never in differentiated macrophages, wherégswas o _05_‘
found almost exclusively in differentiated cells. We ex- ¥ |
plored whether changes in mRNA abundance could ex-E 1.0
plain these changes in'Kchannel expression. The levels 3

of MRNA associated with the IRK1 and Kv1.3 channels  -1.57
were measured in differentiated cells and in a matched 55 | 50 <45 40 a5 a0 25
culture of undifferentiated cells. The results of a com- B 300_' ‘ : ' ’ ‘ '
petitive PCR experiment which determined changes in= " |

MRNA following differentiation are shown in Fig. 22

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 thagc'; 0.00
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 4 54 ——

was more cDNA present. Because the cDNA in each 55 50 -45 -40 35 30 -25
sample is derived from a constant amount of total RNA, Log Competitor

the difference in cDNA is associated with a difference in

MRNA for this species of channel. A difference in Fig. 12. Determination of changes in IRK1 and Kv1.3 mRNA inferred
Kv1.3 mRNA was also found, as shown in Fig.Bl.Z using competitive PCR of cDNAA) PCR was applied simultaneously
In these same RNA samples, the amount of Kvi1.3© cDNA obtained from either undifferentiated or differentiated THP-1
mRNA was less in the differentiated cells. cells. The ratio of the signal associated with amplified IRK1, relative to

The change in the concentration of competitor giV_that qf the competitor, was mea_sured as the c_oncentration of cqmpetit_or

. S : was increased. The concentration of competitor added to obtain a ratio

ing equal amplification of channel cDNA and competitor of 1 (jog 1 = 0) was higher in the sample from differentiated cells,

DNA (log ratio = 0) was used to determine the percentindicating that the cDNA in that sample was greater. The direction and

difference in cDNA between two samples. The abun-magnitude of the increase is shown by the arrow. The concentration of

dance of mMRNA for IRK1 in undifferentiated monocytes the competitor is given as the dilution of a stock of 100 attomples/

was only 20% of the level found in matched cultures 0f(B) Kv1.3 F:DNA was megsured from the same cDNA samples usgd for

differentiated cells in two experiments and was only 1961¢ &periment shown i Note that the level of Kv1.3 cDNA is

. . . igher in the sample from undifferentiated cells.

in a third experiment. In the same samples, the level op

Kv1.3 mRNA in differentiated THP-1 macrophages de-

creased to 13.7 £ 8.6% (mearsg n = 3) of the value

found in undifferentiated cells. Thus, although there waszero within about 50 mV positive t&,. The single

substantial variability, there was a dramatic decrease ighannel conductance in symmetrical high'TKs about

mRNA for Kv1.3 and a large increase in mRNA for 30 pS, and in cell-attached patches no outwiggccur-

IRK1 in differentiated cells. rent can be detected. Thg turns on with time during
hyperpolarizing pulses in a [§,- and voltage-dependent
manner. This time-dependent turn-on has been inter-

Kv1.3 mRNA

mpetitor

-0.75 4

Discussion preted as an “intrinsic gating” process in other cells
(e.g., Matsuda, Saigusa & Irisawa, 1987; Silver & De-

INWARDLY RECTIFYING K* CURRENT, |, Coursey, 1990), and recently has been ascribed to a volt-
age-dependent unblock by intracellular polyamines (Fak-

Properties ler et al., 1994; Lopatin, Makhina & Nichols, 1994). In

any case, this time-dependence is another hallmak|g of
I,r channels in PMA-differentiated THP-1 macrophagescurrents. The voltage-activation relationship shifts along
exhibit all of the properties of classical “strong” inward the voltage axis in parallel witW,., when [K'], is var-
rectifiers. There are large inward currents negativeto ied. I\ is blocked in a voltage-dependent manner, with
and a small bump of outward current which decreases tblock increasing with hyperpolarization, by NaCs",
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and B&*. Block by Na and B&" is time-dependent, setting the resting potential at all stages of differentia-
with the rate of block increasing with hyperpolarization; tion.
any time-dependence of Célock was too fast to re-

solve. LARGE CONDUCTANCE C&*-ACTIVATED “M Axi K”
CHANNEL, lgx
Expression in Other Monocytes Properties

Igk in differentiated THP-1 cells is quite similar tQ,
channels described in a wide variety of cellg, chan-
nels are activated by a combination of intracellulafCa

l,g in THP-1 cells is similar to that in mouse peritoneal
macrophages (Gallin & Livengood, 1981), J774 cells

(Gallin & Sheehy, 1985; Gallin & McKinney, 1988; -4 membrane de At ; ;
: . . , polarization. At physiological {ga
McKinney & Gallin, 1988), HL-60 cells differentiated s Was active only at large positive membrane poten-

into macrophage-like cells (Wieland, Chou & Gong, yj5is e g. >+40 mV, as can be seen either from the
1990), rabbit osteoclasts (Ke“y, Dixon & Sims, 1992), [CaZ-PJI dependence in inside-out patCheS, or in cell-

and mic.roglia (Kettenman_n, Ban{:\ti & Walz, 1993)g attached patches, in which channels were exposed to cy-
expression changes predictably in several macrophagc-[:(—)pmsmiC [C&",. Increasing [C&]; shifts the voltage-

r?Ia'ted Ce”S,'IIR appears'in ﬁ77ﬁ'1 fte"S 2h_4 hr after Iactivation relationship to more negative potentials; thus,
plating, and is expressed in all cells after adherence (GarBK can be activated by increases in f(a especially

lin & Sheehy, 1985); the increase i channel density \;han coupled with membrane depolarizatidgg chan-

was prevented by cyclohexamide (McKinney & Gallin, o5 have a large unitary conductance, 200-250 pS at

1990). I\, appears in murine macrophages after a fewgy ymetrical high [K]. In cell-attached patches single-
days in culture (Gallin & Livengood, 1981; Randria- y gh [K]. P g

X channel currents exhibited pronounced negative slope
mampita & Trautmann, 1987). HL-60 cells develpgp

. . oo conductance at large positive potentials (>+80 mV), con-
when induced by PMA to differentiate into macrophages.gisient with rapid voltage-dependent block by cytoplas-

but not when induced to differentiate along the granulo-miC Na' (Marty, 1983). Macroscopita is noisy be-
cyte lineage (Wieland et al., 1990). Rat osteoclasts._ W'ﬂl:ause of the large unitary conductance, and is potently
spread morphology expresség, whereas those with p,cpqq by external TEA with half-block at <0.5 mu,

rounded shape exprességl; (Arkett, Dixon & Sims,  qngjstent with,, behavior in other cells (Rudy, 1988).
1992). In human monocyte-derived macrophages, how-

ever, expression dfz was independent of adherence or Expression in Other Monocytes

time in culture (Nelson, Jow & Jow, 1980 We ob- _ ) _
servedl  rarely in undifferentiated THP-1 monocytes, ek in human macrophages has been described in both
but in a majority of PMA-differentiated (and adherent) Single-channel (Gallin, 1984) and whole-cell studies
macrophages (Table). The general pattern emerginéGa!“” & McKinney, 1988). A similar channel is pres-
from most studies is thdi, expression in macrophages €ntin chick osteoblasts (Ravesloot et al., 1990) and rab-
appears to be correlated with adherence or with differRit osteoclasts (Weidema et al., 1993). In the latter
entiation. Because there are quite real differences bestudy, the characteristic negative slope conductance
tween macrophages in different tissues and at differenrominently observed irg, channels in cell-attached

stages of differentiation and activation, more explicit Patches was shown to be due to voltage-dependent block
generalization may not be possible or fruitful. by intracellular N&, as first shown in chromaffin cells by

Marty (1983).
lgk is absent from most human peripheral blood

Possible Functions dfg macrophages, but expression increases to >90% after 1-2

weeks in culture (Gallin & McKinney, 1988). Similarly,
There is substantial evidence thgt helps maintain a s« Was absent from undifferentiated THP-1 monocytes,
large negative resting potential in macrophages (GalliPut was often present in PMA-differentiated macro-
& Livengood, 1981; Gallin & Sheehy, 1985: McKinney Phages (Table). An intriguing juxtaposition 6f and
& Gallin, 1990; seeGallin, 1991). In undifferentiated !ex channels is seen in both differentiated THP-1 cells
THP-1 cells lackingl,r, | May be capable of setting @nd cultured human macrophages (Gallin & McKinney,
the resting potential, although its threshold would likely 1988).
keep the resting potential at somewhat more positive
values (e.g., -50 to 60 mV) than woulgy. The ap- DELAYED RECTIFIER, Ipg
pearance of  in differentiated THP-1 ceII§ may rejlect Expression in Other Monocytes
a need for the cell to have a more negative resting po-
tential. The reciprocal expression @ andlpg, how-  The predominance ofpg in undifferentiated THP-1
ever, provides THP-1 cells with a'kchannel capable of monocytes contrasts sharply with its absence in most
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PMA-differentiated THP-1 macrophages (Table). OtherK* channels also maintain the resting potential of human
investigators have reported up- or down-regulation ofplatelets (Mahaut-Smith et al., 1990). By maintaining a
Ipr in macrophages and related cells. Mouse peritonedhrge negative membrane potential, Kv1.3 channels may
macrophages expreks; after one to four days in culture facilitate influx via receptor-activated €4 channels
(Ypey & Clapham, 1984), which then decreases aftefLewis & Cahalan, 1989; Leonard et al., 1992). Whether
5-6 days in culture (Randriamampita & Trautmann,lyg channels also contribute to maintaining the resting
1987). I was expressed in freshly-plated J774.1 cellsmembrane potential of THP-1 cells would presumably
but then disappeared, §s became predominant (Gallin depend on whether other'kchannels are present which
& Sheehy, 1985)I,; expression in monocyte-derived might be active under physiological conditionsz, if
macrophages increased after incubation with bacterigbresent, would be expected to predominate. If activated
endotoxin, lipopolysaccharide (LPS), or with IL-2 (Nel- sufficiently, |« might set the membrane potential. But
son, Jow & Jow, 1992). Undifferentiated microglia, if Ipg is the only K channel active in a cell, it would
which are derived from monocytes, exprégs(Ketten-  prevent the membrane potential from depolarizing far
mann et al., 1990), but after induction by LPS to differ- beyond its threshold potential.
entiate expresk,i as well (Naenberg, Gebicke-Haerter
& llles, 1992). |, channels are expressed in the human
myeloblastic leukemia cell line ML-1, but disappear after
the cells are induced by PMA to differentiate terminally o _
(Lu et al., 1993). In general, thi,, conductance ap- The second hypotheS|§ is baseq on the suggestion t.hat
pears to develop a short time after cell isolation or cellKv1.3 channels are activated during volume regulation in
adherence and often disappears over long-term culturelymphocytes (DeCoursey et al., 1985; Cahalan & Lewis,
In a number Of Ce” types there appears to be a re1988, DeUtSC.h & Lee, 1988) This mechanism _haS l?een
quirement for functional ok channels during prolifera- €xtended to include a role in lymphocyte proliferation
tion. K* channel blockers inhibit proliferation of human (Deutsch & Lee, 1988; Rouzaire-Dubois & Dubois,
T lymphocytes (DeCoursey et al., 1984; Price, Lee &1991; Dubois & Rouzaire-Dubois, 1993). The sensitiv-
Deutsch, 1989). Unstimulated murine T lymphocytesity of both proliferation and volume regulation to Kv1.3
express only a few channels per cell, but the channel blockers is intriguing in light of the fact that block of
density increases more than an order of magnitude 1-§v3.1, another depolarization-activated” Khannel in
days after stimulation with mitogens (DeCoursey et al.,lymphocytes, inhibits neither mitogen-stimulated prolif-
1987). Block ofl,g but not of C&*-activated K cur-  €ration (DeCoursey et al., 1987) nor vol_ume regulation
rents inhibits growth and differentiation of brown fat (Deutsch & Chen, 1993). In contrast, neither ChTX nor
cells (Pappone & Ortiz-Miranda, 1993).*Kchannel 4-aminopyridine inhibited regulatory volume decrease in
blockers also inhibit proliferation of glia (Chiu & wil- THP-1 cells (Gallin, Mason & Moran, 1994), thiisg
son, 1989), neuroblastoma (Rouzaire-Dubois & Dubois@pparently does not serve this function in THP-1 cells
1991), melanocytes (Nilius & Wohlrab, 1992), and renal(S€€ next section
tubule cells (Teulon et al., 1992). Undifferentiated
THP-1 cells which are actively proliferating exprégs,
but after differentiationl g disappears. Most of these
results suggest a role fbg, channels in actively prolif-
erating cells.

Do Ipr Channels Participate in Volume Regulation?

SmALL CONDUCTANCE C&*-AcTIVATED K™
CHANNEL, lgx

sk was observed both in control and differentiated
THP-1 cells. Macroscopitg, currents were reported in
J774 and murine peritoneal macrophages (Randriamam-
pita & Trautmann, 1987). An apparently similar macro-
Two hypotheses proposed for the involvement of Kv1.3scopiclgk current is present in HL-60 promyelocytes,
channels in lymphocyte proliferation invoke roles in set-and also after differentiation by PMA into macrophages,
ting the membrane potential or in volume regulation.but is suppressed in HL-60 cells differentiated into
The resting potential of T lymphocytes averages —59 mVgranulocytes by retinoic acid (Wieland et al., 1998),
(range —35 to —72 mV), is near the threshold for activat-channels have been described in human macrophages,
ing Kv1.3 channels, and fluctuates over a 20 mV rangeand in contrast withlg, were present at all times in
(Verheugen et al., 1995). Because the input resistance aiulture (Gallin, 1989). Most likelyis is responsible for
these small cells is so high, only a few channels needpontaneous membrane hyperpolarizations described in
open to significantly alter the membrane potential (Ca-macrophages (Gallin et al., 1975). In genetg|, ap-
halan et al., 1985). ChTX and other toxin blockers of pears to be expressed in macrophages more consistently
Ior depolarize the membrane potential of T lymphocytesthan are several other'kchannels.

(Leonard et al., 1992). ChTX-sensitive, voltage-gated  Because the opening df, channels depends on

Can Ipg Channels Help Set the Resting Potential?
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[C&a?"]; and not on membrane potential, this conductanceoughly paralleled channel expression in undifferentiated
will be activated whenever [G4; is increased suffi- and differentiated THP-1 cells, suggesting that changes
ciently. Our data indicate massive activation at >300 n in either the rate of transcription or of degradation of
[C&?"];, and detectablés, current in a minority of cells  mRNA (or both) were responsible for a substantial part
even with a low [C&"] pipette solution (nominally 46 of the changes in channel expression. A more quantita-
nv). We interpret this latter result to poor control of tive estimate of the change in the average number of
[Ca’"]; in these cells, however, and expect thatis at  channels per cell can be made by weighting the current
most minimally active at resting [€§;. The [C&"];de-  amplitude (Table) by the percent of cells expressing that
pendence observed here is in agreement with more quaghannel. By this calculation, expression of functional
titative studies in which both [C&); andls, were moni- | __ channels decreased 141-fold, dgdchannel expres-
tored simultaneously in individual lymphocytes (Griss- sion increased 180 times during differentiation. Based
mer, Nguyen & Cahalan, 1993; Verheugen et al., 1995)gn these estimates of channel density, the numbers of
Any increase of [CHT]; above resting values will tend to  functional channels changed by a factor at least an order-
activatelsy. [Ca’']; is increased in macrophages upon of.magnitude greater than did mRNA levels.
stimulation with aformyl peptlde Stimulating Superoxide Comparisons between Changes ”"’i wanne| ex-
release (Stickle, Daniele & Holian, 1984), extracellular pression and corresponding mRNA levels in immune
ATP (Sung et al., 1985), platelet activating factor, PAF cells have been few. Cai et al. (1992) reported a marked
(Conrad & Rink, 1986), or monocyte chemotactic pro- decrease in Kv1.3 mRNA levels after stimulation with
tein-1, MCP-1 (Sozzani et al., 1993), and during Fc-the mitogen concanavalin A, in contrast with the two-
receptor-mediated phagocytosis (Young, Ko & Cohnifo|d increase ifl 55 observed in activated human T lym-
1984; Di Virgilio et al., 1988). However, an increase in phocytes (Deutsch, Krause & Lee, 1989). However, the
[C&"]; is not regulatory for superoxide release (Stickle etchanges in K channel expression in activated human T
al., 1984) or for phagocytosis (Di Virgilio et al., 1988). |ymphocytes were small, whereas the changes in THP-1
Those stimuli resulting in increases in [Ch would  cells were dramatic. Nenberg et al. (1993) failed to
likely activatelsy, resulting in K" efflux and membrane  detect differences in mRNA levels for Kv1.3 in microg-
hyperpolarization. This mechanism has been demoni after LPS treatment which increased the fraction of
strated in mitogen-stimulated rat thymocytes (Mahaut-cells expressingy,g from 7% to 92%, but concluded that
Smith & Mason, 1991). In macrophages, ATP activatesthis 13-fold increase in the number of cells expressing
lsk (Hara et al., 1990), presumably the result of"Ca |__ might not result in changes in mRNA detectable by
influx through the ATP-induced conductance (Buismaniheijr technique. We saw essentially g in control
et al., 1988). THP-1 cells, and almost never sdw in differentiated
Challenging THP-1 cells with hypotonic solutions THp-1 cells, with >100-fold changes in total channel
increases [C&]; and triggers regulatory volume de- expression. The changes iff khannel mRNA levels in
crease, mediated by both cation and anion conductancggqp-1 cells were much smaller than those in channel
(Gallin et al., 1994). The pharmacology is somewhatexpression, but the changes were still large and in the
suggestive ofgy or possiblyl g involvement in the cat-  same direction. Thus, posttranscriptional events may
ion ﬂUXeS, but eXiSFing data dO not Clearly |dent|fy the p|ay arolein modu|ating Kchanne| expression_ How-
channel(s) responsible. ever, expression of functional channels at three days may
reflect changes in mMRNA levels occurring earlier and
possibly subsiding. Thus, it is not surprising that MRNA
levels measured at a specific time point may not correlate
) ] i precisely with channel expression. Nevertheless, the ob-
We provide evidence by PCR that thg currents in  served general correlation between mRNA levels afid K
human THP-1 cells are due to an IRK1-related channethannel expression provides a powerful tool for future

like that cloned originally in the J774 macrophage cellst,dies of mechanisms of regulation of ion channel ex-

line (Kubo et al., 1993). The evidence also suggests thgjressijon.

the channel responsible fig 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 ratrhe authors gratefully acknowledge a critique of the manuscript by

microglia (Naenberg et al., 1993). Leslie C. McKinney, and the technical assistance of Donald R. Ander-
Because the expression of these twd ¢hannels — son Carol A. Vr?mdenberg (l_Jni\{ersity of Califor_nia at Santa Barbare})

changed dramatically during differentiation, we testedgfggg?“;gsp;‘;"'dg;’teﬂegu2“3(";‘:2’; T:]H:isﬁrlo‘;”;z Zﬁ:ﬁggilg{:‘r‘f

whether these changes were reflected in mRNA abungssjociation ané)?\lationalylnstitutes of Health grant RO1-HL52671 to

dance. The levels of MRNA for Kv1.3 decreased on avre, DeCoursey, by the Division of Pulmonary Medicine at Rush Pres-

erage by 7-fold, whereas the mRNA for IRK1 increasedpyterian St. Luke’s Medical Center, and by Multiple Sclerosis Society

on average 7-fold. The abundance of mRNA thusgrant RG 2124-B-2/1 to F.N. Quandt.
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