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1..INTRODUCTION

The purpose of this article is to review the-ionic
channgls that ‘have been characterized in leukocytes

-and; Whenever-possible; to discuss their functional sig-
-nificance. This.review makes-no atteiapt to provide a
:comprehensive view of ionic transport mechanisms in
Jeukocytes, nor-does it attempt to provide an inclusive
-summary of -the numerous studies done using ion-flux

techniques- and fluorescence measurements that have

-examined- thé-role of ionic transport in leukocyte func-
‘tion, Rather, it focuses on-the electrophysiological evi-
-denceé-for the existence of specific ionic channels in leu-
‘kocytes,-with the exception of the basophil, which is not

coveréd'in this review. (Information on the basophil is

‘more-appropriately included in a review of mast cells.)

Several recent reviews are available for those interested
in a discussion of other transport mechanisms in leuko-
cytes (47, 69, 73, 75, 87).

Because significant -progress in this area has de-

pended on the deve. -ment of the patch-clamp tech-

nique by Neher and Sakmann in 1976 (181), the area of
investigation is relatively young; the studies covered in
this review are just . beginning. Undoubtedly, many
channels are yet to be described in leukocytes, and much
more will be-learned about the relevance of ionic chan-
nels t6-leukocyte function. The observations that the
gating-of ionic channels can be modulated by phosphor-
ylation-and dephosphorylation reactions (217, 246), as
well as by a variety of second messengers (132, 217),
already have provided an important regulatory link be-
tween biochemical events inside leukocytes and ionic
channels (72, 73; e.g., see sect, IVA3).

II. TERMINOLOGY

Tonic channels are integral membrane proteins that

provide low-energy pathways for ions to cross cellular
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membranes, allowing ions to flow passively down their
electrochemical gradient-at rates exceeding 10° ions/s.
The high rate of flow of ions through channels and their
discrete transitions between open and closed states
facilitates the-measurement of these transport.events
(currents) through individual macromolecules. It
should be noted that for small currents that are not
voltage gated and that have single-channel current am-
plitudes too small to detect (<1 pA), diseriminating be-
tween a current through an ionic channel and one pro-
duced by carrier-mediated transport can be difficult
(151, 164; e.g., see sect. IVA3).

If an ion channel is open and the membrane poten-
tial (17,) differs from the electrochemical potential for
ion x (£, the potential difference at equilibrium), then
current will flow into or out of the cell depending on the
driving force on x. When V7, is equal to E,, no current (J)
will flow. The current flowing across an ion channel di-
vided by the net electrochemical driving force (V) across
the channel is equal to its ion conductance (G), which is
expressed in siemens (S) or in reciprocal ohms (G = I/
V), and is a measure of the ease with which ions flow
across the channel. Single-ion channels have conduc-
tances in the range of picosiemens (10 2 S). Some chan-
nels allow current to flow more easily in one direction
than in the other direction, a property called rectifica-
tion. Thus an inwardly rectifying cation channel is one
in which cations flow more easily into the cell than out
of the cell (conversely, an inwardly rectifying anion
channel would allow anions to flow out of the cell more
easily than intv the cell). In these cases, a plot of the
relationship between current and voltage (I-V) wili be
nonlinear (nonohmie).

Ion channels can be characterized by their conduc-
tances, gating properties (factors controlling channel
opening and closing), kinetics (rates at which channels
open and cluse), ionic sclectivity (differential permeabil-
ity), and pharmacology (the action of specific agents in
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‘blocking or changing the flow of ions). Furthermore,
-channel activity can bemodified by the presence of com-
peting ions or other molecules, such as GTP-binding
proteins or inositol phosphates. Ionic channels have
been best characterized in excitable cells where they
have-been studied for-the past 50 years (107). With the
advent of the patch-clamp technique, much progress has
been made on other cell types, including leukocytes,
where ionic channel openings in response to specific
chemical ligands (ligand gated), voltage (voltage gated),
or-both have been described.

Most of the studies discussed in this review used the
patch-clamp. technique. This technique is extremely
versatile because it can be used in a number of recording
configurations-(103). 1) the cell-attached patch mode in-
which single-channel currents are recorded from
patches of membrane in intact cells, 2) two excised-
patch modes.in which-patches of membrane.are pulled
away from the cell and single-channel currents are re-
corded with the-inside surface of the membrane facing
either the bath-solution (inside-out patch) or the pipette
solution (outside-out patch), and 3) the whole cell config-
-aration- in- which currents representing an average of
the single-channel currents across the whole cell are
measured. In-the whole cell configuration, the inside of
the cell is-perfused with the solution in the patch elec-
trode; this ailows the addition of second messengers and
other substances to the inside of the cell but also has the
disadvantage of washing cut -intracellular constituents
that might modulate the ionic channels being studied
(108). This disadvantage has been recently eliminated
by a modification of the whole cell configuration, the
“nystatin-permeabilized -patch” (111). The antibiotic
nystatin-is added to the pipette solution, reducing the
resistance between pipette and cytoplasm. Although
this is analogous to whole cell recording, large molecules
and even divalent ions do not leave the cell, and second
-messenger-mediated responses can be observed that
do not remain functional in conventional whole cell
recording.

III. PHAGOCYTIC LEUKOCYTES

Macrophages, neutrophils, and eosinuphils are
phagoeytic leukocytes that are capable of migrating to-
ward invading microorganisms and.’c. .umor cells, en-
-gulfing them, and ultimately killing them. During these
events a number of enzymes, cytokines, toxic oxygen
products, and other factors having widespread actions
are released. In recent years much has been learned
about the physiology of phagocytic cells, including the
role of phosphoinositide metabolism, GTP-binding pro-
teins, and protein kinase C in phagocyte activation (10,
256, 269). In addition to these agents, interest in the
possible role of ions in stimulus-respunse coupling in
phagocytic cells has resulted in a steady increase in elec-
trophysiological studies that have characterized a num-
ber of conductances in these cells. Table 1 contains a list
of the ionic conductances in phagocytes. These studies

ELAINE K. GALLIN

,"“v ~

Volume 71

examined neutrophils, macrophages, and related tumor
cell lines. Unfortunately, no data exist on the ionic
channels in the eosinophil.

A. Macrophages

Macrophages, found in virtually every tissue, origi-
nate from bone marrow cells that are released into the
blood as monocytes (272). Monocytes circulate in the
blood for up to several days until they emigrate into the
tissues and mature into macrophages. Macrophages can
survive in tissues for months and even possibly years,
playing pivotal roles in numerous aspects of host de-
fenses, including processing antigens, killing parasites
and tumor cells, ingesting dead or dying cells, and se-
creting cytokines.

Electrophysiological studies at the whole cell or
single-channel level have demonstrated that macro-
phages exhibit both voltage-gated and Ca-gated ionic
currents. Four K currents, three Cl currents, and nonse-
lective cation currents have been identified and are de-
scribed in detail next. Although one laboratosy reported
action potentials in human monocyte-derived macro-
phages (165, 283), those events were poorly character-
ized, and they have not been noted by other investiga-
tors. Furthermore, no voltage-dependent Na or Ca
currents have been described in macrophages. Both Fe
immunoglobulin and ATP receptor-gated ionic condue-
tances have been described in macrophages and are also
discussed.

1. Potasstum conductances

1) VOLTAGE-DEPENDENT INWARDLY RECTIFYING
POTASSIUM CONDUCTANCE. An inwardly rectifying K
(K,) current that activates at voltages negative to 50
mV was first described in Intracellular microelectrode
studies of mouse spleen and thioglycolate-induced mac-
rophages that had been cultured for several weeks (61,
65). The K; current has since been characterized in cul-
tured human monocyte-derived macrophages (68, 183),
in the murine macrophage-like cell line J774.1 (70), in
mouse peritoneal macrophages (212), and in phorbol es-
ter-induced differentiated HL60 cells (2 human pro-
myelocytic leukemia cell line) (278). This current is simi-
lar to the inwardly rectifying K current characterized in
several other cell types, including starfish cgg cells
(100), frog skeletal muscle (142), heart muscle (80), bo-
vine pulmonary artery endothelial cells (251), and rat
basophilic leukemia cells (154).

In macrophages, the K, current has been best char-
acterized in J774.1 cells, wherc it has a steep voltage
d:pendence (fractional activation decreased frum 66%
at 90 mV to 267 at 70 mV) and a time-dependent
inactivation (70). Inactivation, which was evident for
voltage stepe to putentials more negative than 100 mV,
followed first-order kinectics and had a rate that in-
creased with membrane hyperpolarization. Whole cell
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TABLE:1.. Jon channels-in phagocytes

ION CHANNELS IN LEUKOCYTES M

-Channel Gaiting SCG, pS Blockers Present In Reference
Macrophage
K channéls
K, (outward Voltage 16 D 600, TEA, 4-AP, Mouse peritoneal, human blood- 70, 183, 290
inactivating) Cs;, Ba; derived, human alveolar
macrophages; J774.1, P388D1,
HLGEO cells
K,z (outward poorly Volitage TEA, 4-AP, Cs; Human blood-derived 183
inactivating) macrophages
K; (inwardly Voltage 30* Ba, Cs, Rb Mouse peritoneal and spleen, 68, 19, 211,
rectifying) human blood-derived 278
macrophages; J774.1, HL60
cells
K¢, (large, Ca and Ca; and 240* CTX, TEA, Cs; Human blood derived, human 62, 120a,
voltage activated) voltage alveolar macrophages 121, 166
K¢, (inwardly Cay 36* Ba Human blood-derived, mouse 63, 104,
rectifying, Ca peritoneal macrophages; U937 120a, 121
activated) cells
Cl channels
Cl, (large) Voltage 340 DIDS U937 cells; mouse peritoneal 121, 212, 236
macrophages
Cl; (intermediate) Voltage 28 DIDS U937 cells 121
Cl, (small) Voltage 16 U937 cells 121
Cation channels
Nonselective Ca; Variable Zn P388D1 cells; human blood- 155, 183
- derived macrophages
Fe Fe-ligand 60 Mouse macrophages 287, 288
Neutrophil
K-channels
Outward Human neutrophils 128
Ca activated Ca; Human neutrophils 128
Cl channels
Ca activated Ca; Human neutrephils 128
Cation channels
Nonselective Cay 18-25 Human neutrophils 276
4-6

SCG, single-channel cunductance under physivlugical ivnic gradients or *140 mM external K (for recufy ing channels, largest conductance
-is given). Ca,, Cs,, Ba,, internal Ca, Cs, and Ba, 4-AT, f-aminupyridine, CTX, charybdvtoain, DIDS, 1,4 -diisuthivey anustilbene-2,2-disulfonic

acid; TEA, tetracthylammonium.

K, currents shuwing activation and inactivation are
shown in Figure 14. Removal of external Na reduced (by
>50% ) inactivation (Fig. 14, bottum) but did not abolish
it, suggesting that some of the inactivation was due to
the intrinsic voltage dependence of the channel (176).
Voltage-dependent inactivation was verified in single-
channel records in the absence of external Na (Fig. 1B).
As in other cells that display this type of inwardly recti-
fying K conductance (100, 101), raising extracellular K
concentration ([K],) increased the slope cunductance for
the inward currents and shifted the voltage dependence
to the right, indica.ing that the activation of the K, cun-
ductance depended on [X], (70). Similar results were re-
ported in mousc p-ritoneal macrophages, where in-
creasing [K], from 5 to 1 19 mM increased the maximum
slope of the K, conductanc. by o factor of 5.1 (212). Ex-
ternal Ba blocked the K, current in a voltage-dependent
manner (170), with complete block vceurring at 2.5 mM
Ba (70). The K, current was also reduced by the addition
of 1 mM Cs (70).

Single-channel currents, the properties of which
correspond to the macruscopic K, current measured in
whole cells, have been described in both J774.1 cells
(170) and in human peripheral blood-derived macro-
phages (68). In buth these cell types, single-channel
currents were evident in cell-attached patches (145 mM
KClin clectrode and normal saline 1n bath) at zero hold-
ing potential (the resting 17, of the cells). Under these
conditions the single-channel conductance in cell-at-
tached patches was 29 pS for .uward currents, and the
extrapolated reversal putential was near Ey. No out-
ward currents were noted at potentials above E, indi-
cating either an extreme rectification at the single-
channel level or an absence of detectable channel open-
ings positive to Ex. In ventricular heart cells, inward
rectification through K, channels was abolished by re-
moving internal Mg (172). In contrast, the inward recti-
fier in bovine pulmunary endothelial cells has a voltage-
and [K],-dependent gating mechanism that is distinct
from Mg block (251). At potentials more negative than
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-120-mV (and in the absence of external Na), averaged
single-channel currents showed time-dependent inacti-
vation. The single-channel activity had complex ki-
netics, manifesting closures of short and long duration
that indicated the presence of more than one closed
state (170). Single K, channel currents were blocked by
external-Ba (2.5 mM) and, like whole cell currents, the
single-channel K; conductance was proportional to the
square root of [K], (170). The density of K, channels in
JT74.1 cells-was estimated to be 47 channels/pF or 0.47
channels/um?, assuming a specific capacitance of 1 uF.
em? (170).

A) Expression. Macrophages do not always express
the K, conductance. Furthermore, channel expression
can be modified by external factors, such as culture con-
ditions. For example, Ypey and Clapham (290) reported
that inward rectification was absent in mouse perito-
neal macrophages cultured for up to 4 days, whereas
previous (65) and subsequent (211) studies on mouse
peritoneal macrophages cultured for 5 days or more
demonstrated I- V' relationships with prominent inward
rectification. Gallin and Sheehy (70) reported that
J774.1 cells that adhered to a glass or plastic surface for
>18 h had a prominent K, conductance, whereas this
conductance was either absent or quite small in cells
that adhered for only a few hours. Randriamampita and
Trautmann (212) noted that fluid perfusion during
whole cell patch-clamp recordings of J774.1 cells re-
duced the K, currents. More recently it was demon-
strated that the specific K, conductance {whole cell con-
ductance corrected for leak and normalized to mem-
brane capacitance) of J771.1 cells allowed to adhere for
15 min to 1 h was one-half the specific K, conductance of
long-term (>18 h) adherent cells (171). The increase in
specific K, conductance was associated with a shiftin 17,
of the cells to more negative potentials, indicating that
the K, conductance participates in setting the cells’ rest-
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FIG. 1. Inwardly rectifying K (K;)
currents in J774.1 cell. Patch electrode
contained (in mM) 145 KCI, 1 MgCl,, 1.1
EGTA, 0.1 CaCl,, and 10 HEPES (pH
7.3). A: whole cell currents in response
to 440-ms test pulses given every 8s to
potentials shown. Top: tracings from
cell held at ~80 mV and bathed in 150
mM NaCl Hanks’ solution. Bottom: trac-
ings from cell held at 0 mV and bathed
in 150 mM KCl Hanks'. B: first 5 current
tracings are single-channel currents re-
corded in cell-attached patch configura-
tion recorded in response to voltage step
to —190 mV from holding potential of
=30 mV. Bottom tracing is averaged
current record for above tracings, com-
prised of 40 individual tracings. Cell
bath is 150 mM KGCI Hanks’ solution.
[From McKinney and Gallin (170).]

l25 pPA

275 msec

ing V1. These findings are consistent with the earlier
vbservation that block of K; depolarizes macrophages
(70). In J774.1 cells, treatment with the protein synthe-
sis inhibitur ¢y clohexamide abolished the adherence-in-
duced augmentation of the specific K, conductance, sug-
gesting that the synthesis of new channel protein was
required for the upregulation of these channels after
adherence (171).

In addition to being affected by culture conditions,
two reports indicate that the K; conductance may be
modified by specific agunists. A brief report by Moody-
Corbett and Brehm (178) on rat thymus-derived macro-
phages revealed that the inwardly rectifying current
was reduced by acety lcholine and muscarine. Wieland et
al. (278) repurted that this conductance, present in HL60
cells differentiated to macrophage-like cells with phor-
bol esters (but absent from HL60 cells that were differ-
entiated to granulucyte-like cells with retinoic acid),
was inhibited by the addition of recombinant human
colony -stimulating factor I. Further studies are needed
to determine the functional relevance of this interesting
observation. It should be noted that a recent study by
McCloskey and Cahalan (169) demonstrated that in rat
basuphilic leuhemia cells the K, conductance is inhibited
by GTPyS (100 M) and GppNHp (100 xM), two GTP
analogues that activate G proteins. Thus it is pussible
that colony-stimulating factor I is blocking the K; con-
ductance in HL60 cells by activating G proteins.

I1) LARGE CALCIUM- AND VOLTAGE-ACTIVATED PO-
TASSIUM CONDUCTANCE. Single-channel patch-clamp
recordings from human monucey te-derived macrophages
that have been grown in culture for 1-6 wh have demon-
strated a large-conductance K channel (240 pS in sym-
metrical K, 110 pS in 150 mM [Na},/5 mM [K],) (62, 166).
Similar channels are alsv present in human alveolar
macrophages (121) but are absent in J774.1 cells (E. K.
Gallin and L. C. McKinney, unpublished observations)
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and in the promonocyte cell line U937 (121). Further-
more, activation of U937 cells with recombinant inter-
feron-y (1,000 U/ml), recombinant interferon-«A (1,000
U/ml), or 12-O-tetradecanoylphorbol-13-acetate (TPA,
10 ng/ml) before recording from cells failed to induce
the expression of the large-conductance Ca-activated K
(Kyca) channels in excised patches (121).

In cell-attached patches from human monucyte-
derived macrophages, the K, ., channel was active unly
when the patch potential was stepped to very depolar-
ized levels (>80 mV). Excised patch recordings indicated
that channel open time increased with both membrane
depolarization and increased intracellular Ca cuncen-
tration ([Ca),) (62). However, this channel was relatively
insensitive to [Ca], because at 3 X 107% M [Ca], the vpen-
state probability of the channel at $+60 mV was only
0.03-0.24 (68). Thus, in the macrophage, large increases
in [Ca], (>107% M) are required to activate K ., channels
at negative membrane potentials. Exposing the extra-
cellular surface of the membrane to 25 nM charybdo-
toxin [CTX; a proteinaceous component of toxin from
Leiurus quinquestriatus known to block Ca-activated K
channels in other cells {175, 263)] or tetraethylammo-
aium ions (TEACI; 15 mM) abolished K, ¢, channel activ-
ity (68).

Whole ceil currents corresponding o the activity of
K, ¢, channels have been described in human monoucyte-
derived macrophages that were perfused intracellularly
with a saline solution containing 3 X 107¢ M Ca (68, 183).
These currents, activated during voltage steps to poten-
tials >40 mV, were characterized by a noisy baseline
(consistent with a large single-channel conductance)
and had tail currents that resersed at £y (60). In addi-
tion, either CTX (60) or TEA (68, 183) blocked this
current, suggesting that whole cell outward currents
represented the activation of K, ¢, channels. Randria-
mampita and Trautmann (212) demonstrated that in-
creasing [Ca), from 0.1 to 1 uM increased whole cell
currents in both J774.1 cells and mouse peritoneal mac-
rophages an 1 that quinine (0.1-1 mM) markedls reduced
these currents. However, unlike the K; ¢, conductance in
human monocyte-derived macrophages, the whole cell
currents they deseribed in J774.1 cells and mouse perito-
neal macrophages showed no voltage sensitivity, mak-
ing it unlikely that they were due to the activation of
Ky c. channels.

Membrane hyperpolarizations, reflecting the acti-
vation of a Ca-activated K conductance, were first de-
scribed in macrophages in 1975 (71, see sect. HLASII). A
cell-attached patch-clamp study by Ince et al. (117) re-
ported that, during membrane hyperpolarizations in-
duced by microelectrode impalement, the voltage range
of activation of the K| ¢, channels shifted so that they
were open 80% of the time at potentials of 0 to —20 mV.
Nevertheless, studies using Ca-indicator dyes hase re-
ported [Ca), increases after physiological stimulations
that are too low (in the range of 0.2 1 uM) (32, 129) to
activate K, ¢, channels at negative 17,. Therefore it is
not clear whether K, ¢, channels are normally activated
under conditions of physiological stimulation, either the
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[Ca), sensitivity of the K ¢, channels is different in situ
from that of the excised patch or these channels open
rarely during stimulativn. Alternatively, the K ¢, con-
ductance may functivn in intracellular compartments
where [Ca]; levels may be high.

1II) CALCIUM-ACTIVATED INWARDLY RECTIFYING
POTASSIUM CONDUCTANCE. Gallin (63) has demon-
strated in cell-attached patches from cultured human
macruphages that both ivnomy cin (Fig. 2) and platelei-
activating factor, two substances hnown to transiently
increase [Ca), induced bursting channel activity that
was very different from K ¢, channel activity. In these
studies, the induced currents, which were permeable to
K and poorly permeable to Na and Cl, had «ingle-chan-
nel conductances (with 150 mM XCl in the pipette) for
inward currents of 37 pS, channel activation was inde-
pendent of voltage. Similar channels have been de-
seribed in human alveolar macrophages (120a).

The Ca-activated inwardly rectifsing K (K;c,)
channel in cultured human macrophages can be differ-
entiated from the K; channel on the basis of its Ca sensi-
tivity, its conductance (37 vs. 29 pS for inward currents),
its kinetics (bursting vs. nonbursting), its lach of voltage
dependence, and its differing sensitivity to bluck by ex-
ternal Ba. Three millimolar Ba, a concentration that
completely blucked thie voliage-dependent K; channel
(170), did not significantly bloch the K; ¢, channel at the
resting 1o, and produced only a partial block when the
patch was hyperpolarized (63).

An inwardly rectifying K channel, the vpen proba-
bility of which was independent of voltage but depen-
dent on {Ca}, alsv has been reported in cacised inside-
out patches from U937 cells (121) and in cell-attached
patches from mouse perituneal macrophages after ex-
posure to 100 uM ATP (104). In contrast to the findings
in human macrophages, the single-channel cunductance
in patches from U937 cells and from mouse peritoneal
macrophages was only 25-28 pS at voltages between 40
and 100 mV. Similar Ca-activated inwardly rectifying
K channels with single-channel conductances for in-
ward current ranging from 50 to 25 pS have been de-
scribed in lymphocy tes (160), erythrocytes (95), and
HeLa cells (227, 228).

Both spuntanevus and Ca ivnophore-induced vscil-
lators, membrane hyperpolarizations have been re-
corded in macrophages using intracellular microelec-
trodes (71, 201), and 1t is likely that K;c, channels
(rather than K ¢, channels) are responsible for these
cevents because 1) the K, ¢, channel is active at the rest-
ing 17, after eapusure to ivnomyein, whereas the K, ¢,
channel is not, 2) the bursting pattern of the K; g, chan-
nel is oscillatory, and ) the activity of the K, ¢, channel
is> associated with the vscillatory changes in 17, induced
by ionomyecin.

As noted in the previvus seetion, Randriamampita
and Trautmann (212) repurted a linear increase in
membrane conductence in whole cell recordings of
J77L1 cells and murine peritoncal macrophages ob-
tained under conditions of high [Ca], which they con-
ciuded was due to a voltage-insensitive Ca-activated K
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FIG. 2. Ionomycin-induced K channels in human macropheges. 1. chart n.wrdu traving of current recurded from ceil-attached patch in

which cell was exposed first to 0.1% dimeth; 1 sulfoaide (DMSO; and then 10

¢ M ivnumycin frum perfusivn pipette. Putential acruss patch was

equal to resting membrane putential, cell was bathbed in150 mM NaCl Hanhs' sulution, Patch clecirode cuntained 100 mM KCi Hanhs' soluuon.
K, channel activity was evident before eapusure of cell to Lither agent and can be seen in eapanded ume and soltage scale in middie current
tracmg After ionomycin addition, Ca-activated inwardly rectifying K \K, ¢,s channels were activated and couid be seen in eapanded ume and
voltage scale in bottom tracing. B. current-voltage (I 1) relativnship shuwing ins ard rectification of wnumy win-induced channers. Singie-chan-

nel conductance for inward currents = 37 pS. {From Gallin (63).]

conductance. Although it is possible that this conduc-
tance was dué to the activation of K, ., channels, the fact
-that-the conductance reported by Randriamampita and
Trautmann (212) showed no rectification argu.s against
this-possibility.

1V) INACTIVATING OUTWARD POTASSIUM CHANNEL.
An inactivating outward K (K,) conductance has been
described at the whole cell current level in resident
-mouse peritoneal macrophages (290), cultured human
blood-derived monocytes (183, 185), cultured human al-
veolar macrophages (184), and two macrophage-like cell
lines, J774.1 (70, 212) and P388D1 (245). This conduc-
tance activated at potentials positive to 350 mV.
Current activation had a time course that fit first-order
Kineties with-a time cunstant that decreased for steps to
more depolarized potentials (183). Inactivation of the K,
current also could be fit by a single exponential with a
time constant (~ 540 ms) that was insensitive to voltage
for potentials positive to 20 mV (70). The K, currents
were blocked by extracellular 4-aminopyridine ({-AP,
~5-mM) and by intracellular Ba, Cs, and TEA (70, 183,
290). External TEA (10 mM) also partially bloched the
current (290). Similar outward currents have been de-
scribed in detaii in T Iymphocytes (17) and are discussed
in section 1vA 1 Ypey and Clapham (290) recorded a 16-
pS channel in outside-out excised patches under condi-
tions of asymmetric X (140 mM in pipette, 2.8 mM in
bath) that, during depolarizing voltage steps, was acti-
vated in a time-dependent manner similar to the whole
cell X, currents.

There is no consistent pattern of K, channel expres-
sion across different types of macrophages, it was re-
ported in only 5% of the recordings from cultured
blood-derived human monocytes, whereas it was noted
in 50% of the recordings from cultured human alveolar

macrouphages (184). Furthermore, for a given type of
macrophage, the K, conductance appears te be variably
expressed with time in culture. For example, in J774.1
cells, K, currents were described in a percentage of cells
recorded from 1-8 h after adherence but were rarely
present in cells from long-term adherent cultures (70).
Ypey and Clapham (290), using resident mouse perito-
neal macrophages, reported that K, conductance was
absent during the 1st day after isolation but was present
in 96% of cells cultured 1-4 days. Randriainampita and
Trautmann (212) alsv recorded outward currents in
mouse peritoneal macrophages cultured for 1-2days but
found that the currents decreased after-3-6 days in cul-
ture. Interestingly, in thuse cells, fluild movement
caused by perfusing the bathing medium increased the
outward K current (212), whereas the addition of 2 mM
N-formjyl-methivnine-leucine-pheny lalanine (FMLP, a
chemotactic peptide), histamine (20 md), bradykinin
(20 uM), and acety Icholine (50 M) had no effect on the
K, current (290). (However, it should be noted that
mouse macrophages do not respond to FMLP.) Finally,
Nelson and colleagues reported chat in human blood-
derived mounoucy tes, phurbol esters decrease the ampli-
tude of the K, current (185) and that treating cells for 24
h with ba(.t(.nal llpo])bac(.handc. (LPS) increased the
percentage of cells expressing K, current from near 0%
to 30% (120).

V) POURLY INACTIVATING OUTWARD POTASSIUM
CHANNEL. A second vutward K conductance has been
reported in a whole cell patch-clamp study of cultured
human bloud-derived monocytes (183). This conduc-
tance, noted in the majority of the cells studied, acti-
vated at voltages more pusitive than 10 mV and exhib-
ited no steady -state inactivalion for holding putentials
of 60 to 0 mV. Inactivation, present for voltage steps
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>0 mV, could be fit by a single exponential with a time
constant of 951 ms at 40 mV. However, unlike the inacti-
vatingK, conductance, little cumulative inactivation of
the -poorly inactivating outward K (K,,) conductance
was noted. Intracellular Cs blocked the current, as did
extracellular TEA (4 mM). This current is similar to the
slowly inactivating K, conductance that activates at
voltages of >0 mV, which has been described in murine
T lymphocytes (37; see sect. IvA ).

2. Chloride conductances

Three different Cl conductances have been de-
seribed at the single-channel level in excised patch-
clamp studies of macrophages. At the whole cell level,
Nelson et al. (183) reported an outward current in hu-
man monocyte-derived macrophages under conditions
where the patch electrode contained either Cs or Na in-
stead of K. The authors concluded that this current was
probably a CI current because 1) its amplitude was re-
duced, and its reversal potential shifted when Cl was
replaced with the anion aspartate; and 2) it was blocked
by the anion channel blocker 4-acetamido-4-isothio-
cyanostilbene-2,2-disulfonic acid (SITS; 1 mM). How-
ever, it 1s not clear whether this whole cell current
corresponds to any of the three Cl channels described in
single-channel studies.

1) LARGE-CONDUGCTANCE CHLORIDE CHANNEL. A
very large-conductance Cl (Cly) (180-390 pS) channel
was first reported in mouse peritoneal macrophages by
Schwarze and Kolb (236) and has been described more
recently in excised patches from two macrophage-like
cell lines, J774.1 (212) and U937 (121). This channel is
very similar to the large Cl channel described in rat
skeletal myotubes (9), lymphocytes (12, 167, 195), and
other cells. In mouse peritoneal macrophages, Cly, chan-
nel activity was absent in cell-attached patches but be-
came activated when cells were exposed to the Ca iono-
phore A23187 or when the patch was excised (236). Simi-
lar findings were reported by Randriamampita and
Trautmann (212) in both mouse peritoneal macrophages
and J774.1 cells, where the channel, rarely active in cell-
attached patches, was frequently seen in excised
patches. In both mouse peritoneal macrophages (236)
and U937 cells (121), after eacision of the patch a lag
occurred before the Cl;, channels were observed. This
observation has led Kanno and Takishima (121) to pre-
pose the existence of an in situ factor that inhibits these
channels.

The Cl,, channels in mouse peritoneal macrophages
had a selectivity ratio for Cl over Na of 5.1 (236) and a
Cl-to-cation permeability ratio of between 14 and 5
(212). Multiple subconductance states of the Cl; channel
were noted in both mouse peritoncal macrophages (236)
and U937 cells (121). In U937 cells the subconductance
states were unaffected by the pIH buffers N-2-hydrox-
vethylpiperazine-N'-2-ethanesulfonic acid (IIEPES),
tris(hydroxymethy,aminomethane (Tris), ur NV, N-bis-
(hydroxyethyD)-2-aminoethanesulfonic acid (BES), and
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neither intracellular pH (pH;) nor Ca affected the vpen
prubability of the channel or the freyuency of appear-
ance of the subconductance states (121). Kanno and Ta-
kishima (121) reported that in U937 cells, the anion
transport blucher 4,4-diisothiocy anostilbene-2,2-disul-
fonic acid (DIDS, 100 uM) produced a flickery block of
channel activity, whereas increasing DIDS to 1 mM irre-
versibly blocked the channel.

The Cl;, channel exhibited complex bursting behav-
ior with at least three kinetically distinguishable non-
conducting states (236). Channel activity (in symmetri-
cal saline solution) could be induced by stepping to hold-
ing potentials on either side of 0 mV but were
inactivated subsequently with the rate of inactivation
increasing as the magnitude of the voltage jumps in-
creased (236). Randriamampita and Trautmann (212)
reported a2 somewhat different behavior for the Cl,
channel in both mouse peritoneal macrophages and
J774.1 cells in that the probability of channel opening
was high at positive potentials (up to 40 mV) and de-
clined at hyperpolarized potentials or when the patch
was depolarized beyond 40 mV.

The Cl;, channel has been modeled using two volt-
age-sensitive gates in series to describe the voltage-de-
pendence of the burst kinetics for the channel (236).
Schwarze and Kolb (236) suggested that the voltage-de-
pendent gating properties of the Cl;, channel resemble
the properties of voltage-dependent gap junctions and
that the Cl;, channel may play a role in intercellular
communication. However, octancl, a blocker of gap
junction channels, does not block ‘hese channels, sug-
gesting that they are rot related to gap junction chan-
nels (212).

Although cell-attached patch experiments indi-
cated that this channel is quiescent in resting cells, CI,
channels were elicited by perfusing mouse peritoneal
macrophages with zymosan (a particulate fraction of
yeast cell wall that macrophages can ingest) during cell-
attached patch recordings (125, 258).

11) INTERMEDIATE-CONDUCTANCE CHLORIDE CHAN-
NEL. In addition to the Cl,, channel, two other smaller
conductance Cl channels were noted 10 s to several min-
utes after excising patches from U937 cells (121). In sy m-
metrical 150 mM NaCl, an intermediate Cl channel(Cl,)
that exhibited outward rectification and had a chord
conductance of 17 pS between 0 and 100 mV was ob-
served in excise patches. The channel had a Cl-to-Na or
K permeability rativ of 1.8, swhich is similar to the cat-
ion/anion selectivity of the Cl;, channel, and although
the permeability sequence for anions was not examined
in this study, the authors reported that the Cl; channel
was less permeable to CH,SO; than to Cl(121). Channel
activity, which appeared in bursts, decreased with in-
creasing membrane depolarization or hyperpolariza-
tion, but channcls were generally more active at positive
putentials than at negative potentials. Stability plots of
channel activity suggested that at least two modes of
channel behavior were piesent. Neither changes in[Ca],
nor ptl, affected vpen probability or moding behavior.
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In addition, DIDS (10-100 »M) blocked this channel in a
dose-dependent reversible manner.

III) SMALL-CONDUCTANCE CHLORIDE CHANNEL. A
small Cl channel with a slepe conductance of 15 pS at 0
mV'in symmetrical 150 mM NacCl was also noted in ex-
cised patches from U937 cells (121). The channel Cl-to-
Na permeability ratio was 13:6, thus the small-conduc-
tance Cl (Cl,) channel had a greater anion-to-cation se-
lectivity than the other Cl channels described in
macrophages. It also was insensitive to [Ca}; and was
less voltage sensitive than the Cl, channel.

8. Nonselective cation conductance(s)

Two studies, une measuring single-channel cur-
rents and the vther measuring whole cell currents, sug-
gested that macrophages pussess nonsclective cation
channels. Lipton (135) described an increase in single-
channel activity in cell-attached patches from the mu-
rine macrophage cell line P388D1 after expusure tv im-
munoglobulin G2b (IgG2b) or to immune complexes but
not after exposure to ascites fluid with IgG2a. Excised
patches from cells that had been exposed tv antibody
revealed similar channel activity that was unaffected b;
ionic substitutions of Na, K, or Cs. Channel activity with
several different conductances was noted, including vne
ranging from 35 to 45 pS and another ranging from 120
to 150 pS. The reversal potential of the channels under
conditions of 2 fivefold salt gradient across the patch
indicated that these channels were permeable Yo cations
but not to anions. Channel activity increased signifi-
cantly when [Ca), was raised, supporting the view that
the channels were Ca gated. These observativns are
quite interesting, but unfortunately, they have not been
confirmed or extended.

Slowly activating outward currents were reported
in whole cell patch rccordings from cultured human
blood-derived monocytes during voltage steps to 20
mV (183). These currents were inhibited by external Zn
(4- 100 pM) and were present when the patch pipette
contained Cs, K, or Na. In addition, substitution of Cl for
aspartate or gluconate did not alter the current ampli-
tude, leading the authors to conclude that it was a non-
selective cation current. Because the currents activated
at very positive potentials, it seems unlikely that they
represent activation of the channels described by
Lipton (155).

4 Conductances induced by specific ligands or ccll
Junctions

I) ADENOSINE TRIPHOSPHATE. Extracellular ATP
(100-1,000 M) permeabilizes the membrane of murine
macrophages and J774.1 cells to cations (261) or to small
(<961 Da) membrane-impermeant molecules, such as
Lucifer yellow (262). The enhanced permeability does
not involve hydrolysis of ATP by an ecto-ATPase, be-
cause addition of Mg (which is required for ATPasc ac-
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tivity) inhibited permeabilization, and the puorly hy-
drolyzable ATP analogue ATP4S (in the presence of 1
mM EDTA) also increased cation efflux (261, 264). Fur-
thermore, by growing J7741 cells in the presence of
ATP, an ATP clone of J774.1 cells w as obtained that had
nermal ecto-ATPase activity but failed to respond to
ATP with an increase in permeability (262). Similar
ATP-induced permeability changes have alsv been dem-
vnstrated in rat mast cells (30) and in chronic Iy mpho-
cyte leukemic cells (279).

Whole cell patch-clamp techniques have demon-
strated that ATP permeabilization is associated with a
rapid membrane depolarization and an increase in
membrane conductance (16). Unfortunately, cell-at-
tached patches with ATP in the patch eleetrode did not
reveal single-channel currents (16). Therefore further
studies are required to determine whether ATP directly
activates a membranc channel or whether it seccondarily
releases an intracellular signal that upens a channel.

The physiological significance of the ATP-induced
cunductance is unknown. It is likely that macrephages
are exposed to exogenous ATP, because they are often
present at sites of cell injury and with cells, such as
platelets, the secretory granules of which contain ATP.
The ATP-induced permeabilization, therefore, is likely
to vccur under physiological circumstances and may be
impurtant in regulating the subsequent respunses of the
macrophage.

11) PHAGUCYTUSIS. Phagocytes ingest particles
through receptors for the Fc domain of IgG, as well as
through compiement 1eceptors or through non-recep-
tor-mediated mechanisms (252). The ionic requirements
or signaling events that underlie different hinds of
phagocy tosis can differ. For example, C3bi'-mediated
phagocytusis ovecurs at very low levels of free [Ca],
whercas Fe-mediated phagocytosis is inhibited by those
cunditivns (144). The rule of ivnic conductances in phago-
¢} tusis has best been studied during Fe-mediated phago-
cytosis, where evidence eaists that ivnic conductances
are activated during phagocytosis and that the Fe re-
ceptor itself may be an jonic channel. However, as dis-
cussed neat, these results are sumew hat controversial.

In the first of a series of studies un the Fe receptor,
Young et al. (286), using tetrapheny Iphusphunium ivns
(TPP’) to indirectly monitor 17, demonstrated that the
binding and cross-linking of the v2b, y1-Fc reeeptor by
IzG or immune compleaes depolarized J774.1 cells. The
depolarization required a multivalent Fe ligand and was
dependent on external Na. In a related study, in which
purified ¥2b/v1-Fc receptors were inserted into lipid
vesicles, ligand binding to an Fc receptor containing
proteoliposomes increased cation permeability (287). Fi-
nally, Young et al. (288) demonstrated that adding li-
gand to bilayers containing the Fe receptor induced cat-
iun-selective ivn channels that had a conductance of 60

Y (3bi is a cleavage product of the third component of comple-
ment that binds to the surface of particles as a consequence of comple-
ment activation and renders particles recogmizable by phagoeyue len-
hocy tes, thereby serving as an opsonin,
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pS in symmetrical 1 M KCl and that inactivated several
minutes after the addition of ligand.

If the Fe receptor complex is an ionic channel, then
it follows that ionic currents should be evident during
electrophysiological recordings from cells that are in-
ternalizing IgG-coated particles or aggregated IgG
(algG) Several studies directly monitored channel activ -
ity in intact macrophages or macrophage membranes
before and after addition of algG. Nelson et al. (182)
recorded whole cell currents as well as single channels
in human alveolar macrophages exposed to algG. The
application of algG to cells during whole cell recordings
produced an inward current that diminished with suc-
cessive applications of algG, indicating that the re-
sponse desensitized. In cell-attached patches, channel
activity was noted only when the electrode contained
algG and not when algG was applied to the bath. The
channels had a unitary conductance of 350 pSin symmet-
rical 140 mM NaCl Hanks’ solution. Changing the per-
meant cation from Na to K did not affect the reversal
potential, indicating that if the channel was a cation
channel, it was nonselective. Unfortunately, similar re-
sponses have not been noted in patch-clamp studies of
J774.1 cells exposed to ligands that bind to and cross-
link the Fe receptor (D. J. Nelson, personal communica-
tion). In addition, there is a significant difference be-
tween the value of conductance obtained in this study
(350 pS in physiological saline) and that obtained by
Young et al. (288) on the isolated Fe receptor (60 pS in
symmetrical 1 M KCI).

The Fe receptor-ligand complex may indirectly ac-
tivate ionic channels through a second messenger (114,
155). As discussed in section 11143, when IgG2b was
added to the bath during a cell-attached recording from
P388D1 cells, multiple single-channel current ampli-
tudes were evident, representing either several differ-
ent types of channels or a single-channel type with dif-
ferent subconductance states; the smallest channels had
conductances of 35-45 pS and were cation selective (155).
Channel activity could be maintained after excision of
the patch, and activity was modulated by changes in
[Ca], Lipton (155) suggested that these channels are ac-
tivated by [Ca], increases that occur after binding and
cross-linking of the Fe receptor. Using a similar experi-
mental protocol in patch-clamp recordings from cul-
tured humanr macrophages, Ince et al. (114) demon-
strated transient changes in background current along
with the activation of several types of channels with
conductances ranging from 26 to 163 pS after ingestion
of either IgG-coated or unopsonized latex beads. In this
study some of these channels reversed near Ey, but the
ionic selectivity of these channels was not investigated.

In contrast to these studies, Randriamampita and
Trautmann (212) reported that ion-channel activation
does not necessarily oceur during Fe-mediated phagocy-
tosis; during whole cell patch-clamp recordings, expo-
sure of murine macrophages to algG or to the monoclo-
nal antibody 2.4G2 did not induce membrane currents.
In addition, resting V,, values obtained from whole cell
recordings immediately after macrophages ingested op-
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sunized er)throcytes were identical tv theuse obtained
before phagocytosis. Thus they concluded that Fe-me-
diated phagucytosis can veeur under cunditions where
nu detectable conductances are activated. These find-
ings agree with the obseryations of Gallin (63) in which
intracellular recordings from mouse perituneal macro-
phages before and during ingestion of opsunized ery thro-
cytes indicated that phagoc) tosis veeurred without any
changes in 17 or input resistance. The discrepancies be-
tween these vbsenations and thuse alreads discussed
indicate that the ivnic events assuciated with Fe-me-
diated phagoucytusis are still unresvlved.

3. Physivlugical role of tonic conductances

1) SETTING MEMBRANE POTENTIAL. The resting V,,
of the macrophage or of any other cell influences cell
function by affecting the gating of voltage-dependent
ion channels, the diffusion of ions through non-voltage-
gated channels, and the transport of ions andsor sub-
stances that use ions as cotransporters. The relation-
ship between resting 17, and ionic permeability has been
studied most thoroughly by Ince et al. (116) in human
monocytes. Using ion-substitution experiments, they
demonstrated that the intracellular content of Na, K,
and Cl in human monocytes is 21, 122, and 103 mM, re-
spectively, and that resting V7, is dependent on external
K for [K] > 10 mM. [It should be noted that the value of
103 mM for[Cl); is surprisingly high and differs consider-
ably from the values of 44 and 36 mM for J774.1 and
HL60 cells, respectively (173, 216a).2) Below 10 mM K the
Cl permeability also affected V7, whereas changing
[Na], had no effect on resting V;,. Thus in human mono-
cytes and in monocyte-derived macrophages where rest-
ing V7, values ranging from ~30 mV to —56 mV have
been reported (68, 116, 118, 183), both Cl and K conduc-
tances/transporters participate in setting V. In addi-
tion, the Na-K pump contributes between ~7 and -11
mV to the resting V7, of macrophages (66).

When present in macrophages, the K; conductance
plays a role in maintaining the 17, close to Ey;. Support
for this conclusion comes from the finding that macro-
phages exhibiting this conductance had resting 1, val-
ues closer to oy than macrophages that did not express
this conductance (65, 65, 70, 212) and that Ba (2.5 mM),
which blocks the K; conductance, depolarized J774.1
cells by =20 mY (70). Furthermore, in J774.1 cells, the
presence of this conductance was associated with a shift
in the resting ¥, to more hyperpolarized levels (171). In
macrophages in which the K; conductance sets the rest-
ing 1, i« small inward current that might be produced
by the activation of a specific conductance or a nonspe-
cific leak conductance can result in two stable states of
resting membrane (-28 and —s0mV) (65). This phenom-
enon, which is related to the steep voltage dependence of

2 This diserepaney may be due to the fact that the{C1, in human
monocy tex was measured ip HOO-free medmum Tlan.
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-the K, conductance, has also been reported in rat baso-
philic leukemia cells (154) and in cardiac Purkinje fibers
(60) and may be functionally important.

Although the K, conductance, if present, plays a sig-
nificant role in setting the resting 17, of the cells, it
should be noted that other K cunductances may alsvcon-
tribute to the resting 17,. For example, Ypey and Cla-
pham (290) reported that mouse peritoneal macro-
phages cultured for 24 h displayed only a K, conduc-
tance, not a-K, conductance, and these cells had resting
V. values of 80to 90 mV (equal to Ey). Because the
K, conductance was reported to activate at potentials
positive to —60 mV, it is not clear which K conductance
established the resting 17, in these cells.

In macrophages, as in other cell types, 1, affects
voltage-dependent ionic cunductances and vther trans-
port processes that depend on ienic gradients, such as
Na-dependent amino acid transport. Seseral studies
have examined the phagocytic ability and the NADPH
oxidase acuivity of macrophages depolarized by high-K
medium to-determine if a negative 17, is reguired for
these processes. Pfefferkorn (203) repurted that J774.1
cells ingest-the opsonized protozean parasite T. gundic
normally in 120 mM K medium (which depolarizes mac-
rophages to near 0 mV, unpublished observations).
Phagocytosis of unopsonized 2y mousan by murine perito-
neal macrophages also vccurs normally in high-K me-
dium, although high-K medium duves prevent the induc-
tion of phospolipase activity that normally vccurs after
ingestion of zymosan (1). Depolarization b, high K doe.
not-induce superoxide release in mouse perituneal mac-
rophages, nor dues it interfere with the release of super-
oxide induced by phorbol myristate acetate (PMA)
(123). Sinaiar results were noted when FMLP-induced
superoxide release was measured in guinea pig alveviar
macrophages depolarized by incubation in 110 mM K,'35
mM Na medium. In these cells, increasing [K], to 142
mM (and decreasing [Na], to { mM) decreased superox-
ide production by 25%, but this decrease was due to the
[Na), decrease rather than to the increase in {K], (110).

II) OSCILLATIONS IN MEMBRANE POTENTIAL. Intra-
cellular microelectrode studies have shown that both
human and murine macrophages exhibit spontancous
and electrically or mechanically induced oscillations in
Vafromalevelof 30or 10 mV to potentials near By
(approximately 80 mV) (48, 71). In additivn, hy perpo-
larizations that somctimes oscillate can be induced by
addition of Ca ivnophores or chemotactic factors (64,
71). Because none of the above treatments dependably
induced oscillations in ¥7,, these events have been diffi-
cult to study. More recently, Soldati and Persechini
(257) reported that, in the absence of Na, large depolar-
izing voltage steps reliably induced 13, oscillations in
mouse macrophage polvkaryvons.

Hyperpolarizing membrane vscillations have been
ascribed to the activation of a Ca-dependent K conduc-
lance, because they involved an increase in conductance,
reversed near Ey, were blocked by ethy lene gly col-bisy3-
aminoethyl ether)- N,V V.V .-tetraacetic acid tEGTA),
and were induced by cither ionomycin 48, 71) or the
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intracellular injection of Ca (202). The 17, uscillations
were not blucked by TEAC] (30 mM), but they were
bloched by the addition of either quinine {0.2-1.5 mM) or
Ba (20 mM) (4, 117). As discussed in section HLA 111, it Is
likely that the K, ¢, cunductance underlies the 17, vscil-
lations, although it should be noted that Ince et al. (117)
reported activation of large-cunductance channels (pre-
sumably K ., channels) during mechanical microelec-
trode-induced hyperpularizations in human macro-
phages. Further studies on the effects of pharmacologi-
cal blockers on both K, o, and K, ¢, conductances and the
17, uscillativns are needed to determine if both these
channels play a role in 17, oscillations.

Ince et al. (115) recorded rapid transients immedi-
ately after micruelectrude impalement and concluded
that spontancous uscillations in 1, were an artifact of
recording induced by a leak of external Ca into the cell
after impalement by micruelectrudes. However, experi-
ments recording currents with patch-clamp electrudes
in the cell-attached patch and whole cell configurations
wwhere clectrude-induced leak current was negligible)
confirmed the presence of spuntanevus 17 oscillativns
163, sec section L1, Interestingly, Kruskal and
Maxfeld (129) have demonstrated that spontaneous
oscillativns in [Ca), vccur In macrophages after adher-
ence. It is likely that the oscillations in{Caj, are linked to
the activation of K conductance and that 17 oscillations
vecur under physiological conditions. However, the
functional relevance of these vscillativns is nut known.

I11) CHANGES DURING MATURATIUN UR AFTER ACTI-
v ATIun. Macruphages orginate from bone marrow pro-
monucy te cells that are released as mounucy tes into the
bloud where they circulate, leave the circulation (witha
half time of 17 h), emigrate into tissues, and maturein.w
resident tissue ma:ruphages (272). Tissue macrophages
exposed to microorganisms, LPS, and a variety of ¢y to-
kines can be activated to exhilit enhanced tumor cell
hilling and increased secretury respunses, and it has
been well documented that after activation some of
their surface wntigens differ from thoese of munocy tes or
of resident tissue macrophages (272).

Several studies have indicated that maturation
and.’or activation can modulate the eapressivn of ivnic
conductances. In human peripheral blood mounuey tes the
expression of the K, channel increased during the
Arst 7 days in culture, a time period during w hich mono-
cytes mature into macruphages, <5% of celi-attached
patches obtained from cells 24 h after plating exhibited
+his channel, whereas ~50% of the patches obtained
after 3 days in culture did exhibit this channel (68, If it
is true that the K, ¢, cunductance is absent from freshly
isolated bloud monucytes, then the presence of these
channels (in the plasma membranc) must not be re
quired for phagocytosis, chemotaxis, and other func-
tions that are normally carried out by peripheral bloud
mounuc) tes. However, this observation has not heen con
firmed in a recent study of whole cell currents in cul-
tured human bloud-desived monocy tes by Nelson et al.
(183). In J774.1 cells, adherence is the trigger for in-
creased channel eapression. As discussed in seclion
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LA 11, a twofold increase in the density of K, channels
occurred during the first 18 h after adherence (171). It is
well known that adherence itself can “activate” macro-
phages to increase responsiveness to a variety of stim-
uli (31).

The activating stimuli LPS also modulates the ex-
pression of ionic currents in macrophages. Jow and Nel-
son (120; see sect. HLA 11V) showed that treating culiured
human peripheral blood-derived macrophages for 24 h
with LPS increased the percentage of cells expressing
the K, current from ~0to ~30%. In contrast, the same
treatment in J774.1 cells did not increase the K, current
but decreased the density of K, channels compared with
untreated cells (171). This was due to the fact that LPS-
treated J774.1 cells increased their membrane area (as
measured by membrane capaciiance) more than they
increased K; channel expression.

IV) OTHER POSSIBLE FUNCTIONS. With the exception
of the role of the K; conductance in setting ¥, theroleof
ionic conductances in macrophage function has not been
established. These conductances are likely toserve some
of the same functions in phagocytes that they do in
other cells. Thus the X, conductance may be important
for restoring V_, to negative values after depolarization.
The Ca-activated K concuctances may have a similar
role after the transient increases in [Ca}, that occur dur-
ing phagocviosis (144, 285) and after activation with
chemotactic peptides (102}). It is also possible that Cl and
K conductances play a role in volume regulation in the
macrophage, as they do in other cell types (190;. Al-
though ion-sensitive microelectrodes used in studies of
mouse macrophage polvkarvons have demonstrated
that [K] does not change during spontaneous membranc
hyperpolarizations (202), Holian and Daniele (110) dem-
onstrated that there was a 17% decreasc in [K}, in hu-
man alveolar macrophages 20 min after stimulation
with the chemotactic factor N-formyl-methionyl-phe-
nylalanine (FMP). Changes in [K], could influence syn-
thetic processes (135, 217, 271) and receptor-mediated
endocytosis (124). Intracellular K levels might also mod-
ulate the contractile machinery of the macrophage, be-
cause the macrophage contains an actin-modulating
protein, acumentin, the activity of which is modified by
changes in [K}, (100-200 mM) (259).

Only z few preliminary studies have investigated
the effect of pharmacological blockers of ienic conduc-
tances on phagocyte functions. In J774.1 cells. Ba (2
mMI), which blocks the K, channel, does not block che-
motaxis in response to endofoxin-aclivated mouse
serum, release of hydrogen peroxide after stimulation
with PMA, or phagocytosis of opsonized crythrocytes
{unpublished observations). Therefore it is unlikely that
the K, conductance plays a crucial role during these
events. In alveolar macrophages the extracellular Ca-
dependent component of the K efffux stimalated by
FMP is blocked by quinine {1 m3, 2 well-known inhibi
tor of Ca-activated K channels (110). Quinine also
blocked the FMP-induced release of superoxide in these
cells, but the inhibitory effect of quinine alss oceurred
under conditions in which the FMP induced K cfflus
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was absent (low eatracellular Ca), indicating that these
two effects of quinine were not directly related (110). In
human peripheral bloud-derised macrophages, TEA (10
mM), shich bluchs K ¢, channels, did not inhibit che-
motaxis toward FMLP (unpublished observations). Ad-
ditivnal studies examining the effects of blockers should
help to clarify the role of ionic conductances in macro-
phage function.
The observation that buffering [Ca); to 1-10 ndl in
771.1 cells has no effect on cell spreading or the inges-
tion of IgG-couated erythrocy te ghosts (46) suggests that
Ca-activated ion channels arc not required for these
events. This is consistent with the lach of Ky ¢, channels
in the plasma membrane of freshly isolated human pe-
ripheral blood munucy tes (65), even though they are ca-
pable of carrying out phagocytosis.

B. Neuirophils

Neutrophils, also called poly morphonuclear leuko-
cyvtes because of their multilobed nucleus, are the most
prevalent blued phagocy te. These cells contain numer-
vus secretory granules. After phagocytosis or stimula-
tion with a varicty of factors, including leukotriene B;
and platelet-activating factor (PAF), the contents of
these granules are released along with superoxide and
other free radicals furmed during the oxidative burst.
Neutrophils are sery motile cells and are often the first
cells found at sites of infection. Thus they are very im-
portant in phagocy losing and hilling invading bacteria.

Although only two clectrophysiological studies
have been performed on neutrophils, these studies indi-
cate that neutrophils exhibit at least four different ionic
conductances. Future studies are needed to further char-
acterize cach of these conductances, to determine what
additional conductances are present in neutrophils, and
to understand their relevance to the large body of infor-
mation that has accumulated from biochemical. flux.
and fluorescence measurements.

1. Polassium conductonces

1) OUTWARD POTASSILM CONDUCTANCE. Whole cell
patch-clamp experiments in human neutrophils have
demonstrated a current that activated at positive po-
tentials 2and reversed around -25 mV when NaCl was
the predominant salt in the bath and the pipette con-
tained KCL'K-aspartate (1251, This current, which had a
threshoid of activation of 60 mV. was reduced when
the pipetie concentration of K was reduced but was un-
affected by changes in the 'l concenteation. Unlike the
inactivating K, current described in macrophages 290y,
this current showed no inactivation during depolarizing
voltage steps up to 4 s. Furthermore, pharmacological
studies indicated that the current was not blocked by
CTX (1030 gMy, apamin 20 nd), quinine 200 gM), or
1- AP i 10 mM). The authors speculated that this channel
ma) be responsible for maintaining the resting 1 1125,
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II) CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE.
Krause and Welsh (128) also observed that ionomycin
produced an increase in outward current that was two-
fold larger when the pipette contained KCl than when it
contained NaCl. When the pipette contained NaCl,
changing the bath solution to Na-isethivnate abolished
the ionomycin-induced current, whereas it only par-
tially decreased the ionumycin-induced current when
KCl was in the pipette. These data suggest that human
neutrophils have a Ca-activated K conductance (in addi-
tion to a Ca-activated Cl conductance described in sect.
11B3). The presence of a Ca-activated K current was
further corroborated by the observation that ionom, cin
induced vutward currents in whole cell patch-clamp re-
cordings done on human neutrophils in symmetric K-
aspartate solutions (128).

2. Calcium-activated cation conductance

Von Tscharner et al. (276), using patch-clamp tech-
niyues tu examine jonic channels during stimulation
with the chemotactic peptide FMLP, demonstrated that
adding FMLP to the bath during cell-attached patch re-
cordings induced two different Ca-activated cation-non-
selective channels. The presence of FMLP in the patch
pipette did not increase the probability of channel open-
ing, indicating that the activated channels were not di-
rectly coupled to the FMLP receptor. Depleting [Ca], by
loading cells with fura-2 prevented FMLP-induced
channel activation, and treating cells with saponin to
increase [Ca), activated channels in the absence of
FMLP, Thus FMLP-activated channels appeared to be
Ca activated. Two types of single-channel currents with
conductances of 18-25 and 4-6 pS were identified. Ion-
substitution experiments indicated that they were
equally permeable to K, Na, and Ca. Inusitol trisphos-
phate, which releases Ca from intracellular stores in
neutrophils (260), failed to induce the activity of these
channels when added to the inside surface of the mem-
brane. (The possible relevance of these channels to
FMLP-induced increases in [Cal, are discussed in section
B4

3. Chloride conductances

In whole cell patch-clamp recordings from human
neutrophils exposed to ivnomycin, Krause and Welsh
(128) reported that substituting isethionate for Cl in the
bath decreased (by 807 ) the currents in response to posi-
tive voltage steps and shifted the reversal potential for
the currents to more pusitive potentials, suggesting that
neutrophils also display 4 Ca-activated Cl conductance.
The current that was sensitive to removal of Cl had no
apparent voltage sensitivity. Whole cell Cl currents
were alsv described in a preliminary study of human
neutrophils by Schumann et al. (235).
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4 Physiological role of ionic conductances

1) SETTING RESTING MEMBRANE PUTENTIAL. There
are nou direct electrophysiolugical measurements of the
resting 17, in neutrophils, but measurements with the
indirect probes triphenylmethylphosphonium (TPMP*)
(240), TPP* (179), and the fluorescent dye 3,3-dipro-
pylthiadicarboxycyanine [diSCy(5)] (255) have yielded
resting V), values for suspended neutrophils of -54, -67,
and - 53 mYV, respectively. From the resting V7, value
and jon fluxes, Simchowitz et al. (255) calculated the
relative ionic permeability of the neutrophil membrane
to K, Na, and Cl to be 10.1.1. They concluded that the
small permeability to Na accounts for the deviation of
the resting 17, from Ey at physiological [K], (4.5 mM),
while above 10 mM [K],, V;, follows Ey. Unfortunately,
no data exist about the particular ionic channels that
underly resting V.

Although it is elear from experiments measuring
V.. with voltage-sensitive fluorescent probes that
various substances that activate neutrophils produce
changes in V7, (238, 268), the events underlying these
potential changes are poorly understood, and their rela-
tionship to signal transduction is unclear. For example,
neutrophils depolarized by high K can still migrate in
respunse to FMLP (179, 248). Although Roberts eu al.
(221) demonstrated that the number of neutrophils mi-
grating in high-K/low-Na medium is increased, this in-
crease was due to the reduction in extracellular Na and
not to the increase in K. Furthermore, data on the rela-
tionship between depolarization induced by high K and
the oxidative burst have demonstrated both decreases
(126) and increases (156) in superoxide generation, and
these changes hayve been attributed to the effects of Na
removal rather than to membrane depolarization.

II) UTIHIER POSSIBLE FUNCTIONS. The Ca-activated
conductances described are likely to be activated by the
biphasic rise in [Ca], that occurs in neutrophils after
stimulation by a variety of factors, including FMLP,
PAF, and leukotriene B, (47, 145, 209). This increase in
{Ca), has been linked to differential secretion from the
three distincet granule populations that are present in
neutrophils (145). The early transient [Ca), rise is due to
a release of [Ca]; stores, whereas the more sustained
[Ca); increase requires extracellular Ca and has been at-
tributed to an influx of Ca (8). A stimulus-induced in-
flux of Ca was further corroborated by the observation
that extracellular Mn (presumably influxing through
Ca-permeable channels) was able to quench the increase
in fura-2 fluorescence induced by FMLP, leukotriene B,,
and PAF and that La, Cu, and Ni inhibit the influx of
Mn (174).

Vun Tscharner et al. (276) suggested that intracel-
lular release of [Cal, from stores caused the transient
activativn of Ca-gated cation channels, allowing Ca tu
flow intou the cell. Nasmith and Grinstein (180) tested
this possibility by e¢xamining FMLP-induced Ca
changes under conditivns where neatrophils had been
lvaded with the Ca chelator bis(u-aminophenoxsy)eth-
ane-N,N,N',N'-tetraacetic acid and demonstrated that
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the rise in [Ca], that depended on extracellular Ca could
still be stimulated by FMLP when intracellular free Ca
levels were maintained at or below resting levels. How-
ever, Pittet et al. (205) found that the FMLP-stimulated
influx of Ca into HL60 cells differentiated into neutro-
phil-like cells was closely correlated with the rise in
[Ca}; as well as an intracellular accumulation of inositol
1,3,4,5-tetrakisphosphate [Ins-(1,3,4,5)P,]. They con-
cluded that an elevation of [Ca), could activate Ca influx
by acting directly on Ca-activated channels, as sug-
gested by von Tscharner et al. (276), or by increasing the
production of Ins(1,3,4,5)P,.

It is possible that the FMLP-induced Ca influx does
not occur through ionic channels but occurs through
other ion-transport mechanisms. Simchowitz and Cra-
goe (254) have characterized an electrogenic Na-Ca ex-
changer in neutrophils that can transport one Ca ion
into the cell in exchange for three Na ions. This ex-
changer is activated by FMLP and may account for some
of the observed increase in [Ca),® Further studies are
needed to examine this possibility and to delineate the
events that underly the Ca influx.

The early events that follow the binding of FMLP to
the membrane include (in addition to increases in [Ca];)
changes in V,,, pH, and the transport of other ions. Stud-
ies with fluorescent dyes have shown that FMLP in-
duces an initial depolarization followed by a repolariza-
tion that is completed within 8-10 min (141, 240). The
FMLP-induced depolarization required a stimulus con-
centration of at least 107 M, whereas lower concentra-
tions induced either no change (45) or a slight hyperpo-
larization (136).

Despite many studies, it is not clear which ionic
conductances, if any, are involved in these responses,
Decreasing[Na], to 20 mM and varying [K], from 1 to 100
mM did not change the amplitude of the membrane depo-
larization, indicating that the depolarization does not
involve a Na conductance (238). As noted, von Tscharner
et al. (276) proposed that the transient depolarization is
caused by an influx of cations through the Ca-dependent
cation-nonselective ion channels induced by FMLP. It is
plausible that Ca provides a signal leading to depolariza-
tion, because it has been demonstrated that an increase
in [Ca]; precedes the depolarization (136). However, Di
Virgilio et al. (45) showed that even in Ca-depleted cells
where no increase in free-[Ca]; occurs FMLP can induce
adepolarizing response, although it is diminished. Alter-
natively, it is possible that the membrane depulariza-
tion induced by FMLP is due to the FMLP-induced in-
crease in a Cl conductance reported by Schumann et al.
(285). It is also possible that the repolarization phase of
the FMLP-induced V7, changes involves an additional
me~brane permeability and that it may be dependent
on ¢ fernal Ca (268). Furthermore, FMLP and other ac-

31f the Na-Ca exchanger is the major pathway for Ca influx in
stimulated neutrophils, then depolarizing the neutrophil should in-
crease the agonist-induced Ca influx. However, D1 Virgiho et al. (45)
demonstrated that depolarization of FMLP-stimulated neutrophils
reduced the Ca influx.
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tivating agents directly stimulate Na-H exchange (89,
253). Although this transport system is not electrogenic,
the changes in intracellular Na or pH, which are sub-
stantial, could affect ion conductances and/or the Na-K
pump (which is electrogenic), thereby producing
changes in V.

The purpose of the FMLP-induced V,, changes is
unclear, because cells can migrate (248) and produce an
oxidative burst (110) when depolarized by high K. Never-
theless, the observation that FMLP fails to induce V,,
changes in neutrophils from patients with chronic gran-
ulomatous disease, a condition in which phagocytes are
incapable of producing an oxidative burst (239), sup-
ports the view that the membrane depolarization (or
events leading to it) is associated with the oxidative
burst, even if depolarization is not required for activa-
tion of the oxidase. A close association between mem-
brane depolarization and the oxidative burst was also
demonstrated in a study that measured FMLP- and
PMA-induced V,, changes and superoxide release in
HL-60 cells at varying stages of differentiation (124).
Similarly, Di Virgilio et al. (45) demonstrated that the
dose-response relationship for the FMLP-induced depo-
larization in neutrophils was identical to the dose-re-
sponse relationship for FMLP-induced activation of the
NADPH oxidase. This study also showed that the in-
crease in [Ca], which occurs during FMLP stimulation,
is reduced when neutrophils are depolarized and en-
hanced when they are hyperpolarized during FMLP
stimulation. Part of the increase in [Ca], requires extra-
cellular Ca and has been attributed to the influx of Ca
(8). Therefore the FMLP-induced depolarization may
serve to limit the influx of Ca into the cell after stimula-
tion as it does in other cells (208). In addition to limiting
the influx of Ca, a recent report by Pittet et al. (214)
indicates that membrane depolarization (in the absence
of extracellular Ca) diminishes both the release of in-
tracellular Ca and the rise in inositol 1,4,5-trisphos-
phate [Ins(1,4,5)P,] that is produced after stimulation of
neutrophil-like HL60 cells with FMLP or leukotriene B,.

IV. LYMPHOCYTES

T, B, and natural killer (NK) lymphocytes partici-
pate in a complex series of interactions that underlies
the function of the immune system. These include recog-
nition of antigens, ¢y totuxicity, and lymphokine and an-
tibody secretion (186). Advances in recent years have
helped explain how these tunctions are carried out at
the single-cell level (262a). Although questions still re-
main abuut lymphocyte ivn-transport mechanisms and
their functional relevance, considerable progress has
been made in identifying the ionic conductances in these
cells and characterizing the changes in ionic conduc-
tances that occur during lymphocyte activation (18, 20,
72, 73, 87, 152). The conductances described in lympho-
cytes are listed in Table 2 and are summarized next.
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TABLE 2. Ion channels in lymphocytes
Channel Gating SCG, pS Blockers Present In Reference
K channels
-K,, (n type) Voltage, 12-15 4-AP, TEA, CTX, Human and murine T-cells, 29, 35, 86, 58,
Ca quinine, verapamil, T-cell tines, cytotoxic T- 163, 172, 231,
D 600, Ni, Hg, La, cells, NK cells, human 262, 267
nifedipine, and murine B-cells
diltiazem,
chlorpromazine,
forskolin,
trifluorperazine,
noxiustoxin
K, (I typa) Voltage 21-27 TEA, Co Murine T-cells 24
K, (0’ type) Voltage 18 CTX Murine T-cells 148
K, (Ca activated) Ca 25 Apamin Rat thymoeytes, human B- 20, 95, 159, 160,
7 cells, human T-cells?, 168
i 937 murine B-cells?
Na channels Voltage 20 TTX Human thymocytes, T-cell 36, 139, 231
lines, murine T-cells
Ca chunnels
-Ca, (voltage Voltage Jurkat 77 6.8 cells, 52, 57, 59
activated) hybridoma cell lines*
Cay,, (InsP, InsP; ki Ca Human T-cells, Jurkat E6- 72,120
activated) 1 cells
-Ca, (small) <1 Ni, Cd Jurkat cells 151, 152
Cl channels
-Cly, (large) Voltage, 365 Ni, Zn Thymocytes, T-cells, 12, 19, 167, 230
PKa murine B-cells
-Cl, (small)} ~2.6 Murine spleen cells, Jurkat 19, 147
E6-1 cells, human T-cells
Cl, (cAMP PKa 40 Jurkat E6-1 cells, human 15, 25
activated) T- and B-cells, murine
B-cells?

SCG, single-channel conduciance under physivlogical wnic gradients ({or rectiflying channels, largest conducance is given). InsPy, inusi-

tol trisphosphate, NK, natural killer, PKa, catalytic subunit of protein kinase A.

cells and splenic B lymphocytes.

A. T Lymphocytes and Natural Killer Cells

T lymphocytes develop in the thymus and have both
effector and regulator functions (262a). As effector cells
they participate in graft versus host reactions, cytotoxic-
ity, and delayed hypersensitivity, « hereas as cell regula-
tors they either help or suppress the activity of other
lymphocytes. Cytotoxic T-cells kill in an antibody-de-
pendent manner a variety of target cells, including
those bearing foreign histocompatibility antigens as
well as host tumor cells and virally infected cells, which
share the same major histocompatibility antigens. In
contrast, NK cells are large granular lymphocytes that
can kill tumor and virus-infected cells in culture in the
absence of antibody. Variations in the surface glycopro-
teins (i.e.,, CD, and CDg) of these different lymphocytes
correlate with their functional heterogeneity and there-
fore provide useful phenotypic markers for the different
cell types. In vivo T-cell activation is initiated by the
binding of specific antigens tv the T-cell receptor,
whereas in vitro activation can be accomplished using
lectins and phorbol esters or monuclonal antibudies
against specific surface antigens. The activation of T-
cells results in a series of well-studied integrated events

* Hybridoma cell lines constructed from fusion of S194

1 ATP and hypotonic medium required in patch electrode.

that ultimately leads to an increase in DNA synthesis
and cell division.

1. Potassium conductances

1) OUTWARD VOLTAGE-GATED PuTASSIUM CONDUC-
TANCE. Qutward voltage-dependent K currents were
first deseribed in human peripheral blood T lympho-
cytes Ly Matteson and Deutsch (163) and by DeCoursey
et al. (35) and in murine cytotoxic T-cell clones by Fuku-
shima et al. (58). Similar currents have since been re-
ported in a wide variety of lymphocytes, including im-
mature human thy mocytes (230), human helper-inducer
T-cells (T4*), suppressor cytotoxic T-cells (T8*), allo-
reactive-cytotoxic T-cells (36), human NK cells (231),
subsets of murine thymocytes (172), a murine noncyto-
lytic T-cell clone (141), and a variety of murine cell lines
(36). Only vne type of outward voltage-dependent K con-
ductance has been described in human T lymphocytes,
whereas three voltage-dependent K cunductances have
been delineated in murine T ly mphocy tes. These are 1)
the n (fur nurmal)-ty pe X (K,) conductance, which is the
only voltage-dependent K conductance described in hu-
man T lymphocytes (17, 35) and is also present in murine
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TABLE 3. Three types of voltage-dependent K channels
m murine T lymphocytes

Type Type n’ Type 1
{normal) (n~ish) (large)
Conductance 12-18 pS 18 pS 21-27 pS
Gating
Vire =30 mV -10 mV 0mV
Use-dependent
inactivation Yes No No
Closing rate 7
(-60 mV) 30 ms 30 ms 1ms
Pharmacology
TEA (X)) ~10 .nM ~100 mM ~0.1 mM
CTX (K) 300 pM <5 nM Not blocked

Vis2, munbrane potential at which one-half of the channels are
activated, K, inhibitory constant. [From Lewis and Cahalan (149).]

lymphoeytes (37); 2) the l-type K (K,) conductance,
which is present in large numbers in lymphocytes from
the MRL/lpr mouse sirain but is also found in T lym-
phocytes from normal strains of mice (24, 34); and 3) the
type n’ (K,,) conductance, which is found in subsets of
murine thymocytes (148). A mixture of these channels
can be expressed in a given murine T lymphocyte, al-
though one type of channel often predominates (19). Ta-
ble 8 and Figure 3 summarize some cf the characteris-
ties of these voltage-gated K channels.

A) N-type potascium conductance. The K, conduc-
tance is the best characterized ionic conductance in leu-
koeytes. It was first deseribed in whole cell patch-clamp
studies of peripheral human blood T lymphocytes (35,
163) and in murine clonal eytotoxic T lymphocytes (58).
Under whole cell patch-clamp conditions, K, currents
have a threshold of activation in the -50- to —60-mV
range, and the conductance is fully activated above 0
mV, [The threshold for activation for this current may
differ in cell-attached recordings (S. C. Lee and C.
Deutsch, personal communication).] Similar to delayed
rectifying K currents in vertebrate nerve and muscle
cells, K, currents in both human and murine T lympho-
cytes exhibit sigmoidal voltage-dependent activation ki-
netics (35, 38, 58, 163) and could be fitted to a Hodgkin-
Huxley type n%j model (17, 88). However, the rate of K,
current deactivation determined from relaxation of tail
currents was an order of magnitude slower in lympho-
eytes than in skeletal muscle (17). When [K], was varied,
the K, reversal potential followed the Nernst equation
for K, indicating that the current is K selective (17,
58, 165).

The K, current decreases or insctivates dming volt-
age steps lasting >20 ms. During prolonged depolariza-
tion the K, current inactivates to a steady-state level
that, in human T-cells, was half maximal at -70 mV and
was complete at almost all potentials that elicited the
K, currents (17), whereas in the murine clonal cytotoxic
T-cell line inactivation was absent at 75 mV (58). If the
inactivation of K, currents is state dependent and not
voltage dependent, as has been suggested recently for
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similar channels in rat type II alveolar epithelial cells
(84), then these apparent differences in “steady-state”
inactivation may be ascribable to a difference in the
experimental protocol rather than to actual differences.
In addition, recovery from inactivation was much
slower than the onset of inactivation during depolariza-
tion (17, 38, 58). When pairs of identical pulses sepa-
rated by different time intervals were used to examine
recovery from inactivation, short (80 ms) depolarizing
pulses produced a peak current for the second pulse that
was smaller than the current at the end of the first pulse
(85, 138). This phenomenon of cumulative inactivation
has been described in other cells (5, 290). For longer
pulses (500-600 ms), recovery time increased and, in the
case of human T lymphocytes, was fit by two exponen-
tials with time constants of 10 and 420 s (17). The ki-
neties of K, channel inactivation suggest the existence
of more than one inactivated state of the channel (17).

Several changes in the K, current occur during the
first 10-15 min after establishing the whole cell patch
configura.tion (17, 40, 58). These include increases in the
peak current, the rate of activation, and the rate of inac-
tivation and a —10- to —20-mV shift in the voltage de-
pendence of activation. Similar shifts have been noted
in other currents studied using the whole cell patch tech-
nique, and it has been postulated that they are due to
dissipation of a Donnon potential due to the slow diffu-
sion of large cytoplasmic anions into the pipette (161),
although in some cases the voltage shifts are larger than
can be accounted for by this mechanism (53). Although
junctional potential shifts probably account for some of
these changes, several additional factors also may un-
derlie these changes. These include the likely effect of
intracellular fluoride on augmenting the rate of K, in-
activation (17) and the removal of inactivation of the K,
conductance when cells are held at —80 or —90 mV. That
is, if the resting 17, of intact lymphocytes is =70 mV or
less negative (estimates of V7, in unstimulated T lym-
phocytes obtained using indirect fluorescent probes
range from —50 to —70 mV) (87), then the K, conduc-
tance would be partially inactivated at rest.

1) Effects of univalent cations. Ion-substitution stud-
ies revealed the following permeability ratio for the K,
conductance. K (1.0) > Rb (0.77) > NH, (0.10) > Cs
(0.02) > Na (<0.01) (17), which is similar to those re-
ported for other delayed rectifying K channels (106,
218). In high-K medium, the K, conductance increased,
the instantaneous I-Vrelation became inwardly rectify-
ing, and the rate of channel closing (deactivation)
slowed (17). Furthermore, peak G-V relations indicated
that the K, conductance was activated at potentials 10-
20 mV more negative in high-K or high-Rb Ringer vhan
in NH,-containing or normal Na-containing Ringer,
suggesting that permeant cations interact with the gat-
ing mechanism of the K, channel (17).

2) Effects of calcium. Although Cahalan et al. (17)
originally reported that changing the [Ca]; from 10 8 to
107® M (with glutamate or aspartate as the primary in-
ternal anion) had no effect on the magnitude of the K,
current, several more recent observations have demon-
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FIG. 3. Characterization of 3 types of thymucyte K currents, A-C. columns 1-J represent n, n and 1 K currents, respectively. 4. cumulative
inactivation of K current during repetitive depolarization, Voltage stimuli (200-ms pulses from 80 to +30 mV, were deliverea . * rate of L's
from holding potential of - 80 mV. Seven respunses are superimpused. B. vultage dependence of K-channel dosing rates. Actisatin g pulses of
10-20 ms from holding potential (- 80 mV) tv +30 mV (currents not shuwny were followed by pulsesof  100to 40 mV. C. K-channel blockade by
tetraethylammonium (TEA). K currents were elicited by pulses from 80 to +30 mV in presence of 0.1-100 mM TEACL In C1, TEA slows
apparent inactivation rate of K current, not by unmasking TEA-resistant current component but through direct effect un kinetics of type n
channels. Celis were bathed 1n Ringer solution containing (an mM; 160 NaCl, 4.5 KCl, 2 MgCl,, 1 CuCl,, and 5 Na-HEPES (pH 74). Pipette
contained (in mM) 134 KF, 11 K,-EGTA, 1.1 CaCl,, 2 MgCl,, and 10 mM K-HEPES (pH 7.2). [From Lewis and Cahalan (148).]

strated that the K, conductance can be modulated by
[Ca].. First, when the patch pipette contained 10 * M Ca,
whole cell currents decreased during the first 5-10 min
of recording from human T lymphocy tes, whereas they
increased during the first 5-10 min of recording when
the pipeite contained 10 * M Ca (14). Second, adding 1
wM A2318% Increased the rate of K, inactivation and
reduced curren. amplitude by 56%. A similar effect of
A23187 on K, curre.ts was reported in the human Jur-
kat T-cell line (52). Fina.ly, single-channel recordings of
human T-ceils obtained in eacised inside-out patches in-
dicated that increasing ti.e [Ca), from 10 * to 10 °* M al-
most completely blocked channel activity in a reversible
manner (14).

Increasing [Ca}, 10-fold from ~2to ~20 mM did not

increase K, current amplitude but shifted the G-V rela-
tionship to more positive potentials (17, 58) and in-
creased the rate of inactivation (36, 94). In Jurkat E6-1
cells the rate of K, channel inactivation was increased
as both internal and external Ca increased, suggesting
that Ca can enter upen K, channels from either the in-
side or the outside. The effects of Ca on K, channel inac-
tivation are cunsistent with a model that proposed that
Ca binding to a site inside the channel induces a confor-
mational change that inactivates the channel rather
than inactivation produced by a direct block by Ca (94).

3) PH ¢ffects. Because changes in pH, occur in Iym-
phocytes after mitogen stimulation (44, 78), clarifying
the role of K, conductance in mitogenesis necessitates
examining the effects of pH, on the K, conductance. In
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whole cell recordings, Deutsch and Lee (42) reported
that the conductance is insensitive to external pH (pH,)
until pH, is lowered below 6.6. In contrast, changing the
pH, from 52 to 8.2 increased the average peak X,
current in-human T lymphocytes threefold but had no
effect on the threshold of activation or on inactivation.
Deutsch and Lee (42) desecribed the pH, dependence of
the K, conductance by 2 model with two strongly cooper-
ative proton-binding sites with an acidic dissociation
constant of 7.15. The threefold increase in whole cell
currents was accompanied by an increase in single-
channel conductance. However, the increase in single-
channel conductance was not sufficient to account for
the increase in whole cell peak current, indicating that
the number of open channels may also be affected by
pH,. Thus it is possible that alterations in the K, con-
ductance induced by pH, changes that occur during the
cell cycle may play an important role in proliferation.

4) Temperature effects. Most of the patch-clamp
studies in leukoeytes have been done at room tempera-
ture (~22°C). However, two recent studies on human
peripheral T lymphocytes examined the effect of temper-
ature on K, conductance (138, 194). Changing the tem-
perature from 5 to 42°C increased the ¥, current ampli-
tude and the rates of activation and inactivation and
shifted the threshold of activation to more negative po-
tentials (194). Both deactivation (the rate of decay of the
current on repolarization) and recovery from inactiva-
tion were quite temperature sensitive (138). At 37°C,
cumulative inactivation did not occur if the interpulse
interval was >1-2 s, whereas at 22°C, inactivation was
obeerved with an interpulse interval of 20 s. These
changes indicated that increasing the temperature aug-
mented the number of open K, channels. From the
whole ce'l conductance and Boltzmann fits of the activa-
tion and inactivation curves, Pahapill and Schlicter
(194) estimated that from -50to 70 mV (the estimated
resting V), 5-20 K, channels would be open at 37°C
compared with 3-7 channels at 20°C. The single-channel
conductance also increased as temperature increased
(138, 194) so that the increase in whole cell conductance
at 87°C probably results from increases in both the sin-
gle-channel conductance and open channel probabil-
ity (194).

5) Single channels. Because T lymphocytes have a
very high input resistance (on the order of 20 GQ), it is
possible to record single-channel currents in the whole
cell recording configuration (14, 17, 138). In human T
lymphocytes, single-channel cur-ents obtained in this
manner had conductances of 14-16 and 6-9 pS in normal
Ringer solution and 40 and 24 pS in high-K medium (14,
17). In murine T lymphocytes, K, channels have a con-
ductance of 12 pS (38). Single-channel currents dis-
played flicker or rapid closures within bursts, indicating
at least two nonconducting states of the channel. In ex-
cised patches exposed to symmetrical high-K solutions,
I-Vrelationships of single K, channels displayed inward
rectification, similar to the inward rectification noted in
instantaneous I-V relations of whole cell currents in
high-K Ringer (17). Unitary current amplitude in-
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creased in sizc as temperature was raised from 22 to
37°C, the most prevalent channel had a conductance of
26 pS at 37°C compared with 14 pS at 22°C (13%). The
number of K, channels estimated from the conductance
of the single-channel currents and the whole cell con-
ductance is 300-500 and 10-15 channels in human T-cells
(17) and resting murine T lymphocytes (38), respec-
tively.

6) Antugunists. Antagonists of the K, conductance
are numerous. They include classic K channel blockers,
classic Ca channel blockers, polyvalent cations, and
other compounds. The K channel blockers quinine (53,
163), TEA, and 4-AP all reversibly block this condue-
tance when added tv the bath with an inhibitory con-
stant (K,) in human T lymphocytes for guinine, 4-AP,
and TEA of 14 ¢M, 190 xM, and 8 mM, respectively (35).
Of these, channel bluck by TEA has been the best char-
acterized (38, 93). In murine thymoceytes, TEA reduced
the apparent single-channel amplitude, probably by
producing a fast bluck, the kinetics of which were above
the frequency range explored (38). The dose-response
relationship for the single-channel block in murine thy-
mocytes was similar tv that for blocking macroscopic
currents (38). In the human lymphoma line Jurkat E6-1,
TEA both reduced the peak K, current and slowed the
time course of decay sv that the K, current integral in
the presence of TEA was unchanged (93). These data fit
a kinetic scheme in which vpen K channels blocked by
TEA cannot inactivate (93).

The K, channels also are blocked by a number of
agents that inhibit Ca channels. These include polyva-
lent cations and the Ca channel antagonists diltiazem,
verapamil, and nifedinine (23, 36, 35, 250). In human T
lymphocytes, the potency sequence of half block for
these agents was verapamil (6 uM) > nifedipine (24
#M) > diltiazem (60 uM) (23). Although the potency se-
quence has not been reported in murine T-cells, these
agents also produced half bluck in concentrations rang-
ing from 4 to 40 mM (3S). At int: rmediate concentra-
tions of verapamil, K, channels inactivated more rap-
idly and once inactivated recovered more slowly. Block
by verapamil was use dependent, increasing with fre-
quency of channel opening (36, 250). This is similar to
the use-dependent block of Ca channels previously de-
scribed for Ca channel antagonists (137).

Inorganic polyvalent cations reduce the K, conduc-
tance and shift the G-V curve to more positive potentials
(36, 38). Divalent cations have been shown to induce sim-
ilar shifts in G-V relationships of other K conductances
(54, 81). In human T Iy mphocytes the potency sequence
for these blockers is Hg » Lia > Zn > Co > Ba, Cd > Mn,
Ca > Sr .~ Mg (36). In addition, Ni (1 mM) also reduces
the K, current in human T lymphocytes (163). Both Co
and La have similar blocking effects on K, channels in
murine T-cells, althvugh murine cells may be somewhat
less sensitive to poly cation block (35). The interaction of
Ba with the K, channel has been studied in Jurkat E6-1
cells, where it was demonstrated that external Ba enters
the open channel, producing a use-dependent block, and
is trapped inside the channel when it closes (94).
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Other compounds that decrease the K, conductance
are the calmodulin antagonists chlorpromazine and tri-
fluoperazine (19), forskolin (127), retinoic acid (249), and
toxins isolated from scorpion venom (210, 226). In hu-
man T lymphocytes, forskolin (20 uM) decreased the K,
conductance without changing the voltage dependence
and kinetics of inactivation. Surprisingly, the effects of
forskolin were not mediated by a rise in adenosine 3,5
cyclic monophosphate (cAMP), since raising cAMP lev-
els with isoproterenol plus phosphodiesterase or with
dibutyryl cAMP had no effect on the K, conductance
(127) and neither did 1,9-dideoxyforskolin, an analogue
of forskolin that does not stimulate adenylate cyclase in
human lymphocytes (127). There is precedent for a di-
rect block of K channels by forskelin from studics in
invertebrate neurons (33).

Charybdotoxin blocked K, channels in human and
murine T lymphocytes with a K, of ~0.5 nM (210, 226).
Because it inhibits the K, conductance at much lower
concentrations than other antagonists, it m..y be a prom-
ising tool for examining the functional relevance of
these channels (210). Block by CTX appears to occur
when the channel is in either the closed or open state,
because it blocked at a holding potential of -80 mV and
because there was no indication of recovery during depo-
larization. Noxiustoxin, purified from Centrurvides nvc-
ius also blocks K, channels with a K, of 0.2 nM (226).

Schumann and Gardner (234) reported that the sen-
sory neuropepiide substance P, which stimulates T-
lymphocyte proliferation (198) and lymphokine secrec-
tion (193), decreases the peak amplitude of the K,
current and accelerates the rate at which the current
inactivates in Jurkat £6-1 cells. The effects of substance
P could be mimicked by the addition of GTP+S to the
pipette. Intracellular application of GDP3S (100-500
#M) blocked the action of substance P, suggesting that
GTP-binding proteins may modulate the K, current
(234). However, GTP4S did not have this effect in nor-
mal human T-cells (137).

7) Expression in resting cells. With the exception of
the T-cell lines CCRF HSB 2 and P12-Ichikawa, K,
channels arc present in all T lymphocytes that have
been examined (36). Identification of subsets of human
T lymphocytes with antibodies indicated that resting
T4/Leud*, T8/Leu2*, and alloactivated cytotoxic T-lym-
phocytes all expressed K, channel,, although cytotoxic
T-cells appear to have more channels (36). Schlicter et
al. (232), comparing the expression of K, channels in
immature human thymocytes (negative for the 73 re-
ceptor) with channel expression in mature T3* T cuils,
found that channel expression in these two groups of
cells was similar and concluded that K, channels are
expressed very early in the differentiation process, pus-
sibly before thymic prucessing. The largest number of
K, channels (1,500 channels/cell) has been repurted in
CCRF CEM 3A cells. Despite the variation in K, channel
numbers in different cell lines, no correlation has been
made between the function of different cell lines and K,
channel number (36).

This is not the case in primary murine T lympho-
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cytes, which have only 10-15 K, channels in the resting
mature cell (36). In murine T-cells, there also was a
correlation between the type of K channel present and
T-cell function, K, channels predominate in mature thy-
mocyte subsets that are CD;CD; (precursors to helper
T-cells), whereas in the mature CD; CDy thymocyte sub-
set that contains precursors to cytotoxic and supressor
T-cells, K, and K, channels predominate (148, 149).
Functionally immature CD;CD; or CD;CD; thymo-
cytes expressed 5- to 10-fold moire K channels -l.an ma-
ture resting thymocytes (148). There also was a correla-
tion between the number of K, channels and the ability
of thymocytes to proceed through the cell cycle
(148, 172).

8) Effects uf uclivation. The T-cell activation after in
vitro exposure to polyclonal mitogens and cytokines oc-
curs over a period of hours or days and often results in
amplification of the K, ccaductance. In human T-cells, a
20- to 24-h exposure to the tumor promoter TPA or con-
canavalin A (ConA) increased K, conductance 1.7- (40)
and 2-fold (163), respectively. In contrast to the slow
effects of TPA and ConA, DeCoursey et al. (35) reported
that 1 min after exposure of human T lymphocytes to
phytohemagglutinin (PHA), the kinetics of K, channel
gating wer: modified so that the G-V curve was shifted
by -15 m"., thus the number of channels open at rest
would double. Howev: v, subsequent studies on human
immature Jhymocytes and human T lymphocytes have
failed to d\ monstrate these rapid PHA-induced changes
in the K, «unductance (138, 232). No effects on the K,
current wese noted when isoproterenol, prostaglandin
E,, cAMP analogues, ur aucleotides were added to the
bath or pipette in human T lymphocytes maintained at
37°C (138).

Although murine resting T lymphocytes have many
fewer K, channels than human T-cells, after stimula-
tion with the mitogen CunA, actively dividing cells of
either the helper o suppressor cell variety exhibited a
large augmentation in channels (19, 38). This augmen-
tation of the K, channels is a likely cause for 13- to
15-mV hyperpolarization in murine cells expused to
CenA (122, 271). In the murine noncytolytic T-cell clone
L2, e.., wsure to interleukin 2 (IL-2) increased the ampli-
tude of the L .y, .o wireefold at 24 h (141). The in-
creased cur.x... .as maintained for 72 h and paralleled
the IL-2-induced augmentation in cell size and DN A syn-
thesis.

9) Cl...ang. Molecular characterization of the K,
channel has been carried out using prubes from Shaker-
r.lated K channel genes to screen cDNA libraries from
both rats (19) and mice (97). Injection of mRNA encuded
by either of the intron-less genes MK3 (97) or RGKS5 (49)
into Xenoupus vucytes resulted in the expression of ionic
channels with similar biophy sical and pharmacological
properties tu the K, channel. The amino acid sequence of
RGKS is 60-70% humuloguus with the Shaker core se-
quence (19). Using the pulymerase chain reaction,
G- issmer ¢t al. (97) demonstrated that MES is tran-
sceribed and expressed in mouse T-cells, In addition,
p-vbes prepared from the unique 3-noncuding region of
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MKS were uged to localize MKS to human chromosonie
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Bl Letype potassivm conductance, The K, channely
were lirst deseribed in T-cells from mice containing two
different autosomal recessive mutations, Ipr/lpr and
sld/Zudd (24, 34, 96). Both of these mutations result in a
Ivmphoproliferative  systemic  lupus  eryvthematous
(SLE)-like discase that develops carly in life. The K|
channels also are found in small numbers in T lympho-
evtes from control mice (24). The K, conductance can he
distinguished from the K, conductance in that it acti-
vates 30 mV morv positive than K, channels, closes
much more rapidly on repolarization, and inactivates
more slowly and less completely (37). [Concanavalin A
shifted the voltage dependence of K, channels by about
~10 mV, but these channels still opened at more positive
potentials than K, channels (24).] The K, channels also
recover from inactivation more rapidly so that little in-
activation accumulates with repetitive pulses, The phar-
macological block of K, channels also differs from K,
channels; they are less sensitive to Co block, are 100

- times more sensitive to TEA [mean inhibitory constant

(K,,2) = 50-100 uM] (37), and they are not blocked by
CTX (225). Consistent with the whole cell data, single-
channel K, currents are open at more positive potentials
and have a larger (21 pS) conductance (37) than K,
channels, Addition of 0.1 mM TEA to the bath reduces
single-channel conductance by 50% (37, 149), which is
compatible with a rapid open-channel block mechanism
like that for K, channels.

Shapiro (241) has reported that K, channels are sim-

~tlar w0 one of the “fast” K conductances ealled g, chan-
2

nels in node of Ranvier (50). Unlike K, currents, but like
e currents, K, current activation could not be fitted by
Hodgkin-Huxley n* kinetics but was well-fitted by a de-
lay followed by a single exponential. Besides similarities
in kineties and voltage dependence, pharmacological
agents known to block g, channels, such as capsaicin
(51) and naloxone (112), also block K, channels (241).

The ionie selectivity of K, channels to monovalert
cations is roughly similar to that for K, channels, except
for a higher Cs permeability (243), For K| channels, the
permeability sequence based on biionie reversal poten-
tials is K > Rb > NH,, Cs >> Na. The species of per-
meant ion strongly modulates deactivation kinetics of
K, channels (243). This phenomenon is similar to per-
meant ion effects on K, channels (17). The inward NH,
current was over 10 times that for Cs, even though the
permeabilities were nearly identical. This large discrep-
ancy between selectivity and conductance indicates that
K, channels, like most other K channels (108), are multi-
ion pores.

Monoclonal antibodies againgt specific subsets of
T-cells were used Lo characierize K, channel expression
in both T-célls from healthy mice and T-cells from mu-
rine models of SLE, type-1 diabetes mellitus, and experi-
mental allergic encephalomyelitis (21, 96). The T-cells
from these diseased mice, which were phenotypically
Thy1,2', CD,, CDy, B220%, and F23.1ap*, displayed o
Iarge number of K, channels, whereas phenotypically
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gimilar T-cells from control mee or mice before the -
set of the diseaxe did not, Other T-cell subsets from
these discased mice expressed a normal pattern of ¥
channels (21), Thus the abundant expregsion of the K,
channel may be a marker for the onset of autoimmunit;.
In developing thymoceytes from normal mice, K, chan-
nels were rarely found in CD;CD; or CD;CD; thyma-
cytes hut were found on CD;CIy thymocytes, which are
destined to hecome major histocompatibility class I-
restricted eytotoxic or supressor T-cells (149). There iy
no evidence for the existence of K, channels in human
T-cells. However, K, channels have been reported in the
human Burkitt's lymphoma cell line Louckes (242).

C) N'-type polassium conductance. Examination of
subsets of developing T-cells from the murine thymus
has revealed a K conductance that has the same voltage
dependence of activation, cloging kinetics, and sensitiv-
ity to CTX as the K, conductance hut displayed little
cumulative inactivation and was less sensitive to block
hy TEA (K, ,; = 100 mM) (148). However, it was blocked
by nanomolar concentrations of CTX (226). Correspond-
ing single-channel currents having a conductance of 17
pS have been identified (148). Cell surface-staining tech-
niques revealed that CD;CD; cells destined to become
MHC class I-restricted cytotoxic or supressor T-cells
most often expressed as K, channels.

11) CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE.
Radioisotope flux and potentiometric dye studies have
provided substantial indirect evidence that T lympho-
cytes possess a Ca-activated K conductance (87, 91, 119,
219, 271). For example, in rat thymic lymphocytes and
human peripheral blood monénuclear cells, elevation of
[Ca), in the submicromolar range by exposure to iono-
mycin induces a membrane hyperpolarization (mea-
sured with fluoreseent dyes) that parallels the increase
in [Ca};, depends on the K gradient, and is inhibited by 25
nM CTX (91).

Despite such observations, patch-clamp studies by
several different investigators in a variety of T-cells
failed to demonstrate Ca-activated K conductances in
T-cells until Mahaut-Smith and Schlichter (160) demon-
strated the presence of a Ca-activated K conductance in
rat. thymocytes and human B lymphocytes. In that
study, exposing cells to ionomycin induced channel activ-
ity in 90% of the cell-attached patches. Two amplitude
channels were noted. The smaller (7 pS) channel was not
well characterized, but the larger channel had little volt-
agge dependence in the range from 20 to —-120 mV applied
to the pipette and exhibited inward rectification. Its
single-channel conductance was 26 pS for inward
currents and 15 pS for outward currents. Channel activ-
ity could be retained in a percentage of the patches after
excision and increased when [Ca), was increased from
100 to 300 nM. However, excision of the patch altered the
kinetie behavior and the conductance of the channel,
and channel activity frequently disappeared. Similar
channel activation has heen reported after exposure of
ratl thymoeytes to the mitogen ConA (159,

At this time, it is not clear how widely distributed
the Ca-activated K conductance is among T-cells. A pre-



794

liminary report in Jurkat E6-1 lymph-.cytes, in which
the perforated patch techniyue (111) was used, demon-
strated-that ionomycin induces a currert that may be 4
Ca-activated K conductance (95). Further work is
needed to determine if this channel is found in most
T-cells and whether the. previvus fa:lure to detect Ca-ac-
tivated K channels was due simply to washout of the
curren in the whole cell and excised patch configura-
tion.

2. Sodiwm conductarce

Sodium channels v *, , gating properties similar to
Na channels in excitabl. cells have been descrived in
human and murine T lymphocytes {36), in human thy-
mouytes (231), and in several T-cell lines, including Jur-
kat E6-i, MOLT-4, MOLT-17, CCRF-CEM, CEM-1-3,
anua K562 cells (36, 139, 232, 284). The Na currents were
aboiished by replacement of external Na with Cs or
TEA,; tetrodotoxin (TTX; 100 nM) also reversibly
blocked the channels. The Na channels from murine T-
cells were less sensitive than human T-cells to TTX
block (17, 38). Single-channel currents evidert in sume
whole cell records indicated that the single-channel
conductance was 20 pS for human T-c: s (17) and 16-18
pS for murine T-cells (38).

Sodium channels are present in only a small per-
centage (3 of 90 cells) of human resting T lymphocytes
(17) but are in as many as one-third of tl.c unstimulated
mouse MRL-n strain of T lymphocytes (38). Activation
of murine T-cells with ConA did not increase the p.
centage of cells expressing Na currents but did produ e
a 10-fold increase in the number of Na channes per cell.
However, T-cells from other strains of mice had fewer
Na channels. With the exception of murine NK clonal
cells and K563 leukemic cells that express a high density
of channels, T-cells do not usually contain enough Na
channels to generate action potentials (18).

8. Calciuzm conductan: s

The T-cell receptor/CD; ligands or mitogenic lec-
tins induce an increase in [Ca], that is essential for sub
sequent activation events (72, 87, 271), The rise in [Ca],
has two components, a release of Ca from intracellular
stores (2, 113) and an influx of extiacellular Ca that is
blocked by Ca channel antagonists, sach as La (2, 188).
Although it has been postulated that the influx of Ca
occurs through classic voltage-depc.adent Ca channels,
such channels have only been reported in Jurkat 77 6.8
cells [(52), studies of uther Jurkat T-cell lines have failed
to confirm this report (36, T. E. DeCoursey, personal
wrimibudtation)). In those cells, a voltage-gated Ca con-
ductance with olow kinetics, consistent with the behav-
ior of L-type channels (187), was enhanced after expo-
sure to PHA and may mediate the PHA-stimulated rise
in [Ca}, that occurs after PHA stimulation. Patch-clamp
studies have failed to demonstrate classic voltage-gated
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Ca channels in other types of T-cells (17, 58, 163). Thus
Ca influx during T-cell activation must be mediated by a
non-voltage-gated Ca transport mechanism(s) (72, 152).

Voltage-insensitive inward Ca (or Ba) currents
were first described in cell-attached and whole cell re-
cordings from a human cloned helper T-cell line (131). In
cell-attached patches with 110 m>f 2a iv. the patch elec-
trode, single-channel currents had a lincar I-V curve
with an extrapolated reversal potential of ~60 mV and
a ~7 pS conductance, They were infrequently open in
cell-attached recordings of quiescent cells. {Jowever, the
probability of opening was increased by »ath applica-
ticn of PHA, indicating that PHA was exerting its effect
through a sccond messenger (131). A PHA-.timulated
vultage-insensitive current that - as blu~hed by Cd was
alsv noted in whole cell record (131), however, th.re
was little evidence that it was a _a current. Similar sin-
gle-channel activity was recurded in human cloned
helper T-cells using monoclonal antibodies against the
antigen/major histocompatibility complex receptor T3-
Ti (CD, specific) or the sheep erythrocyte-binding pro-
tein T11 (CD, specific), demonstrating that a variety of
stimuli that increase [Ca), activate these channels (72).
Although little is known about the pharmacology of this
channel, in Jurkat E6-1 cells it could be activated by the
Ca agonist BAY K 8644 (289). Moreover, as shown in
Figure 4, exposure of the cytoplasmic membrane surface
to micromolar concentrations of Ins(1,4,5)P; activated
similar channels in a duse-dependent fashion during ex-
cised inside-out patch recordings from human Jurkat
E6-1 T-cells (130), suggesting that this Ca-permeable
channel is part of a relatively new class of inositol phos-
phate-sensitive Ca channels (200, 27} In addition, ex-
cised patch studies indicate that the channel .nay be
autoregulated by Ca, since elevating [Ca), o....oressed
channel activity (72; Fig. 4).

Lewi. and Cahalan (151) have demonsirated that
expusure ol Jurkat T-cells to PHA-induced oscillations
in [Ca), depended on [Cal, influx and were suppressed by
depolarizing the cells with high-K m- dium. Whole cell
patch-clamp recordings from those cells revealed a
small (~7 pA in 10 mM intracellular EGTA) voltage-in-
dependent Ca current that was activated within seconds
of obtaining a whole cell recording. The current was in-
waod at potentials up to 20 mV, did not reverse at volt-
ages up to 100 mV, was diminished by decreasing [Cal,,
and was blocked by 5 mM Nior 1 mM Cd. Interestingly,
this current developed witheut any notable single-chan-
nel activity ur increase in baseline noise. Thus the sin-
gle-channel conductance must be quite small (<1 vS)
and ma) even be due to the activation of an electroge..ic
pump or eachange mechanism rather than an ion chau-
nel. In perforated patch-clamp recordings (obtained by
placing nystatin, a pore-forming antibiotic, in the pi-
pette), an oscillating Ca current, the rise and fall of
which preceded the uscillations in [Cal, could be acti-
vated by adding PHA (151). The temporal correiation
between the vscillations in [Ca), and current activation
supports the view that this current was causally related
to the [Ca], oscillations.
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FIG. 4. Single inositol 1,4,5-trisphosphate [Ins(1,4,5)P3}-induced
inward currents recorded from inside-out membrane patch excised
from Jurkat cell. Patch pipetie contained 110 mM BaCly, 200 nM tetro-
dotoxin (TTX), and 10 mM HEPES-KOH (pH 7.3). Membrane r.atch
cytoplasmic surface was bathed in solution containing (in mM) 150
KCl, 0.55 CaCl,, 2 MgCl,, 1.1 EGTA, and 10 HEPES-KOH (pH 7.
Helding potential was 0 mV. Inward currents are seen as duwnward
deflections from basecline All records were filtered at 1 hkHz. 4.
Ins(1,4,5)P;-induced inward currents from 1 excised inside-out patch
at slow sweep speed. Arrows, addition of Ins(1,4,5)P; and CaCl, to
bath. No inward currents were observed n patch for >5 min before
addition of Ins(1,4,5)P;. First breah in recording indicates interrup-
tion uf 1 min during which putential was changed. First bath addition
of Ins(1,4,5)P; resulted in inward current activity within 10 s of addi-
tion to bath Inward currents appeared for <60 s and then disappeared
for period of >4 min. Top and bottom traces were interrupted during
this interval. Secund application of Ins(1,4,5)P; tfinal concentration
2.0 uM) immeldiately clicited inward currents that were sustained for

“min Inter ption in trace indicates a 2-min interval during which
membrane potential was changed Inward currents were abolished by
appiteation of CaCl, (final concentration 2 mM) to internal bathing
solution. B: Ins(1,4,5)Ps-induced umtary inward currents at lugher
timu cesvlution with sampling rate of 4 hkHz. Lefl. control recordings
befor applicativn of Ins(1,4,0)P; Right. inw ard current traces in pres-
ence of 25 xM Ins(1,1,5)P; [Reprinted by permissivn from Kunv and
Gardner (130) Copyright® 1987 Macmillan Magazines Limited.]

Both the small Ca (Ca,) current described by Lewis
and Cahalan (151) and the Ins(1,4,5)P;-induced Ca/Ba
(Ca,,,)-permeable current described by Kuno and
Gardner (130) were voltage insensitive and were inhib-
ited by iucreases in [Ca). However, these currents dif-
fered in the following ways. 1) from reversal potential
measure...ents, Jhe Ca, current is more selective for Ca
han the Ca,,, curr.nt; 2) the amplitude of the whole cell
Ca, current was i00-fold smaller than the whole cell
Cay,, currert, and 3, a0 single-chacnel current fluctua-
tions acep mpanied Ca, currents. It is unlikely that these
differences ceflect differences in experimental protucol,
although the study of Lewis and Cahalan (151) was per-
formed in 2 mM extracellular Ca and must of the record-
ings of Kuno and Gardner (130) were .btained in 110
mM Ba. Further studies are needed to determine if these
are related currents or if two diffcrent voltage-insensi-
tive Ca transporters exist in T lymphocytes.
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A single study on bilayers containing plasma mem-
brane from the human T-cell line REX has shown small
(2-3 pS under conditions of symmetrical 100 mM Ca)
single-channel Ca or Ba currents that were inhibited by
La (199). These currents were induced by adding three
different monoclonal antibodies that interacted with
the T8-Ti receptors on REX cells but that were not acti-
vated by monoclonal antibodies directed against the Ti
receptor of different T-cell lines or against the T4 anti-
gen. Because channel activity was present in isolated
bilayers, the data suggest a physical link between the
T3-Ti receptor and the ionophore and, in contrast to the
findings of Gardner (72), argue against the indirect ac-
tivation of the channels by a second messenger (199).
Unfortunately, no data were presented on channel selec-
tivity or voltage dependence. Furthermore, the relation-
ship of these currents to the Ca;,, channels described by
Gardner (72) is uncertain.

4. Chloride conductances

I) LARGE CHLORIDE CONDUCTANCE. Single-channel
currents of a large-conductance voltage-dependent Cl
channel, similar to the Cl channels described in macro-
phages, myotubes {236), and B-cells (12), have been de-
scribed in whole cell (19) and excised patch (230) record-
ings from T lymphocytes and thymocytes. Single-chan-
nel conductance w ., ~365 pS. The channel exhibited
several subconduct..u.e states that had the same volt-
age sensitivity, ioniec selectivity, and block by Zn as the
fully conducting channel. The most frequently noted
subconductance states were in multiples of 45 pS. Unlike
the macruphage, where the anion/cation selectivity of
the Cl;, channel was 5:1 (236), in the T-cell this channel
was 30 times more selective for Cl than for Na or K (230).
Anion selectivity sequences determined from either re-
versal potentials or conductance ratios produced similar
results in contrast to the findings in B lymphocytes,
where different selectivity sequences were determined
using these two types of measurements (12). The selec-
tivity sequence for the T-cell Cl;, channel was I > NO; >
Br, Cl > F, isethionate, HCO; > SO, > gluconate, propio-
nate > aspartate (230). As in macrophages (see sect.
1114.2), these channels opened and then closed in a time-
dependent manner with excursions of £20 mV, and the
steady-state probability of channel opening fit a bell-
shaped curve, fitting a model of a channel with one gate
that closes at negztive potentials and a second gate that
closes at positive potentials (230).

Interestingly, recent observations by Pahapill and
Schlicter (195) indicated that channel activity changes
dramatically when cells are maintained at 37°C rather
than at rvom temperature. It should be emphasized that
all but a few of the patch-clamp studies in leuhocytes
have been performed at rovm temperature and that the
activity of ionic channels under these conditions may
differ from their activity at 37°C. For example, at 37°C,
Cl,, channels were active at rest, and activity increased
with hyperpolarization.
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In excised patches, the Cl, channel can be activated
‘by -the catalytic subunit of protein kinase A plus ATP,
indicating that it may be regulated by second messen-
gers (194). The channel was reversibly blocked by Zn or
Ni (1 mM)-added to the cytoplasmic side of the mem-
brane. Block by Zn was decreased by hyperpolarizing
the membrane, suggesting that the cation plugged the
channel (230).

1I) SMALL CHLORIDE CONDUCTANCE. One study re-
ported that when the patch electrode contained a hyper-
tonic K-aspartate/ATP-containing solution, T lympho-
cytes exhibited a small Cl (Cl;) conductance that is ab-
sent immediately after establishing the whole cell
configuration but then slowly develops (147). This con-
ductance was present in mouse splenic T-cells, Jurkat
E6-1 cells, and human T-cells, had an anivnic permeabil-
ity sequence of NO, > Br, Cl, F > methanesulfonate »
ascorbate > aspartate, and could be reversibly blocked
by 2 mM SITS (19, 147). The Cl, channels were too small
tv resolve at the single-channel level, but noise analysis
resulted in-an estimate of 2.6 pS for the single-channel
conductance. From this estimate and the measured
whole cell conductance, the number of Cl, channels was
estimated to be quite high, on the order of 1,000 (19).
Hydrolysis of ATP appears to be required for activation
of this conductance, since the current was induced by
internal ATP and ATP+S (a nonhydrolyzable ATP ana-
logue) but not by ADP, AMP, or AMP-PCP (147). It was
hypothesized that the Cl, conductance participates in
the regulatory volume decrease (RVD) that occurs in
lymphocytes exposed to hypotunic conditivns. Unfortu-
nately, no subsequent studies have examined this chan-
nel or its role in RVD.

III) ADENOSINE 3,5-CYCLIC MONOPHOSPHATE-DE-
PENDENT CHLORIDE CONDUCTANCE. Chloridechannel ac-
tivity similar to that described in epithelial cells (277)
was reported in excised inside-vut patches from Jurkat
E6-1 cells (25). These single-channel currents were out-
wardly rectifying in symmetrical solutions and had a
slope conductance at 0 mV of 40 pS. Reversal potential
shifts produced by changing extracellular Na and Cl
concentrations indicated that the Cl-to-Na permeability
ratio was 10:1. In excised patches the kinetic behavior of
the channel was complex, with prolonged bursts in-
terrupted by brief flickers and long closures, channel
activation required 107 M [Ca]. However, once the
channel was activated, lowering [Ca], to 10™® M had no
affect on channel gating. Similar channel activity could
be induced in cell-attached patches after exposure to
8-bromo-cAMP (25). Furthermore, channel activity was
induced when the cytoplasmic surface of excised patches
was exposed to the catalytic subunit of cAMP-depen-
dent protein kinase plus ATP. Thus this channel ap-
peared to be a cAMP-dependent C1(Cl,) channel similar
to that described in airway epithelial cells (277). In ¢pi-
thelial cells, regulation of the Cl, channel was reported
to be defective in cystic fibrosis (35, 277), and Chen et al.
(25) have shown that it is also defective in Iymphocy tes
from cystic fibrosis patients (see sect. IVB)).

More recently, Bubien et al. (15), using fluorescence
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digital imaging of the halide-sensitive fluorophore 6-
methoxy -N-(3-sulfopropy yuinvlinium and whole cell
pateh clamping, confirmed that buth T and B lympho-
cytes frum cystic fibrusis patients lack a Cl current that
can be activated by the addition of either cAMP or iono-
mycin to the cells. They also repurted that lymphocytes
in G, had a significant spontancous Cl permeability,
whereas G, and S phase cells had a low Cl permeabil-
ity (15).

5. Physiological relevance

1) SETTING RESTING MEMBRANE POTENTIAL. Esti-
mates of V7, in pupulations of nurmal resting mamma-
lian lymphocy tes obtained using putentiometric-sensi-
tive dyes and TPMP” range from 50to --70 mV (39,122,
271, 280). These studies indicated that the 17, of lympho-
cytes was primarily a K diffusion potential (87). From
patch-clamp studies, Cahalan et al. (17) estimated in
human T-cells that 0.1-2 (of the 300-400) K, channels
are open at the resting V7. Using a [K], of 130 mM (39)
and the unitary K, conductance, Cahalan et al. (17) cal-
culated that the net K efflux through open K, channels
would be 10-400 ~ 10 ' mol/min and concluded that
this flux could account for the resting K fluxes mea-
sured in lymphocytes by Segel and Lichtman (237). Fur-
ther support for the involvement of K, channels in set-
ting the resting 17, comes from the observation that
CTX, which blocks K, channels (226), depularizes human
peripheral blood monoey tes under conditions (depleted
[Cal,) in which a Ca-activated K conductance should not
be active (91). However, this observation differs from
that of Wilson et al. (281), who reported that CTX had no
effect un the resting V7, of unstimulated human T-cells.
In additivn, K, single-channel currents should be evi-
dent in cell-attached patches if they participate in set-
ting the resting 13, but Deutsch (personal communica-
tion) reports a failure to record K, channels at 70 mV
in cell-attached patch eaperiments, Furthermore, even
though K, channels may cuntribute to the resting V7, in
T-cells that have high numbers of K, channels, this is
less likely for cells that exhibit fewer K, channels, such
as resting mature murine T lymphocy tes. The observa-
tions that CTX has little effect un the resting 1, of rat
thy mocy tes (91) ur murine spleen and thymus cell (281)
may reflect this possibility.

Because the 17, of quiescent T-cells is significantly
less negative than the £y (which is approximately 90
mV), vther permeabilities, such as the Cl or Ca conduc-
tances described, must contribute to the V. In human
cluned T Iy mphucy tes, o voltage-independent Ca-perme-
able channel has been shown to be open, albeit infre-
yuently, at rest (131) and therefore would tend to depo-
larize the cells. In addition, the preliminary report by
Pahapill and Schlicter (195), indicating that at 37°C hu-
man T-cell Cl,, channels are active at rest, implies that
these channels contribute to the resting 15, This seems
somew hat surprising fur several reasons. First, the ba-
sal Cl purmeability in human lymphoey tes is very low,
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and:it is unaffected by changing 17, (which would not be
the-case if Cl transport occurred via a voltage-depen-
dent conductive pathway) (86). Second, Cl, channels
have such a large conductance that they would be ex-
pected to overwhelm the K, conductance, effectively
clamping the cell at E¢,. Further studies are required to
determine which conductances play a role in setting the
resting V,, of the different types of T-cells.

-II) RESPONSE TO MITOGENS. Numerous studies have
implicated both K and Ca conductances in T lymphocyte
proliferation (for reviews see Refs. 72, 87). In contrast,
Na transport also is stimulated during mitogenesis, but
the main route for Na entry is via the Na-H exchanger
(87): This conclusion fits with the observation that TTX
had no detectable effect on mitogenic response of T-cells
(17). At present, no direct data exist about the functivn
of Cl channels in T-cell proliferation, although DIDS, an
anion transport antagonist, inhibited the ability of
monoclonal anti-CD,; complex antibodies to stimulate
Ca influx in Jurkat T-cells without affccting Ca release
from intracellular stores (222).

A4) Potasstum channels. Because patch-clamp stud-
ies have only recently described Ca-activated K chan-
nels in thymocytes, little electrophysiological data exist
supporting their role in the proliferative response of T-
cells. In contrast, substantial evidence supports a role
for voltage-dependent K channels. Three types of evi-
dence indicate that voltage-gated K channels, and in par-
ticular K, channels, play a role in mitogenesis. First, a
variety of mitogens increase the K, current density (14,
38, 40, 141, 163). The current amplification is consistent
with reports of mitogen-induced increases in K efflux
and membrane hyperpolarization (237, 270). Moreover,
the time courses of the augmentation of K fluxes and the
K, conductance are similar. Thus in human cells, both
the X, conductance and K fluxes were increased within
minutes of adding mitogen (17, 36), whereas in murine
splenic lymphocytes augmentation of the K, conduc-
tance and K fluxes occurred 15 h after ConA addition
(38). However, the lack of voltage-gated K channels in
the T-cell line CTLL-2 that responds normally to mito-
gens (36) suggests that these channels are not abso-
lutely required for proliferation. That is, there are dif-
ferent pathways of activation for a given type of T-cell,
as well as different types of T-cells, and it is unlikely
that the K, conductance is required for activation in
each of these instances.

Second, pharmacological evidence using a diverse
group of K, channel antagonists on a variety of T-cells
shows that thesc agents inhibit DNA and protein syn-
tt -sis at similar (11, 19, 22, 39, 141, 209), although not
always identical, concentrations (225), providing indi-
rect evidence that K, channels are involved in prolifera-
tion. [It should be also noted that if K-channel bluckers
block in a state-dependent manner (34), then the dose-
response relationship of K, current bloch at 20 mV
(where most of the dose-response relationships have
been determined) and the dose-response relationship of
block at the resting V,, may differ.] Despite these find-
ings, it has not been proven that the functional effects of
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the antagonists are actually mediated by K-channel
block. For example, K-channel bluckers have been
shown to directly inhibit Ins(1,4,5)P; release from brain
microsomes (196). Schell et al. (229) have reported that
TEA and 4-AP (at concentrations that inhibit the K,
conductance) inhibit [*H]thy midine and aminov acid in-
courpuration in two tumor cell lines that replicate auton-
omously, suggesting that these agents act on the uptake
of nutrients rather than on pathways related to T-cell
activation.

Third, support for the involvement of K, channels
in proliferation comes f1uim the vbservation that T-cells
from diseased MRL-lpr, Ipr mice that fail tv respond to
mitogens or antigens dv not upregulate the number of
K, chan.els un their surfaces. Rather, these cells consti-
tutively express 20-fold more K; channels on their sur-
faces than T-cells from MRL-Ipr/lpr mice before the on-
set of the disease (18).

The mechanism by which K channels are involved
in T-cell activation is unknown. Phytohemagglutinin in-
creases K current in immature thymocytes, which do
not proliferate (231), indicating that although augmen-
tation of the K, conductance may be necessary, it is not
sufficient to induce proliferation. Before voltage-inde-
pendent Ca channels were described in T-cells, Cahalan
and co-workers (17, 22) proposed that Ca influx might
occur through voltage-gated K channels. Although it re-
cently has been demonstrated that Ca iuns can enter
open K channels and cruss the membrane to the inside
when the channel closes (94), it is unlikely that this
mechanism provides a significant route for Ca entry,
since K channels fail to conduct in isvtunic Ba (232) and
stepped depolarization of Jurkat T-cells to 0 mV (which
activates K channels) does not detectably alter [Ca),
(150). Furthermore, indirect evidence that K, channels
are not permeable to Ca is provided by the following
obseryations. 1) depularization of human T lymphocytes
(thus activating K, channels) fails to increase [Ca); (77),
and 2) K channel antagonists vnly partially inhibit mi-
togen-induced [Ca], increases (18, 22, 77). Alternatively,
voltage-gated K channels may indirectly affect mito-
guiesis by changing intracellular K levels, since [K]; has
been linked with protein sy nthesis (139), or they might
set the resting 17, which may affect the mitogen-in-
duced rise in [Ca), (76, 188), thereby modulating the pro-
liferative respunse. Unfortunately, the relationship of
V., to T-cell activation is unclear: Gelfand et al. (76)
reported that depolarization w ith high-K medium inhib-
ited PHA-induced Ca uptake after short-term exposure
to mitugen. However, for lymphoceytes cultured in high-
K medium and continuously exposed to PHA, prolifera-
tion was almost normal (43).

Bj Culctum channels. It is well established that mi-
togens produce a rapid increase in [Ca); that is partly
due to an influx of extracellular Ca (7). The extensive
evidence suppurting the view that Ca influx and the
subseqguent rise in [Ca); provide an important signal for
proliferation has been the subject of other reviews (72,
87, 153) and therefore is not covered in depth here. Al-
though it was vriginally hypothesized that veltage-
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gated Ca channels w ere respunsible for the eatracellular
Ca-dependent mitugen-induced [Ca], rise, it is now be-
lieved that they do not play a role in the mitogen-depen-
dent Ca influx, because I) they are not detectable in
most T-cells (17, 72, 163), 2) concentrations of Ca chan-
nel blockers known to inhibit voltage-dependent Ca
channels do not consistently block mitogen-induced Ca
increases (72), and 3) depolarization by high-K medium
(which would be expected to increase the influx of Ca
through voltage-gated channels) has no effect on [Ca],
(72, 76. 188). This view has been confirmed by two recent
desc: iptions of voltage-insensitive Ca currentsin T Iym-
phacytes (72, 151), supporting the hypothesis that a
non-voltage-gated Ca transport process is responsible
for the mitogen-induced Ca influx.

Kuno and Gardner (74, 130) suggested that T-cell
activation by mitogens results in an Ins(1,4,5)P; in-
crease that releases Ca from intracellular stores and
activates a transmembrane Ca channel (see sect. 1IVA3).
Previous observations that mitogens increase the phos-
phorylation of phosphoinositides and the generation of
inositol phosphates activation fit with this hypothesis
(113, 270). However, it is not clear which of the two Ca
currents, the Ca;,, current described by Gardner et al.
(72) or the Ca, current described by Lewis and Cahalan
(151), is responsible for mitogen-induced increase in
[Ca], or, alternatively, whether the two currents are re-
lated (see sect. 1v43). By simultancously measuring
[Ca]; and membrane currents, Lewis and Cahalan (151)
demonstrated a temporal relationship between the
PHA-induced Ca currents and the oscillations in [Cal;,
thus providing strong evidence that these currents un-
derlie the mitogen-induced Ca oscillations. Agonist-in-
duced or Ins(1,4,5)P;-induced Ca currents similar to
those described by Lewis and Cahalan (151) were de-
seriked in whole cell recordings of rat peritoneal mast
cells (164). It should be noted that non-voltage-gated Ca
permeable channels have been deseribed only in T-cell
lines. Therefore the functional relevance of these chan-
nels in normal T-cells must be regarded as speculative.

It has been suggested that the step that requires Ca
in mitogenesis is the production of IL-2, because [L-2
production requires both extracellular Ca and an in-
crease in [Ca}, whereas the expression of IL-2 receptors
is independent of the rise in [Ca]; (176). Further support
for this suggestion comes from the ohservation that ex-
ogenous IL-2 can trigger proliferation in IL-2 receptor-
bearing cells in the absence of an increase in [Ca); (153).
Nevertheless, the role of Ca in signal transduction is
more compley, since the requirement for extracellular
Ca and a rise in [Ga}; can be eliminated by treating cells
with phorbol ester plus mitogens (79). Also, anti-Thy-1
antibody stimulation of IL-2 sceretion in a murine T-cell
variant missing the T-cell antigen receptor vecurs in the
absence of any increase in [Ca], or phosphatids linositol
hydrolysis (265). Therefore although Cachannels/trans-
porters appear to play an important role in mitogen-in-
duced IL-2 production, Ca-independent modes of siznal
transduction also are present in the T-cell.

Cj Cytotuxicity. Cytotoxicity mediated by cither ¢y -

ELAINE K. GALLIN

Volume 71

toly tic T Iy mphocy tes (CTL) or NK cells share several
identifiable stages, induding a Ca-dependent program-
ming for a lysis stage that has an uptimal temperature
of 37°C (6, 109, 211). This dependence on extracellular
Ca, tugether with the rise in [Ca), after target cell bind-
ing to CTL and the immediate decline in [Ca], after re-
moval of eatracellular Ca, led to the hy puthesls that Ca
channels play o pivotal role in cell-mediated ¢y totoaic-
ity (82, 206). Furthermore, the rise in [Ca); correlates
with a shape change in the CTL cells and a revrientation
of cytoplasmic granules (83). Poenie et al. (206) poustu-
lated that binding the target celi to the T-cell receptor
opens Ca channels activated by secondary events that
occur between receptor binding and channel opening.
Voltage-dependent Ca channels have not been described
in CTL or NK cells (55, 232), and depolarizing CTL with
high K failed to induce a rise in [Ca); (82). Thus it is
likely that voltage-independent Ca channels/transport-
ers similar to those described by Lewis and Cahalan,
(151) or Gardner (72, 74) mediate the rise in Ca in the
effector cell.

The evidence implicating voltage-gated K channels
present in both mouse CTL (58) and NK cells (250) in
cell-mediated cytolysis is threefold. First, the amplitude
of the CTL K currents in cytotoxic T-cell-target cell con-
Jugates was enhanced by replacing external Mg with Ca
(conditions required for the lethal hit to take place) (58).
Second, Rb efllux was stimulated when cloned CTL
loaded with **Rb were mixed with appropriate target
cells (220. Third, pretreatment of NK cells with vera-
pamil, 4-AP, Cd, and quinidine inhibited killing at doses
comparable to those that blocked voltage-gated K chan-
nels (232). Furthermore, by adding EDTA and channel
blockers at various times during cell killing, Sidell et al.
(250) demonstrated that K channels play a role in the
Ca-dependent killing phase and particularly in the re-
lease of NK cytolytic factor. The K-channel blockers 4-
AP and quinidine similarly inhibit cytolysis by Ivmpho-
kine-activated kiiler cells (143).

The role of K channels in this phase of cytolysis is
unclear. The findings that depolarizing NK cells with
high K has no cffect on NEK-mediated cytolysis and that
valinomycin, which -hould prevent the depolarization
produced by K-channel blockers, did not reverse the
block of cytolysis by quinidine, verapamil, or 1- AP (233)
argue against the possibility that K channels may func-
tion indirectly thruugh cffects on 17, It should be noted
thateytolstic activity mediated by CTL cells is not inhib-
ited by verapamil (82), demonstrating that there are
distinct differences in the mechanisms of cytolysis me-
diated by these two cell ty pes. In CTL cells, inhibition by
f-AP and TEA of ¢3totonicily can be overcome by add-
ing IL 2, suggesting that the importance of K channels
in ¢y tolonicity may be related to their action on IL-2
production (2.£.1).

Onc report implicated ClHluaes in cell-mediated ¢ -
totoxicits «5 o In that study, CTL-mediated ¢y totoxicity
was inhibited by isusmotic replacement of Cl with im-
permeant anions, and stilbene disulfonates bloched ¢y
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tolysis, providing indirect evidence that anion transport
may be involved in delivery of the lethal hit (84).

D) Volume regulation. Exposing lymphocytes to an-
isotonic medium results in shrinkage or sweiling, fol-
fowed by & regulation back to near normal size even
though the cells remain in anisotonic medium (41, 90).
In T-cells;-the RVD that occurs within 5 min of hypo-
tonic swelling is associated with a loss of both Cland K
and-is dependent on an outwardly directed K electro-
chemical gradient (90). The increase in Cl permeability
is at least partly conductive because it is associated with
a depolarization, so that V_ anproaches E; and CI flux
is independent of the concentrations of external anions
or internal cations (86). The ATP-dependent Cl, chan-
nels deseribed by Lewis and Cahalan (147) may account
for the increase in Cl permeability during RVD because
the' are osmotically activated (19). On the other hand,
the.anion permeability sequence of he Cly, channel in
T-cells (230) is identical to the sequence for supporting
volume changes in swoiien ivmphoucytes (57) and differs
slightly from the permeability sequence for the ATP-
dependent-Cl, channel (147). Therefore further studies
are required to determine which Cl channel(s) is in-
volved in volume regulation and how changes in cell vol-
ume regulate this Cl conductance.

Despite proposals to the contrary (88, 90), neither a
Ca conductance nor a Ca-activated K conductance ap-
pear to be involved in the RVD response, because RVD
does not require extracellular Ca and because [Ca], does
not increase during RVD (92). Alternatisely, it is likely
that the voltage-gated K, channels provide the route for
the RVD-associated K efflux, since in the murine T Iym-
phocyte clone L2 the RVD response is correlated with
the expression of voltage-gated K channels. Quiescent
L2 cells have low levels of K, channels and show no
RVD, whereas L2 cells stimulated with IL-2 to prolifer-
ate exhibit an increase in K, channels and a RVD re-
sponse {140). Furthermore, RVD is blocked by quinine,
TEA, verapamil, and CTX (41, 88§, 92, 1.10) at concentra-
tions that block K, conductance. It has been suggested
that during RVD K, channels arc activated by depolar-
jzation induced by either the increase in Ci permeability
that occurs during RVD (19) or the activation of stretch-
activated nonspecific cation channel. (which have been
deseribed in other cell types but not in Iymphocy tes)
(41). Interestingly, gadoiinium, which blocks stretch-ac-
tivated channels, also blocks RVD (11). The increasc in
K permesbility during RVD is present in cells depolar-
ized by high K, indicating that the RVD-activated K
conductance can be triggered in a voltage independent
manner {92).

Because cells (with the exception of kidney medul-
la-y cells) are exposed to a narrow range of tonicity, the
physiological significance of RVD is unclear. Deutsch
and Lee (11) postulated that volume regulation supports
cell cycle progression and that cells may encounter and.”
or generate local anisotonic conditions. Contersely,
Grinstein ar? Dixon (87) speculated that the sy stem for
volume regulation is a vestige from a time when osmo-
regulation was important.

ION CHANNELS IN LEURKOCYTES 799

B. B Lymphocytes

As the effector cells of the humoral limb of immu-
nity, B Iy mphocy tes (which in mammals develop in the
adult bone marrow or the fetal liver) synihesize and
seerete antibody (262a). Surface immunoglobulin serves
as the antigen receptor on the B-celi. The binding of
antigen to its receptor initiates a complex series of
events leading to cell proliferation and the production of
antibody -secreting cells. The end stage of this matura-
tion process is the large plasma cell that can secrete
antibody at a rate of ~2,000 molecules/s.

1 Polusstum conductances

1) OUTWARD VULTAGE-GATED PUTASSIUM COXDUC-
TANCE The major tonic cunductance in both murine B-
cells immortalized at various stages of differentiation
with Abelsun murine lechemia virus and in murine and
human resting and LI'S-stimulated B-cells is an inacti-
vating vaetard K current similar in its threshold of ac-
tivation ( 10 mV) and bloch by TEA to the K, channel
described in T Iy mphocy tes (29, 266, 267). [ A preliminary
study has reported K; channels in 2 human B-cell-de-
rived lymphoma cell line, Louches (242).] Sutro et al.
(267} repuried thal human tonsillar B-cells and murine
B-cells have 60 and 23 K, channels/cell, respectively.
Their voltage for half activation ranged from -20to -25
mV, and its time constant of inactivation was 140 ms
{shorter than that of human T-cells) 29, 26%). As re-
poried for the K, channel in human T lymphoci tes, in-
creasing [Ca} from 10 ¥ to 10 € M decreased the K-
current amplitude and increased the rate of current in-
activation in murine B-cells (29). In addition, in murine
B-cells, line T-cells, the outward K current is blocked by
aariety of pharmacological agents, including extracel-
lular verapamil (K, = 10 M), cetiedil (K = 20 pM), qui-
nine (K, - 22 pM), 4-AP (K = 300 pM), TEA (K = 10
mM), and Co vr Cd (K, - 10 m; (29, 267). The mecha-
nism of K, channel bluck in B-celis was described inonls
one preliminary study, which demonsirated that 4-AP
bluchs open channels and that the A of channel bloch by
1-AP depends on both internal and external pH 25).
Thus the ivnized form of 4-AP may block from inside the
cell. Furthermore, data on rate of 4-AP bloch and wash-
out of bloch suggest that two bloched stales may ex-
ist (25).

As Modulativn of condudanee. After treatmentwith
LPS, B-cells increase in size, profiferate, and secrete an-
tibodics. Sutro et al. (267) reported that LPS treatment
alsu doubled the density of K channels in murine B-cells
and that the increase in channel density was closely as-
suciated with the increase in cell size, that s, cells that
failed Lo increase their celi size did not increase their Ky
channel density. However, different results were ob-
tained by Choquet ct al. «29;, who reported that the K
conductance tunfurtunately channel density was not
measureds in murine LPS-treated B-cell blasts did not
differ from the conductance in B-cell lines that were
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immortalized at earlier stages of differentiation. Thus it
is unclear whether the state of immunocompetency of
the B-cell influences the presence of the K conductance.

Choquet et al. (29) reported that GTP caused a
small initial increase in the K, current, which may re-
flect the regulation of this conductance by a GTP-bind-
ing protein. When the patch pipette contained cAMP (1
mM), theophylline (1 mM, a phosphodiesterase inhibi-
tor), and ATP (5 mM) the outward K, current was signif-
icantly diminished during the first 5 min of recording
from murine B-cells (29). Furthermore, adding the ade-
nylate cyclase activator forskolin plus theophylline to
the bath also decreased the current and increased the
rate of inactivation. These effects were not due to a shift
in the G-V relationship for the K, current or to the in-
duction of an inward current. Also, adding the adenylate
cyclase antagonist adenosine (2 mM) suppressed the ef-
fect of forskolin. Taken together, these observations
suggest that forskolin acts specifically through its ac-
tion on adenylate cyclase to increase cAMP and that
cAMP modulates the K, conductance in B-cells. As de-
scribed in section 1v.4 1145, forskolin also reduced the K,
conductance in human T-cells, but in these cells cAMP
did not appear to modulate the K, conductance and the
effects of forskolin were not mediated by its efffect on
adenylate cyclase (127).

In addition to modulation by cAMP, the K, conduc-
tance in murine B-cells can be modulated by serotonin
[6-hydroxytryptamine (5-HT)] (27). That is, exposure to
5-HT (10 M) induced a transient increase in the peak
current, as well as a more maintained increase in the
rate of current inactivation. After treatment with 5-HT,
the cells became refractory to repeated stimulation,
even after prolonged washing. The increase in the peak
current was transduced by a SHT, receptor, while the
acceleration of inactivation involved 5-HT, recep-
tors (27).

B) Single-channel currents. Single-channel K
currents with the same conductance (17 pS) as the K,
currents in T-cells were reported in both human tonsil-
lar B-cells and mouse splenic B-cells (266, 267). How-
ever, they have not been well characterized. McCann et
al. (168), siudying cell-attached and excised inside-out
patches in murine spleenic B-cells, reported two differ-
ent outward single-channel K currents with conduc-
tances of 18 and 30 pS. The 18-pS channel (present in 9%
of the patches examined) and the 30-pS channel (pres-
ent in 3% of the patches) exhibited different vultage
sensitivities, the 18-pS channel opened at voltages more
depolarized thar -20 mV, and the 30-pS channel opened
at voltages more depolarized than 60 mV. McCann et
al. (168) also reported that both channels were blocked
by TEA and Ba, but the blocking concentrations or the
conditions of block were not specified. They suggested
that the 18- and 30-pS channels correspond to the T-cell
K, or K, channel and K, channel, respectively. However,
this suggestion is equivocal because the voltage depen-
dence reported by McCann et al. (168) for the 30-pS
channel is very different from that of the T-ce.. K, chan-
nel. Further characterization of the K channels present

ELAINE K. GALLIN

Volume 71

in B-cells is required to determine their relationship tv
the K channels described in T-cells.

11) CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE.
Simultaneous measurements of both [Ca], and 17, with
fluvrescent dyes have demonstrated that either antibod-
ies against surface immunoglobulins (anti-Ig) or iono-
mycin induce membrane hyperpolarizations in human
tonsillar B-cells (157). The anti-Ig-induced membrane
hyperpolarization was associated with an increase in
[Ca), and was abolished by placing cells in high-K me-
dium, strongly suggesting that a Ca-activated K con-
ductance was responsible for the membrane hyperpolar-
ization. Although whole cell patch-clamp recording tech-
niques have not demonstrated a Ca-activated K current
in B-cells, two recent studies demonstrated Ca-acti-
vated K single-channel currents that may be responsi-
ble for the stimulus-induced hyperpolarization in B-
cells (160, 168). As discussed in section 1vA 111, Mahaut-
Smith and Schlicter (160) demonstrated that exposure
of both human tonsillar B-cells and rat thymocytes to
ionomycin (in cell-attached patch experiments) induced
two single-channel current amplitude fluctuations (7
and 25 pS with 140 mM K in the pipette). The larger
channel was inwardly rectifying and had an open-chan-
nel probability that was only weakly voltage dependent.
The K channel activity that was sensitive to [Ca]; was
also reported in excised patches from these cells (160).

A different Ca-activated K channel was reported
recently in 3% of the patches from resting murine B-
cells (168). These channels had a conductance of 93 pS
and, in cell-attached patches, were observed only after
applying large depolarizing potentials. Similar channels
were also noted in inside-out patches, where they
opened at both positive and negative potentials under
conditions of normal physiological gradient with 10 * M
[Ca). Channel activity increased when [Ca), was in-
creased, and adding EGTA inactivated the channel, dem-
onstrating that the channel was sensitive to [Ca], (168).}

2. Calcium conductance

No ligand-dependent voltage-independent Ca chan
nels similar to those described in T-cells (72, 73) have
been reported in B-cells. Nor have any voltage-depen-
dent Ca channels been found in murine resting or LPS-
activated B-cells (29, 266). Voltage-dependent Ca chan-
nels were reported in the murine myeloma cell line S194
(which produces but does not secrete immunoglobulin)
and hybridoma cell lines constructed from the fusion of
S194 cell and splenic B lymphocytes (13, 56, 59). In these
cells, inward Ca currents were activated at potentials
greater than 50 mV and peaked at 20 mV. During
long (.-50 ms) voltage steps, current inactivated with a
single exponential time course, the time constant of
which decreased as the 1, became more positive, even

4 A recent study by Brent et al. (14a) indicates that B-cells have
yet another type of Ca-sensitive channel, a nonselective cation chan-
nel that is inhibited by (Ca).
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‘beyond the peak for the inward current. Substituting Na

for TEA -had no effect on the decay of the inward Ca
current, Thus the current decay isnotduetot develop-
ment of an outward current or to a Ca-induc. ractiva-
tion of the current but probably reflects volt . ;e-depen-
dent inactivation (56, 57). The channel also was perme-
able to Sr-and Ba (permeability sequence = Sr > Ca =
Ba) (56) and surprisingly was rather insensitive to block
by D 600-and nifedipine (59). The Ca channels in-hybrid-
oma cells are similar to the T-type or low-threshold Ca
channels in other cells that are less sensitive to organic
Ca-channel blockers than other Ca channels (180). More
recently, Bosma-and Sidell (13) demonstrated that both
retinoic acid (K,,, = 5 X 10™° M) and octanol (58 xM
produced .a 40% decrease) blocked the peak voltage-
gated Ca currents in a similar (MHY206) hybridoma cell
line. In that study, octanal also increased the rate of
current inactivation.

Because no-other voltage-dependent conductances
were present, murine hybridoma cells provided Fuku-
shima and Hagiwara (57) with a model for examining
the permeability of monovalent cations through the hy-
bridoma Ca channel. They demonstrated that internal
monvalent cations can carry outward currents through
Ca channels and that external monovalent cations carry
inward currents through the channel when external di-
valent cations are reduced to the micromolar range. The
selectivity of monovalent cations through Ca channels
(in-the absence of Ca) was Na > K > Rb > Cs. In the
presence of Ca or other divalent cations, monovalent
cation currents were blocked in a voltage-dependent
manner. The data indicated that under normal condi-
tions Ca channels are occupied by divalent cations and
are impermeable to monovalent cations. However, when
divalent cations are extruded from the channel, the Ca
channel becomes permeable to monovalent cations (57).

8. Sodiwm conductance

Inward whole cell currents that had a time course
of activation and decay similar to Na currents were re-
ported in a single recording from a human tonsillar B-
cell (267). Inward single-channel currents having a 17-
pS conductance were also observed. Unfortunately,
these events were not characterized, so it was not possi-
ble to conclude chat they represented the activation of
Na channels.

4. Chloride conductance

I) LARGE-CONDUCTANCE CHLORIDE CHANNEL. A
large-conductance anion-permeable channel with multi-
ple conductance levels has been reported in murine
splenic B lymphocytes (167) and in an antibody-secret-
ing transformed hybridoma ce'l line made by fusing a
rat myeloma with splenic B lymphocytes (12). The activ-
ity of this channel, shown in Figure 5, is similar to the
Cl,, channel activity described in macrophages, T lym-
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FIG 5. Cell-attached patch-clamp recording of subconductance
levels of large-conductance anion channel in hybridoma cell line con-
structed from fusion of S194 mouse myeloma cells and mouse splenic
B lymphocytes. A: records showing various subconductance levels in-
dicated by dotted lines. SC, supraconductance level; C and continuous
line, closed level, O, vpen level. Calibration of 1.25 pA 1s for currents
recorded at rest voltage unly, all other refer to 2.5-pA calibration. All
voltages are relative to resting potential of cell. B. current-voltage
relation for currents recorded from different on-cell patch for main
open level (195 pS) and 30% subconductance level (64 pS). Reversal is
shown at arrow at +25 mV above rest. [From Bosma (12).]

phocytes, and other cells (9). It was frequently seen in
excised inside-out patches, where its conductance in
symmetrical NaCl or in physiological solutions was 350~
400 pS (12 167). It was estimated that there were 400-
500 chanaels/hybridoma cell (12). The anion-to-cation
permeability ratio was 10.1 in hybridoma cells (12) and
33.1 in murine B-cells (167), thus in B-cells, like T-cells,
the Cly, channel was more selective for anions than the
Cl;, channel in macrophages (236). In hybridoma cells,
the Cl;, channel permeability sequence for anions was
F > 1> SCN > Br > Cl > glucuronate > NO; > aspartate,
which differs from the permeability sequence reported
in T-cells (12). Moreover, the conductance sequence in
hybridoma cells, which was Cl > SCN = F > Br > NOy >
I, glucuronate - aspartate, was not the same as its per-
meability sequence, suggesting that the permeating
ions were interacting within the channel (12). Interac-
tion of permeant anions with the channel also was sup-
ported by the finding that in mixtures of anions there
was an anomalous mole fraction dependence of channel
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conductances, that is, a mixture of SCN and Cl (highly
permeable- anions when present individually) reduced
the channel conductance. Mixtures of K and T1 produce a
similar effect on the inwardly rectifying K channel in
oocytes and other cells (99, 223).

As noted in macrophages and other cells, B-cell Cl,,
channel activity is characterized by subconductance lev-
-els. These included states that were 10, 30, 55, and 757%
of the full conductance level (12). In addition, a supra-
conductance level of 510 pS was noted, which has not
been described in either macrophages or T-cells. The
supraconductance level tended to close more frequently
than the other levels, suggesting that entry to the closed
state was easier from this level (12).

Spontaneous Cl;, channel activity was only noted in
10% of the cell-attached patches from hybridoma cells,
but it could occasionally be activated by depolarizing
steps (12). In these cases, the conductance levels of the
fully opened state and the substates were lower that
those in excised patches, probably because intracellular
Cl was reduced. In the cell-attached patch, channel open
probability increased up to 10 mV (relative to rest) and
decreased for depolarizations beyond 10 mV (relative to
rest). The behavior of the Cl,, channel changed in three
ways after excision: I) open probability did not decrease
for-potentials positive to 10 mV, 2) the voltage depen-
dence of opening became less steep at negative poten-
tials, and 3) there was no maintained residence of the
channel in the 30% subconductance state. Bosma (12)
postulated that these changes may be due to modulation
of the channel by cytoplasmic constituents, fitting with
the-observation in T-cells that the Cl, channel can be
activated by the catalytic subunit of protein kinase A
plus ATP (195).

Similar to the Cl;, data in macrophages and T-cells,
the gating characteristics of the channel could be mod-
eled by two independent voltage-dependent gates (12).
The Cl,, channel was reversibly blocked by cytoplasmic
SITS with a K, of 5.08 mM at 0 mV. The distance of the
blocking site in the membrane was estimated (from the
voltage dependence of the SITS block) to be 0.37 from
the cytoplasmic side. Here DIDS was five times less ef-
fective than SITS and anthracene-9-carboxylic acid (1
mM) had no effect on the channel (12).

1) ADENOSINE 3',5'-CYCLIC MONOPHOSPHATE-REGU-
LATED CHLORIDE CHANNEL. Chen et al. (25) demon-
strated that normal human Epstein Barr virus (EBV)-
transformed (B-cell) lymphoblasts contained a cAMP-
dependent Cl 'Cl,) channel similar to that present in
Jurkat E6-1 cells (see sect. 1v4/111). This channel was
also present in excised patches from mutant human
EBV-transformed lymphoblasts from patients with
cystic fibrosis. However, in patches from those cells, reg-
ulation by cAMP was defective. A 40-pS Cl channel has
also been described in 10% of excised patches from mu-
rine splenic B-ceils (168). Similar to the cAMP-regu-
Iated channel, this Cl channel exhibited outward rectifi-
cation in symmetrical solution but, unlike the cAMP-re-
gulated channel, [Ca), had no effect on channel activity.
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Further experiments are required to determine if these
two 40-pS Cl channels represent different Cl channels.
I1I) OTHER CHLORID, CHANNELS. Two other Cl con-
ductances have beer reported in patch-clamp studies of
murine splenic B-cells, but neither has been well char-
acterized. The first was described in sectivn IvA4I1 and
is a Cl, channel present in both T-cells and B-cells thac is
slowly activated in whole cell recordings when the patch
electrode contains hypertonic medium plus ATP (19,
147). In addition, McCann et al. (168} described a 128-pS
Cl channel that was inactive in cell-attached patches
but was activated in excised inside-out patches from mu-
rine splenic B-cells. The channel had a linear I-V rela-
tionship in a symmetrical Cl gradient and was voltage-
dependent with channel openings increasing as the
patch was depolarized beyond -50 mV. It was selective
for Cl over cations (Cl-to-Na permeability ratio = 11,
Cl-to-K permeability ratio = 8) but was permeable to
aspartate (Cl-to-aspartate permeability ratio = 4).

5. Physiological relevance of ionic conductunces

When activated by a combination of signals that
include the Linding of antigen and signals from acces-
sory cells and T-cells, the B-cell enlarges, divides, and
differentiates into an antibody-secreting cell (186). This
process is complex, and the mechanisms of signal trans-
duction that occur during the various stages of activa-
tion are not well understood. Moreover, when compared
with T-cells, relatively few electrophysiological studies
have been done on B-cells, and there are little or no data
elucidating the physiological relevance of the ionic con-
ductances that have been described. On the other hand,
support for the involvement of ionic channels comes
from numerous studies using indirect probes of 17, and
Ca (87). A few of these studies are discussed here in
terms of their relationship to the electrophysiological
data on B-cells, however, the reader is encouraged to
refer to other reviews for a more comprehensive discus-
sion (75, 87).

1) SETTING RESTING MEMBRANE POTENTIAL. The
resting 17, of mouse spleen B-cells as assessed by two
different V) -sensitive fluorescent dyes is approxi-
mately 60 mV and is relatively dependent on K (220).
Although it is clear that K conductance(s) plays an im-
portant role in setting the resting 17, no data exist on
the relative contribution of any of the other ionic con-
ductances that have been described in B-cells to the
resting V...

1) B-CELL ACTIVATION. A) Potussium channels. Po-
tassium (**Rb) fluxes vecur after stimulation of B-cells
with anti-Ig (105) or LPS (191), as well as in B-cells
activated in the presence of mitogen-stimulated cells
(192). As noted, anti-Ig alsu produced a membrane hy-
perpolarization in B-cells, supporting the view that K
fluses vcecur via a conductive pathway (158). Neverthe-
less, there is little information about the functional im-
portance of K cunductances in B-cell activation. Vayu-
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vegula et al. (273) reported that verapamil, quinine,
4 AP, and TEA block anti-IgM-induced B-cell prolifera-
tion with a potency sequence that is identical to that for
K, -type channels in T-cells. In contrast, Ransom and
Cambier (214) reported that TEA (10-100 mM) did not
block anti-Ig-induced IA expression in murine B-cells.?
Furthermore, examination of the K, conductance in sev-
eral B-cell lines exhibiting different stages of immuno-
globulin secretion demonstrated a lack of correlation
between these two phenomena, suggesting that the pres-
ence of this conductance is independent of immunocom-
petency.

If the K, conductance is important in B-cell activa-
tion, then the observations that the K, conductance is
modulated by both [Ca), and cAMP are certain to have
functional implications sinee both [Ca), (8, 157, 196) and
cAMP (189, 191) have been implicated in B-cell activa-
tion. The rise in [Ca), might also activate Ca-activated K
conductance(s), resulting in a membrane hyperpolariza-
tion. In addition, the actions of 5-HT on the K,, conduc-
tance may also play a role in B-cell activation.

B) Calcium channels. Indirect evidence indicates
that voltage-gated Ca channels present in hybridoma
cell lines obtained from the fusion of S194 and murine
splenic B-cells may be related to immunoglobulin secre-
tion and/or cell proliferation (13, 59). A comparison of
the Ca currents in the S194 cell line and in two murine
hybridoma cell lines during a 4-day culture period indi-
cated that 1) the Ca current of secreting hybridomas
was larger than the Ca current of nonsecreting S194
cells, 2) changes in Ca current correlated with the time
after the cells were tranferred to fresh medium, and 3)
there were parallel changes in the density of Ca current
and immunoglobulin secretion (5§9). However, a high
concentration (100 uM) of D 600 completely blocked both
proliferation and antibody production, but it only
blocked Ca currents by 37%. In a different hybridoma
cell line, Bosma and Sidell (13) demonstrated that reti-
noic acid, a biologically active metabolite of vitamin A,
produces a dose-dependent block of Ca channels in the
MHY206 hybridoma cell line that correlated with the
ability of retinoic acid to inhibit cell proliferation. Thus
the data are suggestive that the Ca current in hybrid-
oma cells may be related to immunoglobulin secretion
and/or cell proliferation.

With the exception of S194-derived hybridoma
cells, neither ligand-induced or voltage-gated Ca chan-
nels have been described in murine and human resting
or LPS-stimulated B-cells. However, several observa-
tions have indicated that B-cell activation by some stim-
uli induces a Ca influx and that this influx occurs
through Ca channels (87). First, antibodies against the
antigen receptor on mouse splenic B lymphocytes induce

5The reason for the discrepancy between these two observations
has been clarified by recent studies that demonstrate that TEA blocks
B-cell proliferation during the second haif of the G, phase of the cell
cycle, whereas IA expression uccurs just before stimulated B-cells
enter G, (2a, 14a).
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a rise in [Ca], that precedes capping, and removing ex-
ternal Ca diminishes the [Ca), increase (208). Similarly,
a biphasic increase in [Ca], was reported aftes exposure
of human tonsillar B-cells and murine B-cells to anti-Ig
antibodies, and removing extracellular Ca inhibited the
second more prolonged phase of the [Ca], increase (8,
157). {It should be noted that oscillations in [Ca), lasting
for hours have been demonstrated in single murine B-
cells and that in the absence of external Ca the oscilla-
tions only persist for several minutes (282).) Second, the
addition of Mn, which can permeate Ca channels but
quenches the fluorescence of the Ca indicator indo-1,
also demonstrated the activation of a Ca permeability
after anti-IgM stimulation of human B-cells (157).
Third, anti-Ig induced a membrane depolarization in
both murine B lymphocytes and human tonsillar B-cells
that was dependent on extracellular Ca (157, 213).

Depolarizing B-cells or B-cell tumor cell lines with
high-K medium had no effect on the increase in [Ca};
produced by anti-Ig antibodies (8, 133, 157), indicating
that the influx pathway does not involve voltage-gated
Ca channels. Furthermore, in the WEHI-231 B-cell line
derived from a lymphoma, anti-IgM, which produces a
rapid rise in [Ca], failed to induce a simultaneous mem-
brane depolarization (which would be expected if a volt-
age-gated Ca channel was activated). This observation
is supported by the absence of voltage-gated Ca currents
in patch-clamp studies of resting and LPS-activated B-
cells (29, 168). Hence, it is likely that ligand-gated volt-
age-independent Ca channels are involved in B-cell acti-
vation by anti-Ig antibodies. Because B-cell activation
induces both phosphoinositide turnover and Ca mobili-
zation (7, 133, 215), a likely candidate would be an
Ins(1,4,5)P;-sensitive Ca channel similar to that de-
scribed in T lymphocytes (72, 73).

Although increasing the influx of Ca with Ca iono-
phores can result in an activation of B-cells (213, 216), it
is not clear at what stage of B-cell activation, if any,
influx of Ca (in contrast to release of intracellular Ca
stores) iy required. For example, although a [Ca], in-
crease precedes capping induced by anti-Ig antibodies,
cells in Ca-free medium that were depleted of [Ca];
capped normally without a rise in [Ca], (208). Further-
more, not all agents that activate B-cells increase [Ca);
neither LPS nor PMA, which activate B-cells, induces an
increase in [Ca), (7). Therefore at least two different ac-
tivation pathways, one that requires [Ca}; and one that
does not, are present in B-cells,

C) Volume regulation. As described in section
vAsy, the RVD response that occurs after exposure to
hypotonic medium involves increased permeability to
both Cl and K (for reviews see Refs. 41, 87). Unlike hu-
man T-cells, RVD takes =1 h to occur in human tonsillar
B-cells (26). Although swelling in B-cells induces an in-
crease in Cl conductance that is comparable to that
noted in T-cells, no augmentation of K permeability oc-
curs (R6) However, adding a cation ionophore results in
a secondary RVD response in hy potonically stressed B-
cells. These observations indicate that the Cl permeabil-
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ity pathway and the K permeability pathway involved
in-the RVD response are independent and that the in-
ability of B-cells to undergo RVD is due to a low K per-
meability.

The .bsence of an osmotically induced K conduc-
tance in human tonsillar B-cells compared with human
T-cells may be related to the difference in the number of
K, channels in each cell type, both human tonsillar B-
cells and B-cells from peripheral blood have ~20% of
the outward X conductance reported in resting human
T-cells (40, 267). This correlation between the increase
in-K permeability after hypotonic stress and the num-
ber of K, channels supports the idea that K, channels
are responsible for the RVD-associated K efflux (see
sect. 1vA451V).

No direct evidence indicates which Cl conductance
is responsible for the Cl fiux during RVD. Nevertheless,
it is likely that similar pathways for Cl flux are used by
both T- and B-cells and that this pathway involves the
ATP-dependent Cl, channels reported in both T- and
B-cells (147).

V. CONCLUSION

The objective of this review is to provide readers
with a summary of the electrophysiological data de-
scribing ion conductances in leukoeytes and their poten-
tial physiological relevance. Leukocytes contain a diver-
sity of both voltage-gated and/or second messenger-
modulated ion channels, and the identifying features of
many of these channels are known. Despite considerable
progress, a myriad of questions remain, with the most
relevant being the relationship of these ion channels to
leukocyte function.

Some of the answers to this question are likely to
involve the coupling of ion channels to intracellular sig-
naling pathways (130). A prodigious increase in under-
standing of the biochemical signaling pathways in leu-
kocytes has occurred in parallel with progress in de-
seribing ionic conductances in these cells. This increase
in knowledge, together with the unique adaptability of
the patch-clamp technique to different recording
modes, should provide a clarification of the functional
relevance of ion channels in leukocytes.

Several other points are salient to a discussion of
the physiological relevance of the ion channels de-
scribed here. First, activation of leukocytes can oceur
through multiple signaling pathways, and it is likely
that ionic conductances, which may be important in one
signaling pathway, are not important in others. Second,
the relevance of data obtained from tumor cell lines,
which vary widely, to normal leukoeyte function must
be interpreted with caution until it is repeated in nor-
mal leukoeytes. Third, unlike ion channels in excitable
cells, many of the ionic conductances that have been
described in leukocytes may have only indirect effects
on cell function. That is, by influencing ion homeosta-1s
and membrane potential, ion channels may modulate
protein synthesis (135), recycling of receptors (12), or

ELAINE K. GALLIN

Volume 71

influx of Ca (45, 152) without being directly involved in
the signaling pathways.

Furthermore, little is known about the presence of
ion channels in intracellular compartments or about the
disribution of iun channels un the leukoeyte surface dur-
ing capping, phagocy tosis, or other physiological events.
The application of molecular biological techniques to
the stu v of leukocyte ion channels will surely provide
useful mechanisms to better define the importance of
ion channels in leukocyte function and to elucidate how
they relate to similar ivn cnannels found in other cell
types.

The author wishes to thank Drs. Leslie McKinney,
Thomas DeCoursey and Carol Deutsch for critically reading
this review.

This work was supported by the Armed Forces Radiobio-
logy Research Institute, Defense Nuclear Agency, under work
unit 00020. Views presented in this paper are those of the au-
thor; no endorsement by the Defense Nuclear Agency has been
given or should be inferred.

REFERENCES

1. ADEREM, A. A, W. A. SCOTT, AND Z. A. COHN. A selective
defect in arachidonic acid release from macrophage membranes
in high potassium media. J. Cell Biol. 99: 1235-1241, 1984.

2. ALCUVER, A, M. J. WEISS, J. F. DALEY, anp E. L. RiIN-
HERZ. The T11 glycuprotein s functionally Lined to o calcium
channel in precursor and mature T-linage cells. Proc. Natl. .icad.
Sci. USA 83: 2614-2618, 1986.

2a.AMIGORENA, S., D. CHOQUET, J. TEILLAUD, H. KORN, AND
W.FRIDMAN. Ion channel blockers inhibit B cell activation at a
precise stage of the G1 phase of the cell cyele. J. Tmomaenol. 144,
2038-2045, 1990.

3. ANDERSON, T., C. DAHLGREN, T. POZZAN, anD D. P. LEW.
Characterization of fMet-Leu-Phe receptor-mediated Ca®* influx
across the plasma membrane of human neutrophils. Mol Phar-
macol. 30: 437-443, 19817.

1. ARAUJO, E. G, P. M. PERSECHINI, anp G. M. OLIVEIRA-
CASTRO Electrophysivlugy of phagocyte membrane role of di-
valent cations in membrane hyperpolarizations of macrophage
polykaryons. Biochun. Biophys. Acta 856: 362-372, 1986.

5. ARIGIBAY, J. A, anp O. F. HUTTER. Voitage-clamp experi-
ments on the inactivation of the delayed putassiim current in
skeletal muscle fibers. J. Physwl. Lund. 232. 11-43, 1973,

6 BERKE, G. Cytotoxic T-lymphocytes. how do they function? Im
munol. Rev. 72: 5-42, 1983.

7. BIJSTERBOSCH, M. K., C. J. MEADE, G. A. TURNER, AND
G. G. KLAUS. B Iy mphucyte receptors and polyphusphoinusitide
degradation. Cell 41. 999-1006, 1985.

8. BIJSTERBOSCIH, M. K., K. P. RIGLEY, anp G. G. KLAUS.
Cross-linking of surface immunoglobulin on B lymphocytes in-
duces both intraceilular Ca®* release and Ca®* influx: analysis
with Indo-1. Biochem. Biophys. Res. Commun. 137. 500-506, 1986.

3. BLATZ, A. L., anp K. L. MAGELBY. Singie vultage-dependent
chloride-selective channels of large wonductance in cultured rat
muscle. Biophys. J. 43: 237-241, 1983.

10. BOKOCH, G. M. Signal transduction by GTP binding proteins
during leukocyte activation of phagocytic cells, In: Current Top-
ws e Membranes and Transixrt. Mechanesms of Levhoeyte Acti-
vabion, edited by S. Grinstein and O. Rothstein. New Yorh. Aca-
demic, 1990, vol. 35, p. 65-92,

11. BONO, M. R,, V. SIMON, AND M. S. ROSENBLATT. Blocking of
human T lymphocyte activation by channel antagonists. Cell Bio-
chem. T: 219-226, 1989,

12. BOSMA, M. M. Aniun channels with multiple conductance levels




July 1991

13:

4.

in a mouse B lymphocyte cell line. J. Physiol Lond. 410. 67-90,
1989,

B_OSMA, M., AND N. SIDELL. Retinoic acid inhibits Ca?

currents and cell proliferation in a B-lymphocyte cell line. J. Cell.
Physiol. 135: 317-323, 1988.

BREGESTOVSKI, P., A. REDKOZUBOV, anD A. ALEXEEV,
Elevation of intracellular calcium reduces voltage-dependent po-
tassium conductance in human T cells. Nature Lond. 319. 776-
778, 1986.

14a.BRENT, L., J. BUTLER, W. WOOD, ANDJ BUBIEN, Transmem-

15,

16.

17

18.

19.

20.

21

22,

25

26.

27

29

30.

31

-brane ion conductance in human B lymphocyte activation. J. Im-

munol. 145; 2381-2389, 1990,
BUBIEN, J, K. KIRK, T RADO, anD R. FRIZZELL. Cell cycle
dependence of chloride permeability in normal and cystic fibrosis

lymphocytes. Science Wash. DC 248: 1416-1419, 1990,

BUISMAN, H. P, T. H. STEINBERG, J. FISCHBARG, S. C. SIL-
VERSTEIN, S A VOGELZANG, C.INCE, D.L. YPEY, AND P. J.

-LEIJH. Extracellular ATP induces a large nonselective conduc-

tance in-macrophage plasma membranes. Proc. Natl. Acad. Sct.
USA 85: 7988-7992, 1988.

CAHALAN,M D, K. G CHANDY, T E DECOURSZY, AND S.
GUPTA. A voltage-gated potassium channel in human T lym-
phocytes. J. Physiol. Lond. 358: 197237, 1985.

CAHALAN, M. D, K G. CHANDY, T. E. DECOURSEY, S.

-GUPTA, R. S. LEWIS, aND J. B. SUTRO. Ion channels in T lym-

phocyte: Adv. Exp. Med. Biol. 213; 85-101, 1987.

CAHALAN, M. D, aNDR. S. LEWIS. Role of potassium and chlo-
ride channels in volume regulation of T lymphocytes. In. Cell
Physiology of Blood, edited by R. Gunn and J. C. Parker. New
York: Rockefeller Univ. Press, 1987, p. 281-302.

CAHALAN, M. D, AND R. S. LEWIE. Functional roles of ion
channels in lymphocytes. Semin. Immunol. 2. 107-1117, 1990.
CHANDY,K G.,M D CAHALAN, aAND S. GRISSMER. Autoim-
mune diseases linked to abnormal K channel expression in dou-
ble negative (CD; CD;) T cells. Eur. J. Imanunol. 20. 747-751,
1990.

CHANDY, K. G, T E DECOURSEY, M. D. CAHALAN, AND S.
GUPTA. Electroimmunology: the physiological role of ion chan-
nels in the immune system. J. Immunol. 135, 787-791, 1985.
CHANDY, K. G, T. E. DECOURSEY, M. D. CAHHALAN, C.
MCLAUGHLIN, aAND S A. GUPTA. Voltage-gated potassium
channels are required for human T lymphocyte activation. J.
Exp. Med. 160: 369-385, 1984.

. CHANDY, K. G, T. E. DECOURSEY, M. FISHRACH, N. TA-

LAL, M D. CAHALAN, AND S. GUPTA. Altered K channel ex-
pression in abnormal T lymphocytes from mice with the Ipr gene
mutation. Science Wash. DC 233: 1197-1200, 1986.

CHEN, J H, H. SCHULMAN, aND P. GARDNER. A cAMP-
regulated chloride channel in lymphocytes that is affected in cys-
tie fibrosis. Science Wash. DC 243; 657-660, 1989.

CHEUNG, R. K., S. GRINSTEIN, Anp E. W. GELFAND. Volume
regulation by lymphocytes. Identification of differences between
the two major lymphocyte subpopulations. J. Clin. Invest. 70.
632-638, 1982.

CHOQUET, D., ANp H. KORN. Dual effects of serotonin on
voltage-gated conductance in lymphocytes. Proc. Natl Acad. Sci.
USA 85: 4557-4561, 1988,

. CHOQUET, D., AND H. KORN. Block of K channels by 4-AP de-

pends on opening of channel and pH (Abstract). Bivphys. J. 57.
116a, 1990,

CHOQUET, D.,S. D PRIMI, P CAZENAVE, anD I1. KORN. Cy-
clic AMP-modulated potassinm channels in murine B cells and
their precursors. Science Wash. DC 235. 1211-1214, 1987.
COCKROFT, S., AND B. D. GOMPERTS. The ATP* receptor of
rat mast cells. J. Biochem. 188: 789-798, 1980.

COHEN, M.,J RYAN, AND R. ROOT. The oxidative metabolism
of thioglycollate-elicited mouse peritoneal macrophages: the re-
lationship between oxygen, superoaxide, and hydrogen peroside
and the effect of monolayer formation. J. Immunol. 127. 1007-
1011, 1981.

. CONRAD, G. W, anp T. J. RINK. Platelet activating factor

raises intracclular calcium ion concentration in macrophages. .J.
Cell Biol. 103: 439-459, 1986.

33.

34,

36.

3.

38.

39.

40.

41.
42,
43.

4.

45.

46.

47.

48.

49.

ION CHANNELS IN LEUKOCYTES 805

COOMBS, J., aND S. THOMPSON. Forskolin's effect on transient
K current in nudibranch neurons is not reproduced by cAMP. J.
Neurosct. T: 443-453, 1987,

DECOURSEY, T. E. State-dependent inactivation of K* currents
inrat type Il alveolar epithelial cells. J. Gen. Physiol. 95: 617-646,
1990.

. DECOURSEY, T. E,, K. G. CHANDY, 5. GUPTA, anp M. D. CA-

HALAN. Voltage-gated K channels in human T lymphocytes: a
role in mitogenesis? Nature Lond. 307: 465-468, 1984.
DECOURSEY, T. E,, K. G. CHANDY, S. GUPTA, Anp M. D. CA-
HALAN. Voltage-dependent ion channels in T-lymphocytes. J.
Neuroimmunol. 10; T1-95, 1985.

DECOURSEY, T.E., K. G. CHANDY, S. GUPTA, anp M. D. CA-
HALAN. Two types of potassium channels 1n murine T lympho-
cytes. J. Gen. Physiol. 89; 379-404, 1987.

DECOURSEY, T.E., K. G. CHANDY, S. GUPTA, AND M. D. CA-
HALAN. Mitogen induction of ion channels in murine T lympho-
cytes. J. Gen. Physiol. 89: 405-420, 1987,

DEUTSCH, C. J.,, A. HOLIAN, S. K. HOLIAN, R. P. DANIELE,
AND D. F. WILSON. Transmembrane electical and pH gradients
across human erythrocytes and human peripheral lymphocytes.
J. Cell. Physiol. 99: 79-94, 1979.

DEUTSCH, C., D.KRAUSE, ANDS. C.LEE. Voltage-gated potas-
sium conductance in human T lymphocytes stimulated with
phorbol ester. J. Physwol. Lond. 372. 405-423, 1985.

DEUTSCH, C., AN S. C. LEE. Cell volume regulation in lympho-
cytes. Renal Physiol. Biochem. 11, 260-276, 1988,

DEUTSCH, C., AnND S. C. LEE. Modulation of K* currents in hu-
man lymphocytes pH. J, Phystol. Lond. 413. 399-413, 1989.
DEUTSCH, C., AND M. PRICE. Role of extracellular Na and K in
lymphocyte activation. J. Cell. Phystol. 113. 73-79, 1982.
DEUTSCH, C., J.S. TAYLOR, AND M. PRICE. pH homeostasis in
human lymphocytes. modulation by 10ns and mitogen. J. Cell
Biol. 98: 885-894, 1984.

DI VIRGILIO, F.,P. D.LEW, T. ANDERSSON, AND T. POZZAN,
Plasma membrane potential modulates chemotactic peptide-
stimulated cytosolic free Ca** changes in human neutrophils. J.
Biol. Chem. 262: 4574-4579, 1987.

DI VIRGILIO, F.,, B. C. MEYER, S. GREENBERG, anp S. C,
SILVERSTEIN. Fc¢ receptor-mediated phagocytosis oceurs in
macrophages at exceedingly Jow cytosolic Ca®* levels. J, Cell Biol.
106: 657-666, 1988.

DIVIRGILIO, F., 0. STENDAHL, D. PITTET, P.D. LEW, AND T.
POZZAN. Cytoplasmic caleium in phagocyte activation. In,
Current Topcs wn Membranes and Transport. Mechamisms of Leu-
kucyte Activation, edited by S. Grinstein and O. Rothstein. New
York: Academic, 1990, vol. 35, p. 180-197.

DOS REIS, G. A., AND G. M, OLIVEIRA-CASTRO. Electrophysi-
ology of phagucytic membranes. 1. Potassium-dependent slow
membrane hyperpolarizations in mice macrophages. Biochim.
Biophys. Acla 469: 257-263, 1977.

DOUGLAS, J., P. USBORNE, Y. CAIL M. WILKINSON, M.
CHRISTIE, aAnD J. ADELMAN. Characterization and functional
expression of a rat genomic DNA clone encoding a lymphocyte
potassium channel. J. Immunol. 144. 4v41-4850, 1990,

. DUBOIS, J. M. Evidence for the existence of three types of potas-

sium channels in the frog node membrane. J. Physiol Lond. 318:
297-316, 1981.

. DUBOIS, J. M. Capsaicin blocks one class of K' channels in the

frog node of Ranvier. Brain Res. 245: 3712-375, 1982,

. DUPUS, G.,J. HEROUX, anp M. D. PAYET. Characterization of

Ca® and K* currents in the human Jurkat ccll line. effects of
phytohaemagglutinin. J. Physiol. Lond. 412. 135-154, 1989.

. FERNANDEZ, J. M., A. P. FOX, anp S. KRASNE. Membrane

patches and whole-cell membranes. a comparison of electrical
properties in rat clonal pituitary (GH,) cells. J. Physiol. Lond.
356: 565-585, 1984.

. FRANKENHAEUSER, B., anp A. L. HODGKIN. The action of

calcium on the clectrical properties of squid axons. J. Physiol.
Lond. 137: 218-244, 1957.

. FRIZZELL, R. A., G. RECHKEMMER, anp R. L. SHOEMAKER.

Altered regulation of airway epithehal cell chlonde channels in
cystic fibrosis. Science Wash. DC 233: 558-56¢, 1986.




806

56.

5.

58.

59.

60.

61.

62.

63.

-64,

65.

66.

68.

69.

ELAINE K. GALLIN

FUKUSHIMA, Y., AND S. HAGIWARA. Voltage-gated Ca chan-
nel in mouse myeloma cells. Prow. Nutl Acud. Sci. USA 80, 2240-
2242, 1983.

FUKUSHIMA, Y., aAND S. HAGIWARA. Currents carried by
monovalent cativns through calcium channels in lmouse nevplas-
tic B lymphocytes. J. Physiol. Lond. 338. 255-284, 1985.
FUKUSHIMA, Y., S. HAGIWARA, anp M. HENKART. Potas-
sium current in clunal ¢ytutonic T lymphocytes from the mouse.
J. Physiol. Lond. 351. 645-656, 1984.

FUKUSHIMA, Y., S. HAGIWARA, AnD R. E. SAXTON. Varia-
tion of calcium current during the cell growth cycle in mouse
hybridoma lines secreting immunoglobulins, J. Physiwl. Lond.
355: 313-321, 1984.

GADSBY, D. C, aNp P. F. CRANEFIELD. Two levels of resting
potential in cardiac purhinje fibers. J. Gen. Physwl. 70. 729-746,
1977.

GALLIN, E. K. Voltage clamp studies in macrephages from
mouse spleen cultures. Science Wash. DC 214, 458 160, 1981.
GALLIN, E. K. Calcium- and voitage-activated putassium chan-
nels in human macrophages. Biophys. J. 16. 821-825, 1984.
GALLIN, E. K. Ionomycin-induced activation of inward-rectify-
ing potassium channels in human macrophages. evidence for a
caleium-activated potassium channel with a small unitary con-
ductance. Am. J. Physwl. 256 (Cell Physil. 25). C77-C85, 1989.
GALLIN, E. K., AND J. I. GALLIN. Interaction of chemotactic
factors with human macrophages. Electrophysivlugy of the re-
sponse. J. Cell Biol. 5. 217-289, 1977.

GALLIN, E. K., AND D. R. LIVENGOOD. Inward rectification in
mouse macrophages. evidence for a negative resistance region.
Am. J. Physiol. 241 (Cell Phystol. 10). C9-C17, 1981.

GALLIN, E. K,, AND D. R. LIVENGOOD. Demonstration of an
electrogenic Na*-K* pump in mouse spleen macrophages. Am. J.
Physwol. 245 (Cell Physiol. 14). C184-C188, 1983.

. GALLIN, E. K., anp L. C. MCKINNEY. : otassium conductances

in macrophages. In: Cell Physiology of Blo-d, edited by R. Gunn
and J. Parker. New Yorh. Rockefeller Univ. Press, 1988, p. 316-
332.

GALLIN, E. K,, anp L. C. MCKINNEY. Patch-clamp studies in
human macrophages. single-channel and whole-cell characteriza-
tion of two K* conductances. J, Membr. Buwl. 103. 55-66, 1988,
GALLIN, E. K., AND L. C. MCKINNEY. Monovalent ion transport
and membrane potential changes during activativn in phagucy tic
leuhueytes. In. Curient Tupies en Membranes and Transpurt. Mech-
anisms of Leukocyle Activation, edited by S. Grinstein and O.
Rothstein. New York. Academic, 1990, vol. 35, p. 127-148.

. GALLIN, E. K,, axp P. A. SHEEHY. Differential expression of

inward and vutward putassium currents in the macrophage-like
cell line J774.1. J. Physiol. Lond. 369: 475-499, 1985.

. GALLIN, E. K, M. WIEDERHOLD, P. LIPSKY, anp A. RO-

SENTHAL. Spuntaneous and induced membrane hy perpolaniza-
tions in macrophages. J. Cell. Physiol. 86: 653-662, 1975.

71a.GARCIA-SOTO, J.,, AND S. GRINSTEIN. Determinants of the

transmembrane distribution of chloride in T Iy mphocy tes. role of
Cl-11CO, exchange. Am. J. Physiol. 258 (Cell Phystol. 27): C1108-
C1116, 1990.

. GARDNER, P. Calcium and T lymphocyte activation. Cell 59. 15-

20, 1989.

. GARDNER, P. Patch clamp studies of lymphocyte activation.

Annt. Rev. Immunol. 8. 231-252, 1990.

. GARDNER, P,, A. ALCOVER, M. KUNO, P. MOINGEON, C. M.

WEYAND. J. GORONZY, anp E. L. LLEINHERZ. Triggering of
T-lymphocytes via esther T3-Ti or T11 surfece structures opens &
voltage-insensitive plasma membrane calcium-permeable chan-
nel. requirement for interleukin-2 gene function. J. Bwl. Chem.
264: 1068-1076, 1989.

. GELFAND, E. W, Cytosolic calcium changes during T and B lym-

phocy te activation. biolugical cunseyuences and significance. In.
Current Topics 1n Membranes and Transpurt. Michanisms of Lew-
kocyle Activatiun, edited by S. Grinstein and Q. Rothstein. New
York: Academic, 1990, vol. 35, p. 153-171.

. GELFAND, E. W., R. K. CHEUNG, AND S. GRINSTEIN. Role of

membrane potential in the regulation of lectin-induced calcium
uptake. J. Cell. Physiol. 121: 533-539, 1984.

1.

78.

80.

8l

83.

8%,

¥9.

90.

9L

92,

93.

94,

Ju.

96.

98,

Volume 71

GELFAND, E. W, R. K. CHEUNG, AND S. GRINSTEIN. Mito-
gen-induced changes in Ca?' purmeability are not mediated by
voltage-gated K* channels. J. Biol. Chem. 261: 11520-11523, 1986.
GELFAND, E. W, R. K. CHEUNG, anD S. GRINSTEIN. Cal-
vium-dependet antracellular acidification dominates the pH re-
sponse to mitogen in human T cells. J. Tmmunol 110. 246-252,
1988.

. GELFAND, E. W,, R. K. CHEUNG, G. B. MILLS, anp 3. GRIN-

STEIN. Mitogens trigger a calcium-dependent signal for prolifer-
ation 1.4 phorbol-ester-treated lymphocytes. Nature Lond. 315.
419-420, 1985.

GILES, W. R, anp E. F. SHIBATA. Voltage clamp of hullfrog
cardiac pacemaker cells: a quantitative analysis of potassium
currents. J. Physiol. Loud. 368. 265-292, 1985.

LILLY, W. F., anND C. A. ARMSTRUNG. Divalent cativns and the
activation kinetics of potassium channels in squid giant axons. J.
Gen. Physiol. 79: 965-996, 1982.

. GRAY, L. S, J. R. GNARRA, J. H. RUSSEL, anp V. I1. ENGEL-

HARD. The rule of K* in the regulation of the inereased intracel-
IJar Ca® mediated by the T lymphocyte antigen receptor. Cell
50: 119-127, 1987.

GRAY,L. S, J.R.GNARRA, J. A.SULLIVAN, G. L. MANDELL,
AND V. H. ENGELHARD. Spatial and temperal characteristics
of the increase in intracellular Ca?* induced in cytotonic T lym-
phocytes by cellular antigen. J. Immunol. 111, 2424 2430, 1988.

. GRAY, L. S,, aAnp J. H. RUSSELL. Cytoly tic T lymphocy te effec-

tor function requires plasma membrane chloride flux. J. Jm-
maunol. 136: 3032-3037, 1986.

. GRINSTEIN, 5., C. A. CLARKE, A. DUPRE, anD A. ROTH-

STEIN. Volume-induced increase of anion permeability in hu-
man lymphocytes. J. Gen. Physiol. 80. 801-823, 1982.

. GRINSTEIN, 8., C. A. CLARKE, A. ROTHSTEIN, anp E. W.

GELFAND. Volume-induced anion conductance in human B
lymphocy tes is cation independent. Am. J. Physwl. 245 (Cell Phys-
iol. 14): C160-C163, 1983.

. GRINSTEIN, S., Axp S. J. DIXON. lon transport, membrane po-

tential, and cytoplasmic pH in lymphocytes: changes during acti-
vation. Physiol. Rev. 69 417-481, 1989.

GRINSTEIN, 8., A. DUPRE, anp A. ROTHSTEIN. Volume regu-
lation in human Iymphocy tes. Role of calcium. J. Gen. Physiol 79.
849-868, 1982,

GRINSTEIN, S., aANp W. FURUYA. Cytoplasmic pH regulation
in phorbul ester-activated human neutrophils. dm. J. Physwl.
251 (Cell Physiol. 20). C55-C66, 1986.

GRINSTEIN, S., A. ROTHETEIN, B. SARKADI, AND E. GEL-
FAND. Respunses of lymphucy tes to anistonic media. volume-re-
gulating behavior. Am. J. Physiol. 246 (Cull Physwl. 15). C204-
C215, 1984.

GRINSTEIN, S., AND J. D. SMITIL Ca®* induced charybdotoxin-
sensitive membrane potential changes in ra.ly mphocy tes. e J
Physiol. 257 (Cell Physiol. 26). C197-C206, 1989.

GRINSTEIN, S., anp J. SMITH. Calcium-independent cell vol-
ume regulation in human lynphucytes. J. Geno Physwl. 95, 97

120, 1990.

GRISSMER. S., AND M. D. CAHALAN. TEA prevents inactiva-
tion while blocking vpen K channels in haman T lymphucy tes.
Biophys. J. 55: 203-205, 1989.

GRISSMER, S., AND M. D. CAHALAN. Divalent ion trapping
inside potassium channels of human T lymphocytes. J. Gen. Phys-
iol. 93: 609-630, 1939.

GRISSMER, 8., ANp M. D. CAHALAN. Ionumycin activates a
potassium-selective conductance in human T lymphucytes (Ab-
stract). Biophys. J. 55. 245a, 1989.

GRISSMER, S., M. D. CAIJALAN, anp K. G. CHANDY. Abun-
dant expression of type1 K* channels. A marker for lymphoprolif-
erative discases? J. Immunol. 141, 1137-1142, 1988.

. GRISSMER, S, B. DETHLEFS, J. WASMUTI], A. GOLDIN, G.

GUTMAN, M. D. CAHALAN, anp K. CHANDY. Eapression and
chrvmosumal lucahization of ¢ ly mphoey te K’ channel gene, Proc,
Nall. Acad, Sei. USA 87: 9411-9415, 1990.

GRYGORCZYK, R., AND W, SCHHWART.. Pruperties of the Ca-
activated K conductance of human red cons as revealed by the
patch clamp technique. Cell Calcium 4; 499-510, 1983.




July-1991

99.

100.

101.

102

103.

104.

105.

106.
107.
108.

109.

110.

111.

112,

113.

114.

115.

116.

117

118.

119.

120.

HAGIWARA, S, S. MIYAZAK]I, S. KRAUSE, anp S. CIANAL
‘Anomalous permeabilities of the egg cell membrane of a starfish
in K*-Ti* mixtures. .J. Gen. Physiol. 80. 801-824, 1977.
HAGIWARA, S.,S. MIYAZAKI, AND N, P. ROSENTHAL. Potas-
sium current and the effect nf cesium on this current during
anomalous rectification of the egg cell membrane of a starfish. J.
Gen. Physiol. 67: 621-638, 1976.

HAGIWARA, S, aNp K. TAKAHASHI. The anomalous rectifi-
cation and cation selectivity of the membrane of a starfish egg
cell. J. Physiol. Lond. 67T: 621-638, 1974.

HALLET,M B, aND A K CAMPBELL. Direct measurement of

intracellular free Ca®* in rat peritoneal macrophages. correla-
tion with oxygen radical production. Immunology 50: 487-495,
1983.

HAMILL, 0.P.,, A MARTY, E. NEHER, B. SAKMANN, ANDF. J.
SIGWGRTH. Improved patch-clamp techniques for high-resolu-
tion current recording from cells and cell-frec membrane
patches. Pfluegers Arch. 391: 85-100, 1981.

HARA, N, M. ICHINOSE, M. SAWADA, K IMAJ axp T.
MAENO. Activation of single Ca?*-dependent K* channel by ex-
ternal- ATP in mouse macrophages. FEBS Lcit. 367 281-284,
1990.

HEIKKLA, R, T. GODAL, A. HENRIKSEN, anp J. G. IVER-
SEN. Anti-immunoglobulin-induced potassium fiux in relation
to capping and DNA synthesis, Exp. Cell Res. 136: 447-454, 1981,
HILLE, B. Potassium channels in myelinated nerve: sviective per-
meability to small cations. J. Gen. Physiol. 61: 669-686, 1973.
HILLE, B. Ionic Channels in Excitable Membranes. 3underland,
MA: Sinauer, 1984.

HILLE, B., AND W, SCHWARZ. Potassium channels as multi-ion
single file pores. J. Gen. Physiol. 12: 409-442, 1978,
HISDERODT,J. C,L.J. BRITVAN, ANDS. TARGAN. Character-
ization of the cytolytic reaction mechanism of the human natural
killer (NK) lymphocytes: resolution into binding, programming
and killer cell-independent steps. J. Immunol. 129: 1782-17817,
1982,

HOLIAN, A., AND R. DANIELE. Formyl peptide stimulation of
superoxide anion release from lung macrophages: sodium and
potassium involvement. J. Cell. Phystol. 113: 413-119, 1982.
HORN, R., AND A. MARTY. Muscarinic activation of ionic
currents measured by a new whole-cell recording method. J. Ger.
Physiol. 92: 145-159, 1988,

HU, S., AND N, RUBLY. Effects of morphine on ionic currents in
frog node of ranvier. Eur. J. Pharmacol. 95: 185-192, 1983.
IMOBODEN, J. B., aND J. D. STOBO. Transmembrane signalling
by the T cell antigen receptor. J. Exp. Med. 161; 446-456, 1985,
INCE, C., J. COREMANS, D. YPEY, P. LEIJH, A. VERVEEN,
AND R. VAN FURTH. Phagocytosis by human macrophages 1s
accompanied by changes 1n ionic channel currents. J, Cell Biol.
106: 1873-1878, 1988.

INCE, C, P. C. LEJH, J. MEIJER, E. VAN BAVEL, anNp D.
YPEY. Oscillatury hyperpolarizations and resting membrane po-
tentials of mouse fibroblast and macrophage cell lines. J. Physiol.
Lond. 352: 625-635, 1984.

INCE, C, B. THIO, B. VAN DUUJN, J. VAN DISSEL, D. YPEY,
AND P. C.J. LEIJH., Intracellular K*, Na' and Cl concentrations
and membrane potential in human mounucytes. Biochem. Biophys.
Acta 905: 195-204, 1987.

INCE, C, B. VAN DUIJN, D. L. YPEY, E. VAN BAVEL, F. WEI-
DEMA, anp P. C. J. LEIJH. Ionic channels and membrane hyper-
polarization in human macrophages. J. Membr. Biwl. 97. 251-25%,
1987.

INCE, C,D L. YPEY, R. VAN FURTH, AnD A. A, VERVEEN.
Estimation of membrane potential of cultured macrophages
from the fast potential transient upon microelectrode entry. J.
Cell Biol 96: 796-801, 1983,

ISHIDA, Y., AND T. M. CHUSED. Heterogencity of lymphocyte
calcium metabolism is caused by T cell-specific caleium-sensitive
potassium channel and sensitivity of the calcium ATPase pump
to membrane potenial. J. Exp. Med. 168. 839-852, 1988.

JOW, B., AND D. J. NELSON. Outwardly rectifying K* current as
a marker of cellular activation in human macrophages (Ab-
stract). Bilophys. J. 55: 539a, 1989.

ION CHASNNELS IN LEUKOCYTES

807

126a.KAKUTA, Y.. H. OKAYAMA, T. KAWA, T. KANNO, T.

121.

122

123.

124,

125

126.

127.

128,

129,

130

131

132.
133.

134

137.

138,

139.

110.

141,

OHYAMA, H. .\3AKI, T. KATO, anp T. TAKISHIMA. K chan-
nels ¢f human alveolar macrophages. J. Allergy Clu. Immunol.
81: 460-468, 1988,

KANNO, 7., aAN;, i. TAKISHIMA. Chloride and putassium chan-
nels in U937 huriaa monueyte, J, Membr. Buol, 116. 149-161, 1990,
KIEFFER, H., A. J. BLUME, anp H. R. KABACK. Membrane
putential change. suring mitugenic stimulation of mouse spleen
lymphocytes. Pri. Natl Acad. Scu. USA 7. 2200-2204, 1980.
KITIGAWA, S., A1xis R. B.JOHNSTON, JR. Relationship between
membrane putential changes and superoxide-releasing capacity
in resident and activated mouse peritoneal macrophages. J. Im-
munol. 135: 3417-3423, 1985.

KITAGAWA, S, M. OHTA, H. NOJIR], K. KAKINUMA, M.
SAITO, F. TAKAKU, anD Y. MIURA., Functional maturation of
membrane potential changes and superoxide capacity during
granulocyte differentiation. J. Chn. Invest. 73: 1062-1071, 1984.
KOLB, H.-A., aAND . UBL. Activation of anion channels by zymo-
san particles in membranes of peritoneal macrophages. Biochim.
Biophys. Acta 899: 239-246, 1987,

KORCHAK, H. M., AND G. WEISSMANN. Stimulus-response
coupling in the human neutrophil. Transmembrane potential and
the role of extracellular Na*. Bwochim. Biophys. Acta 601: 180~
194, 1980.

KRAUSE, D,, S. C. LEE, anNp C. DEUTSCH. Forskolin effects on
the voltage-gated K conductance of human T cells. Pfluegers
Arch, 412: 133-140, 1988.

KRAUSE, K., ANp M. J. WELSH. Voltage-dependent and cal-
cium-activated ion channels in human neutrophils. J. Clin. In-
vest. 85: 491-498, 1990.

KRUSKAL, B. J., AND F. R. MAXFIELD. Cytosolic free calcium
increases before and oscillates during frustrated phagocytosis in
macrophages. J. Cell Biol. 105: 2685-2693, 1987.

KUNO, M., ANpD P. GARDNER. Ion channels activated by inositol
1,4,5-triphosphate in plasma membrane of human T-lympho-
cytes. Nature Lond. 326: 301-304, 1987.

KUNO, M., J GORONZY, C. M. WEYAND, AxD P. GARDNER.
Single-channel and whole-cell recordings of mitogen-regulated
inward currents in human cloned helper T lymphocytes. Nature
Lond. 323: 269-273, 1986.

KURACHI, Y. Regulation of G proteins-gated K channels. News
Physiol. Sci. 4; 158-161, 1989.

LABAER, J, R. Y. TSIEN, K. A. FAHEY, axp A. L. DE-
FRANCO Stimulation of the antigen receptor on WEHI-231 B
lymphoma cells results in a voltage-independent increase in cy-
toplasmic calcium. J. Immunol. 137. 1836-1844, 1986.

LARKIN, J. ., M. S. BROWN, J. L. GOLDSTEIN, anp R. G.
ANDERSON Depletion of intracellular potassium arrests
coated pit formation and receptor-mediated endocytosis in fibro-
blasts. Cell 33: 273-285, 1983.

LAU, Y -T., R R.YASSIN, AND S. B. HOROWITZ. Potassium salt
microinjection into Xcnupus vucytes mimics gonadutropin treat-
ment. Science Wash. DC 240: 1321-1323, 1988.

. LAZZARIL K. G., P.J. PROTO, AnD E. R. SIMONS. Simultanevus

measurement of stimulus induced changes in ¢ytuplasmic Ca**
and in membranc putential of human neutrophils. J. Biol Chem,
261: 9710-9713, 1986.

LEE, K. S., AnD R. W. TSIEN. Mechanism of calcium channel
bluckade by verapamil, D600, diltiazem and nitrendipine in sin-
gle dialysed heart cells. Nature Lund. 302, 790-794, 1953.

LEE, S. C., anp C. DEUTSCH. Temperature dependence of K-
channel properties in human T-lymphocytes. Biophys. J. 57. 49-
62, 1990.

LEE, S. C., C. DEUTSCH, Anp W, T. BECK. Companison of 10n
channels in multidrug-resistant and -sensitive leukemic cells.
Proc. Nall. Acad. Sei. USA 85. 2019-2023, 1988.

LEE, S. C., M. PRICE, M. B. PRYTOWSKY, anp C. DEUTSCGH.
Volume tespunse of guiescent and interleukin 2-stimulated T-
lymphoctytes to hypotonicity. Am. J. Physwl. 254 (Cell Physiol,
23): C286-0296, 1988.

LEE, S. C, D. E. SABATH, C. DEUTSCH, anp M. B. PRY-
TOWSKY. Increased voltage-gated potassium conductance dur-




&08

142,

143

144.

145

146.

147.

-148.

149,

150.

151

152.

153.

154,

185.

156.

157.

158.

159.

160.

161.

162.

163.

ELAINE K. GALLIN

ing-interleukin 2-stimulated proliferation of a mouse helper T

“lymphocyte clone. J. Cell Biol. 102. 1200-1208, 1986.

-LEECH, C. A,, AND P. R, STANFIELD. Inward rectification in
frog skeletal muscle fibres and its dependence on membrane po-
-tential and external potassium. J. Physiol. Lond. 310. 295-309,
-1981.

LEFEVER, A., A. LIEPINS, AnD R. TRUIT. Role of K* jon chan-
nels in lymphokine-activated killer (LAK) cell lytic function. Im-
munopharmacol. Immunotoxicol. 11: 571-582, 1989.

LEW, P. D, T. ANDERSON, J. HED, F. DI VIRGILIO, T. POZ-
ZAN, anp O STENDAHL Ca-dependent and Ca-independent
phagocytosis in human neutrophils. Naturc Lond. 315. 509-511,
1985.

-LEW, P. ., A. MONOD, F. WALDV)GEL, B. DEWALD, M.

BAGGIOLINI, AND T. POZZAN. Quantitative analysis of the cy-
tosolic free caleium dependency of exocytosis from three subcel-

Jular compartments in intact neutrophils. J. Clin. Invest. 102:

2197-2204, 1986.
LEW, P. D, C. WOLLHEIM, F. A. WALDVOGEL, axp T. POZ-
ZAN Modulation of cytosolic free caleium transients by changes
in intracellular calcium-buffering capacity: correlation with exo-
cytosis and O,-production in human neutrophils. J. Cell Biol. 99:
1212-1220, 1984.

-LEWIS, R. S, AND bi. B CAYTALAN. A chloride conductance

activated by intracellular ATP hiydrolysis in T and B lympho-
cytes (Abstract). Biophys. J 51: 297a, 1981,

LEWIS, R. S., AND M. D. CAHALAN. Subset-specific expression
of potassium channels in developing murine T lymphocytes.
Science Wash. DC 239: 771-775, 1988.

LEWIS, R. S, AND M. D. CAHALAN. The plasticity of ion chan-
niels: parallels between the nervous and immune sytems. Trends
Neurosci. 11: 214-218, 1988.

LEWIS, R. S, Anp M. D. CAHALAN. Voltage-dependent calcium
signaling in single T lymphocytes. Soc. Neurosct. Abstr. 14: 298,
1968,

-LEWIS, R. 8., ANp M. D. CAHALAN. Mitogen-induced oscilla-

tions of cytosolic Ca®* and transmembrane Ca®* current m hu-
man leukemic T cells. Cell Regul. 1: 99-112, 1989.

LEWIS, R. S., AND M. D. CAHALAN. Ion channels and signal
transduction in lymphocytes. Annu. Rev. Physiol 52: 415-430,
1990.

LICHTMAN, A. H.,, G. S. SEGAL, AND M. A, LICHTMAN. The
role of calcium in lymphocyte proliferation (an interpretive re-
view). Blood 61: 413-422, 1983.

LINDAU, M., AND J. M. FERNANDEZ. A patch-clamp study of
histamine-secreting cells, J. Gen. Physiol. 88: 349-368, 1986.
LIPTON, S. Antibody activates cation channels via second mes-
senger Ca**. Broclum. Biophys. Acta 856: 59-67, 1986.
LUSCINSKAS, F., D. MARK, B. BRUNKHORST, F. LIONETT],
AND E. CRAGOE, JR. The role of transmembrane cationic gra-
dients in immune complex stimulation of human polymorphonu-
clear leukocytes. J, Cell. Physiol. 134: 211-219, 1988,
MACDOUGALL, S. L., S. GRINSTEIN, anp E. W. GELFAND.
Detection of ligand-activated conductive Ca channels in human B
lymphocytes. Cell 54. 229-234, 1983,

MACDOUGALL, S. L., S. GRINSTEIN, axp E. W, GELFAND.
Activation of Ca-dependent K channels in human B lymphocytes
by anti-immunoglobulin. J. Clin. lnvest. 81. 449-454, 1988.
MAHAUT-SMITH, M. P., AND M. J. MASON. Ca-dependent K
channel activity in rat thymic Iymphocytes. effect of mitogenic
stimulation (Abstract). Biophys. J. 57. 113a, 1990.
MAHAUT-SMITH, M. P., Anp L. C. SCHLICHTER. Ca?*-acti-
vated K* channels in human B lymphocytes and rat thymocytes.
J. Physiol. Lond. 415; 69-83, 1989.

MARTY, A., AND E. NEHER. Tight-seal w hole-cell recording. In.
Single Channel Recording, edited by B. Sakmann and E. Ncher.
New York: Plenum, 1983, p. 107-122,

MATSUDA, H., A. SAIGUSA, AND H. IRISAWA. Ohmic conduc-
tances through the inwardly rectifying K channel and blocking
by internal Mg?*. Nature Lond. 325, 156-159, 1982.
MATTESON, D. R, AND C. DEUTSCH. K channels in T lympho-
cytes: a patch clamp study using monoclonal antibody adhesion.
Nature Lond. 307: 468-471, 1984.

164.

165.

166.

167.

168.

169.

170.

171.

172

173.

174.

175.

176.

177

179

180.

181.

182.

183.

184

185.

Volume 71

MATTHEWS, G, E. NEHER, anD R. PENNER. Second messen-
ger-activated calium influx in rat peritoneal mast cells. J. Phys-
tol. Lond. 418: 105-130, 1989.

McCANN, F. V,, J. J. COLE, P. M. GUYRE, anpb J. A. G. RUS-
SELL. Activn putentials in macrophages derived from human
monocytes. Science Wash. DC 219: 991- 993, 1983.

McCANN, F. V., T. M. KELLER, AND P. M. GUYRE. lon channels
in human macrophages compared with the U-937 cell hine. J.
Membr. Biol. 96: 57-64, 1987,

McCANN, F. V,, D. C. McCARTHY, T. M. KELLER, AnNp R. J.
NOELLE. Characterizativon of a large conductance non-selective
anion channel in B lymphocytes. Cell. Signal. 1. 31-~44, 1989,
McCANN, F. V,, D. C. MCCARTHY, AND R. J. NOELLE. Patch-
clamp profile of ion channels 1n resting murine B lymphocytes. J.
Membr. Biol. 117: 175-188, 1990.

McCLOSKEY, M. A, Anp M. D. CAHALAN., G protemn control of
potassium channel activity in a mast cell hne. J. Gen. Physiol. 95:
205-227, 1990.

McKINNEY, L. C, AnND E. K. GALLIN, Inwardly rectifving
whole-cell and single-channel K currents in the murine macro-
phage cell line J774.1. J. Membr. Buol. 103: 41-53, 1988.
McKINNEY, L. C,, aAnD E. K. GALLIN, Effect of adherence, cell
morphology, and lipopolysaccharide on potassium conductance
and passive membrane properties of murine macrophages J774.1
cells. J. Membr. Biol. 116: 47-56, 1990.

MCKINNON, D., AND R. CEREDIG. Changes in the expression of
potassium channels during mouse T cell development. J. Exp.
Med. 164: 1846-1861, 1986.

MELMED, R., P. KARANIAN, anp R. BERLIN. Control of cell
volume in the J774 macrophage by microtubule disassembly and
cyclic AMP. J. Cell Biol. 90: 761-768, 1981.

MERRIT, J., R. JACOB, AND T. HALLAM. Use of manganese to
discriminate between calcium influx and mobilization from in-
ternal stores in stimulated human neutrophils. J. Biol Chem. 264:
1522-1527, 1989.

MILLER, C., E. MOCZYDLOWSKI, R.LATORRE, anp M. PHIL-
LIPS. Charybdotoxin, a protein inhibitor of single Ca-activated
K channels from mammalian skeletal muscle. Nature Lond. 312:
316-318, 1985.

MILLS, G. B., R. K. CHEUNG, S. GRINSTEIN, AND E. W. GEL-
FAND. Increase in cytosolic free calcium concentration is an in-
tracellular messenger for the production of interleukin 2 but not
for expression of the interleukin 2 receptor. J. Immunol 134:
1640-1643, 1985.

MILLS, G. B., R. K. CHEUNG, S. GRINSTEIN, anp E. W. GEL-
FAND Interleukin 2-induced lymphocyte proliferation is inde-
pendent of increases in cytosolic-free calcium concentrations. J.
Immanol. 134: 2431-2435, 1985.

MOODY-CORBETT, F., AND P. BREHM. Acetylcholinz reduces
inward rectification on thymus-derived macrophage cells in cul-
ture. Can. J. Physiol. Pharamacol. 65: 348-351, 1986.
MOTTOLA, C.,, AND D. ROMEOQ. Calcium movement and mem-
brane potential changes in the carly phase of neutrophil activa-
tion by phorbol myristate acetate. a study with ion-selective elec-
trodes. J. Cell Biol. 93: 129-134, 1982.

NASMITIH, P., AND S. GRINSTEIN. Arc Ca?* channels in neutro-
phils activated by a risc in cytosolic Ca?*? FEBS Lelt. 221. 95-100,
1987.

NEHER, E., AND B. SAKMANN. Single-chan..:l currents re-
corded from membranes of denervated frog muscle fibers. Na-
ture Lond. 260: 779-802, 1976.

NELSON, D. J,, E. R. JACOBS, J. M. TANG, J. J. ZELLER, AND
R. C. BONE. Immunoglobulin G-induced single ionic channels in
human alvevlar macrophage membranes. J, Clin. Invest. 76, 500
507, 1985.

NELSON, D. J., B. JOW, aAnp F. JOW. Whole cell currents in
macrophages. 1. Human monucyte-derived ma.rophages. J.
Membr. Biol. 117; 29-44, 1990.

NELSON, D. J.,, B. JOW, anp K. J. POPOVICH. Whole-cell
currents in macrophages, II. Alveolar macrophages. J. Membr.
Biol. 117: 45-55, 1990.

NELSON, D.J., L. RUFER, T. NAKAYAMA, Anp J. M. ZELLER,.




July 1991

Phorboi vster bloch of voltage-dependent K current in monocyte-
derived macrophages (Abstract). Buwphys. J. 19. 164a, 1986.

. NOSSAL, G. J. The basic components of the immune system. N.

Engl. J. Mel. 316: 1320-1325, 1987.

. NOWYCKY, M. C,, A. P. FOX, AND R. W. TSIEN. Three types of

neuronal calcium channels with different caleium . ;onist sensi-
tivities, Nature Lond. 316; 440-443, 1985.

. OETTGEN, H. C,, C. TERHOST, L. C. CANTLEY, anp P. M. RO-

SOFF. Stimulation of the T3-T cell receptor complex induces a
membrane-potential-sensitive calcium influx. Cell 40: 583-590,
1985.

. OHARA, J., M. SUGI, M. FUJIMOTO, AND T. WATANABE. Mi-
-croinjection of macromolecules into nurmal murine lymphocy tes

by méans of cell fusion. II. Enhancement and suppressioa of mi-
togenic responses by microinjection of monoclonal anti-cyclic
AMPinto B-lymphocytes J. Immunol 129- 1227-1232, 1982.

: OKADO, 1, A*> A HAZAMA Volume regulatory ion channels

in epithelial cells. News Physiol. Sci. 4: 238-2.2, 1989,

. OWENS, T., AND J. G. KAPLAN. Increased cationic fluxes in

stimulated lymphocytes of the mouse: response of enriched B-
and T-cell subpop.tlations to B- and T-cell mitogens. Cen. J. Bio-
chem: 58: 831-839, 1980,

2. OWENS, T., aANDJ. G. KAPLAN. T-dependent B-cell activa.ion is

signalled by an early increase in potassium influx. Immunobisl-
ogy 162: 277-287, 1982.

. PAEGELOW, L, AxD H. WERNER. Immunomodulation by some

oligopeptides. Methods Find. Clin. Pharmacol. 8: 91-95, 1986.

4. PAHAPILL, P. A, ANp L. C. SCHLICTER. Modulation of potas-

sium channels in human T lymphocytes: effects of temperature.
J. Physiol. Lond. 422: 103-126, 1990.

"PAHAPILL, P. A, AND L. C. SCHLICTER. Kinase- and tempera-

ture-regulated chloride channels in normal human T lympho-
cytes (Abstract). Biophys. J. 57: 894a, 1990.

.. PALADE, P., C. DETTBARN, P. VOLPE, B. ALDERSON, AND

A. S. OTERO. Direct inhibition of inositel-1,4,5-trisphosphate-
induced Ca®** release from brain microsomes by K* channel
blockers. Mol. Pharmacol. 36: 664-672, 1989,

. PASTAN, . H,, G. S. JOHNSON, ANp W. B. ANDERSON. Rol of

cyclic nucleotides in growth control. Annu. Rev. Biochem 44:
491-522, 1975.

. PAYAN, D. G, D. R. BEWSTER, axp E. J. GOETZL. - psuitic

stimulation of human T lymphocytes by substance P. J. Jmmunol.
131: 1613-1615, 1983.

. PECHT, I, A. CORCIA, M. P. LIUZZI, A. ALCOVER, ANDE. L.

REINHERZ. Ion channels activated by specific T1 and T3 anti-
bodies in plasma membranes of human T cells. EME Ju. b, 1935-
1938, 1987.

. PENNER, R., G. MATTHEWS, anp E. NEHER. K- .culation of

calcium influx by second messengers n rat mast cills. Nature
Lond. 334: 499-504, 1988.

. PERSECHINI, P. M., E. G. ARAUJO, AND G. M. OLIVEIRA-

GASTRO. Electrophysiology of phagocytic membranes; induc-
tion of slow membrane hyperpolarizations in macrophages and
macrophage polykaryons by intracellular caleium injection, J,
Membr. Biol. 61: 81-90, 1981.

. PERSECHIN], P., AND G. OLIVEIRA-CASTRO. Electrophysiol-

ogy of phagocytic membranes. intracellular K* actinity and K*
equilibrium potential 1n macrophage polykaryons. Biochim.
Biophys. Acta 899: 213-221, 1987,

. PFEFFERKORN, L. Transmembrane signalling: an ion-flux-in-

dependent model for signal transduction by complexed Fe recep-
tor, J. Cell Biol. 99: 2231-2240, 1981,

. PITTET, D, F. DI VIRGILIO, T. POZZAN, A. MONOD, anp D.

LEW. Correlation between plasma membrane potential and scc-
ond mussenger generation in the promyelucy tie cell hine HL-60. J.
Biol. Chem. 265 14216-14263, 1990,

. PITTET, D., D. P. LEW, G. W. MAYR, A. MONOD, anp W.

SCHLEGEL. Chemoattractant receptor promotion of Ca®* influs
across the plasma membrane of HL-60 cells. J. Bl Chem. 264.
7251-7261, 1989.

. POENIE, M., R. Y. TSIEN, anp A. SCMITT-VERHULST. Se-

quential activation and lethal hit measured by {Ca?*} in individ-
ual cytolytic T cells and targets. EMBO . 6, 2223 2232, 1987,

ION CHANNELS IN LEUKOCYTES

208.

209.

210.

211.

212.

214.

214.

2156.

216.

809

POZZAN, T, P. ARSLAN, R. Y. TSIEN, anp T. J. RINK. Anti-im-
munvglobulin, ytuplasiaic free calcium, and capping in B lym-
phocytes. J. Cell Biol. 94. 335-340, 1982.

POZZAN, T, P. LEW, C. WOLHEIM, AND R. TSIEN. Is cytosolic
ionized calcium regulating neutrophil activation? Science Wash.
DC 221: 1413-1415, 1983.

PRICE, M, S. C. LEE, anp C. DEUTSCH. Charybdotoxin in-
hibits proliferation and interleuhin 2 production in humaa pe-
ripheral bloud Iy mphocy tes. Prow Natl dcad. Sce. USA 86, 10171-
10175, 1989.

QUAN, P., T. ISHIZAKA, AND B. BLOOM. Studies on the mecha-
nism of NK cell lysis. J. Immunol. 128. 1786-1791, 1982.
RANDRIAMAMPITA, C.,, AND A. TRAUTMANN. Ionic channels
in murine macrophages. J. Cell Brol. 105. 761-769, 1987.
RANSOM, J. T., anp J. C. CAMBIER. B cell activation. VII. Inde-
pendent and synergistic effects of mobilized calcium and diacyl-
glycerol on membrane potential and I-A expression. J. Immunol.
136: 66-72, 1986.

RANSOM, J., anD J. CAMBIER. The dynamics and relationship
of K efflux and Ca influx in B lymphocytes after antigen-receptor
cross-linking. In. Cell Physiology of Blood, edited by R. Gunn and
J. Parker. New York: Rockefeller Univ. Press, 1988, p. 241-252.
RANSOM, J. T., L. K. HARRIS, AnD J. C. CAMBIER. Anti-IgG
induces release of inositol 1,4,5-trisphosphate, which mediates
mobilization of intracellular Ca stores in B lymphoeytes. .J. Im-
munol. 137: 703-714, 1986.

RESCH, L., D. BUUILLON, AND D. GEMSA. The activation of
lymphocytes by the ionophore A23187. J. Immunol, 120: 1514~
1520, 1978.

216a.RESTREPTO, D., D. KOZODY, L. SPINELLI, Anp P. KNAUF.

217.

218.

219.
220.

221.

222,

224.

225.

226.

228.

229,

pH homeostasis in promyelocytic leukemia cells. J. Gen. Physiol.
92: 489-507, 1988.

REUTER, 11. Modulation of ion channels by phosphorylation and
second messengers. News Physiol. Sci. 2: 168-171, 1987.
REUTER, H.,AND C. F. STEVENS. Ion conductance and ion selec-
tivity of potassium channels in snail neurones. J. Membr. Biol. 57:
103-118, 1980.

RINK, T. J,, aND C. DEUTSCH. Calc.umm-activated potassium
channels in lymphocytes. Cell Calciunt 4: 463-473, 1983.

RINK. T. J., C. MONTECUCCO, T. R. HESKETH. anDp R. Y.
TSIEN. Lymphocyte membrane pu.entizl assessed with fluores-
cent probes. Biochim. Biophys. Acta 595: 15-30, 1980.
ROBERTS, R., N. MOUNESSA, aND J. I. GALLIN. In.easing
extracellular potassium causes calcium dependent shape changes
and facilitates concanavalin A capping in human neutrophils. .J.
Tmmanol. 132: 2000-2006, 1984,

ROSOFF, P. M., C. HALL, L. GRAMATES, AnD S. R, TER-
LECKY. 4,4-Diisothiocyanatostilbene-2,2-disulfonic acid in-
hibits CD3-T cell antigen r-ceptor-stimulated Ca®* influx in hu-
man T lymphoeytes. J. Bivl. Chem. 263. 19535-19540, 1988.

. RUDDY, B. Diversity and ubigu.ty of K channels. Neuroscience

25; 729-749, 1988.
RUSSEL, J. H., AND C. B. DUBOS. Accelerated ®Rb (K*) release
rom the cytotoxic T lymphocyte is a physiologic event associated
with delivery of the lethal hit. J. Immunol. 131. 1138 1141, 1983.
SABATH, D. E,, D. 5. MONOS, S. C. LEE, anp C. DEUTSCH.
Cloned T-cell proliferation and sy nthesis of specific proteins are
inhibited by quinine. Proc. Nail. Acad. Sci. USA 83: 4739-4743,
1986.
SANDS, S. B, R. S. LEWIS, anp M. D. CAHALAN. Charybdo-
toxin blocks voltage-gated K* channels on human and murine T
lymphocytes. J. Gen. Physiol. 93. 1061-1074, 1989.

. SAUVE, R, C. SIMONEAU, R. MONETTE, anp G. ROY. Single

channel analysis of the putassium permeability in HeLa cancer
cells. evidence for a caleium-astivated potassium channel of
small unitary conductance. J. Mcmbr. Biol. 92, 259 282, 1986.

SAUVE, R, C. SIMONEALU, L. PARENT, R. MONETTE, anD G.
ROY. Oscillatory activation of calcium dependent potassium
channels in HeLa cells induced by histamine H, receptor stimula-
tion. a single channel study. J. Mcmbr. Biol. 96, 199 208, 1987,

SCHELL, S. R, D. J. NELSON, H. A. FOZZARD, anp F. W.
FITCH. The inhibitory effects of K channel-blocking agentson T




810

230.

231.

232.

233.

234.

235.

236.

237.

238.

238.

240.

241.

242,

248.

249.

250.

ELAINE K. GALLIN Volume 71

lymphoeyte-proliferativn and lymphokine production are “nun-
specific.” J. Immunol. 139; 3224-3230, 1987.

SCHLICTER, L. C,, R. GRYGORCZK, P. A. PAHAPILL, anp C.
GRYGORCZYK. A large, multiple-conductance Cl channel in
normal human T lymphocytes. PAluegers Arch. 416: 413-421, 1990.
SCHLICTER, L., N. SIDELL, anp S. HAGIWARA. K channels
are expressed early in human T-cell development. Proe. Nutl
Acad. Sci. USA 83: 5625-5629, 1986,

SCHLICTER, L., N. SIDELL, anD S. HAGIWARA. Potassium
channels mediate killing in human natural killer cls. Prow, Nuil,
Acad. Sci. USA 83; 451-453, 1986.

SCHLICTER, L. C,, AND I. C. MACCOUBREY. Interactive effects
of Naand Kin killing by human natural killer cells. Exp. Coll Res.
184: 99-108, 1989.

SCHUMANN, M. A, aNp P. GARDNER. Mudulativn of mem-
brane K* conductance by substance P via a GTP-binding protein.
J. Membr. Biol. 111: 133-139, 1989.

SCHUMANN, M. A, D. HELLER, T. TANIGAKI, anp T. A.
RAFFIN. Characterization of macruscupic chluride current in
human neutrophils (Abstract). Biophys. J. 67. 319a, 1990.
SCHWARZE, W., AND H. A. KOLB. Voltage dependent kinetics
of an anionic channel of large unit conductance in macruphages
and myotube membranes. Pflueyers Arch, 402, 281-291, 1984,
SEGEL, G. B., AND M. A. LICHTMAN. Potassium transport in
human blood lymphocytes treated with phytohemagglutinin, J.
Cell. Physiol. 8T: 337-344, 1976.

SELIGMANN, B, E. GALLIN, D. MARTIN, W. SHAIN, anp J.
GALLIN. Interaction of chemotactic factors with human PMN:
studies using membrane potential sensitive cyanine dyes. J.
Membr. Biol. 52: 257-272, 1980.

SELIGMANN, B. E,, anD J. I. GALLIN. Use of Lipuphilic prubes
of membrane potential to assess human neutrophil activation. J.
Clin. Invest. 66: 493-503, 1980.

SELIGMANN, B. E,, AnD J. I. GALLIN. Comparison of indirect
probes of membrane potential utilized in studies of human neu-
trophils. J. Cell. Physiol. 115. 105-115, 1983.

SHAPIRO, M. S. Are type ‘T K* channels in lymphocytes the
same as gf2 K* channels in frog node of Ranvier? (Abstract).
Biophys. J. 57: 515a, 1990.

SHAPIRO, M. S., aNp T. E. DECOURSEY. Twu types of potas-
stum channels in a lymphoma cell line (Abstract). Biophys. J. 53:
550a, 1988.

SHAPIRO, M. S, anp T. E. DECOURSEY. Selectivity and per-
meant ion effects un gating of the type '} K channel in Iy mphe-
cytes (Abstract). Biophys. J. 55. 2002, 1989.

. SHARMA, B. Inhibition of the generation of cytotoxic lympho-

cytes by potassium ion channel blochers. J, Immunol. 65.101-105,
1988.

. SHERIDAN, R.E., AND B. M. BAYER. [unic membrane currents

induced in macrophages during cytolysis (Abstract). Federation
Droc, 45: 1009a, 1986.

. SHERMAN, M. 5, K. SEKIGUCHI, anp Y. NISHIZUKA. Modu-

lation uf ion channel activity. a hey functivn of the protein hinase
C enzyme family. Pharmacol. Rev. 41. 211-237, 1989.

. SHINOHARA, T, aND J. PIATIGORSKY. Regulation of protein

synthesis, intracellular electrolytes and cataract formation in
vitro. Nature Lond. 270. 406-411, 1977.

. SHOWELL, H., AND E. BECKER. The cffect of external K* and

Na* on the chemotaxis of rabbit peritoneal neutrophils, J. T
munol. 116: 99-104, 1976.

SIDELL, N., A¥D L. SCIHLICTER. Retinoic acid blocks potassium
channels in human lymphucytes. Bivchem, Biophys. Res. Com
mun. 138: 560-567, 1986.

SIDELL, N., L. SCHLICHTER. S. WRIGHT, S. HAGIWARA,
AND S. H. GOLUB. Potassium channels in human NK cells are
involved in discrete stages of the killing process. J. Immunol. 137:
1650-1658, 1986.

. SILVER, M. R, AND T. E. DECOURSEY. Intrinsic gating of in-

ward rectifier in buvine artery enduthelial cells in the presence
and absence of internal Mg**. J. Gen. Physiol. 96: 109-133, 1990,

. SILVERSTEIN, S., R. STEINMAN, aAnD Z. COHN. Endoc; tosis.

Annw. Rev. Biochem. 46. 665-722, 1977.

. SIMCHOWITZ, L. Intracellular pH modulates the generation of

superokide radicals by human neutrophils. J. Clin. Invest. 76.
1079-1089, 1985.

254. SIMCHOWITZ, L., ANDE. J. CRAGOE, JR. Na*,’Ca®* exchange in
human neutrophils. Am. J. Physwl. 254 (Cell Physiwl 23). C150-
C164, 1988.

235, SIMCHOWITZ, L., 1. SPILBERG, AND P. DE WEER. Sodium and
putassium fluxes and membrane putential of human neutrophils.
J. Gen. Physiol. 79: 453-479, 1982.

256. SNYDERMAN, R., aND R. UHING. Phagocytic cells. stimulus-
respunse cuupling mechanisms. In. fflummation. Busie Princi-
ples and Clinical Correlates, edited by J. 1. Gallin, I. Goldstein,
and R. Snyderman, New York. Raven, 1988, p. 309-324.

257. SOLDATI, L., aNv P. PERSECHINI. Depolarization of macro-
phage polykaryons in the absence of external sodium induces
cyclic stimulation of calaum-activated putassium conductance.
Biochim. Biophys. Acta 972. 283-292, 1988.

258. SOMOGYI, R.,J UBL, AND H. A, KOLB. Zymosan and potassium
induced activation of single voltage-dependent ion channels in
membranes of peritoneal macruphages. In. Advunces n B
sctence, edited by G. Riceviti. New York. Pergamon, 1987, p. 275-
284

259. SOUTHWICK, F., N. TATSUMI, anp T. STOSSEL. Acumentin,
an actin-mudulating protein of rabbit pulmunary macrophages.
Biochemistry 21: 6321-6326, 1982.

260, SPAT, A, P. G. BRADFORD, J. 8. McKINNEY, R. P, RUBIN,
AND J. W. PUTNEY, A saturable receptor for ®P-inositol-1,4,5-
trisphusphate in hepatocy tes and neutrophils. Nuture Lond. 319.
514-516, 1986.

261. STEINBERG, T. H,, A.5. NEWMAN, J. A. SWANSON, anp S. C.
SILVERSTEIN. ATP*" permeabilizes the plasma membrane of
muuse macruphages to fluvrescent dy es. J. Buwl Chent. 252, 8884-
8888, 1987.

262. STEINBERG, T. H,, anp S. C. SILVERSTEIN. Extracellular
ATP* prumotes cation fluxes in the J774 mouse macrophage cell
line. J. Biol Chem. 262. 3118-3122, 1987.

2622.STOBO, J. D. Lymphocytes. development and function. In. In-
Sammatin. Buste Principles and Clinweal Currelates, edited by
J. L. Gallin, L. M. Goldstein, and R. Snyderman, New Yorh. Raven,
1988, p. 599-612.

263. STRONG, P. N. Potassium channel toxins. Pharmacol. Ther. 46.
137-162, 1990.

264. SUNG, S.-S.J.,J. D.-E. YOUNG, A. M. ORIGLIO, J. M. HELPLE,
H. R. KABACK, anp S. C. SILVERSTEIN. Extracellular ATP
perturbs transmembrane 1on fluxes, elevates cytusolic[Ca®*], and
inhibits phagocytosis in mouse macrophages. J, Biol. Chem. 260.
13442-13449, 1985.

265. SUSSMAN, J., M. MERCEY, T. SAITO, R. GERMAIN, E. BON-
VINI, ANpJ. ASHWELL. Dissociation of phosphoinositide hydro-
lysis and Ca®* fluses frum the biological responses of a T-cell
hybridoma. Nuture Lond. 334. 625-627, 1988.

266. SUTRO, J. B, B. VAYUVEGULA, S. GUPTA, AND M. D, CAHA-
LAN. Up-regulation of woltage sensitive K channels in mitogen
stimulated B Iy mphoucytes (Abstract). Bwphys. J. 33. 460a, 1988.

267. SUTRO, J. B, B. VAYUVEGULA, S. GUPTA, ANp M. D. CAHA-
LAN. Vultage-sensitive won channels in human B lymphocytes.
Adv. Exp. Med. Biol. 251. 113-122, 1989.

268. TATHAM, P. E. R, P. J. DELVES, L. SHEN, anp L. M. ROITT.
Chemutactic factur-induced membrane potential changes in rab-
bit ncutruphils munitored by the fluorescent dye 3,3-diprupyl-
thiadicarbocyanine iodide. Biochim. Biophys. Acta 602: 285-298,
1980.

269. TAUBER, A., A. KARNAD, AnD L. GINIS. The role of phosphory -
lation in phagocyte activation. In: Current Topics in Membranes
and Transpurt. Mohansms of Lewkhocyte Acticaton, edited by S.
Grinstein and O. Ruthstein. New York. Academic, 1990, vol. 35, p.
469-486.

270. TAYLOR, M. V., J. C. METCALFE, T. R. HESKETH, G. A.
SMITH, aND J. P. MUORE. Mitugzens sncrease phosphorylation of
phusphuinusitides in thymocyten, Nature Lond. 312, 462-465,
1984,

271. TSIEN, R. Y., T. POZZAN, AND T. J. RINK. T-cell mitogens cause
early changes in cytoplasmic-free Ca®* and membrane potential
n lymphocy tes. Nutare Lond. 295, 68-71, 1982,




July 1991

272

273.

274,

275.

276.

21

278.

279.

280.

281

VAN FURTH, R. Phagocytic cells. development and distribution
of mononuclear phagucy tes in nurmal steady state and inflamma-
tion. In. Inflammation, edited by J. Gallin, I. Goldstein, and R.
Snyderman. New York. Raven, 1988, p. 281-295.
VAYUVEGULA, B., S. GOLLAPUDI, anp S. GUPTA. Inhibition
of human B cell proliferativn by ivn channel Lluckers. In. Medhu-
nisms of Lymphocyte At ... und Immune Regulation, edited
by S. Gupta, W E.Paul, and A. S. Fauci. New York. Plenum, 1987,
p. 237-240.

VILLEREAL, M. L., AND J. S. COOK. Regulation of active amino
acid transport by growth rclated changes in membrane potential
in human macrophages. J. Biol. Chem. 233. 8257-8262, 1987.
VILVEN, J., AND R. CORONADO. Opening of dihydrupyridine
calcium channels in skeletal muscle membranes by inositol tris-
phosphate. Nature Lond. 336. 587-589, 1988.

VON TSCHARNER, V., B. PROD'HOM, M. BAGGIOLINI, AND
H.REUTER. Ion channels in human neutrophils are activated by
a rise in the free cytosolic caleium concentration. Nature Lond.
324: 369-372, 1986.

WELSH, M. J,, anD C. M. LIEDTKE. Chloride and potassium
channels in cystic fibrosis airway epithelia. Nature Lund. 322.
467-470, 1986.

WIELAND, S. J,, R. H. CHOU, anDp Q. GONG. Macrophage col-
ony-stimulating factor (CSF-1) modulates differentiation-spe-
cific inward rectifying potassium current in human leuhemic
(HL-60) cells. J. Cell. Physiol. 142. 643-551, 1990.

WILEY, J. S., AND G. R. DUBYAK. Extracelluiar adenosine tri-
phosphate incre.ces cation permeability of chronic lymphocy tic
leukemic lymphocytes. Blood 73. 1316-1323, 1989.

WILSON, H. A, AND T. M. CHUSED. Lympho¢,te membrane
potential and Ca®*-sensitive potassium channels described by va-
onol dye fluorescence measurements. J. Cell. Physiol. 125. 72-81,
1985.

WILSON, H. A, D. GREENBLATT, F. D. FINKELMAN, aND
T. M. CHUSED. Optical measurements in single cells of mem-

ION CHANNELS IN LEUKOCYTES

282,

283.

285.

286.

281.

288.

289.

290.

811

brane potential changes linked to T and B ly mphocy tes antigen
receptors. In. Cll Physwluyy of Bluwd, edited by R. Geunn and J.
Tarker. New Yorh. Rockefeller Univ. Press, 1938, p. 253-263.
WILSON, H. A,, D. GREENBLATT, M. POENIE, F. FINKEL-
MAN, anD R. TSIEN. Crosslinkage of B lymphucyte surface im-
munuglobulin by anui-Ig or antigen induces prolunged vscillativn
of intracellular iomized calcium. J. Exp. Med. 166, 601-606, 1957,
WOEHLCK, H. J., ANp F. V. MCCANN. Action potentials in hu-
man macrophages are calcium spikes. Cell Biol. Int. Rep. 10: 517-
525, 1986.

. YAMASHITA, N, H. HAMADA, T. TSURUO, AnD E. OGATA.

Enhancement of voltage-gated Na* channel current associated
with multidrug resistance in human leukemia cells. Cuncor Res.
47: 3736-3741, 1987,

YOUNG, J.D., 8. S. KO, aND Z. A. COHN. The increase in intra-
cellular free calaum associated with IgGy2b, 11 Fe receptor-li-
gand interactivns. role in phagucy tusis. Proe. Natl Acad. Se,
USA 81: 5430-5434, 1984.

YOUNG, J. D., J. C. UNKELESS, H. R. KABACK, anp Z. A.
COHN. Macruphage membrane potential changes assuvciated
with y2b/71 Fe¢ receptor-ligand binding. Prow. Natl Acad. Scu
USA 80: 1357-1361, 1983.

YOUNG, J. D, J. C. UNKELESS, H. R. KABACK, anp Z. A.
COHN. Mouse macruphage Fo receptor for IgG 12bs v1 1n artifi-
cial and plasma membrane vesicle functions as o hgand-depen-
dent ionophore. Proc. Natl. Acad. Sci. USA 80. 1636-1640, 1983.
YOUNG, J.D.,J. C. UNKELESS, T. M. YOUNG, A. MAURO, AND
Z. A. COIN. Rule for muuse macruphage IgG Fc receptor as li-
gand-dependent ion channel. Nature Lond. 306. 186-189, 1983.
YOUNG, W, J. CHEN, F. JUNG, anp P. GARDNER. Dihydro-
pyridine Bay K 8644 activates T lymphocy te calaium-permeable
channels, Mol. Pharmacol. 34. 239-244, 1989,

YPEY, D. L., AND D. E. CLAPHAM. Development of a delayed
outward-rectifying K* conductance in cultured mouse peritoneal
macrophages. Proc. Naitl. Acad. Ser. USA 81. 3050-3087, 1984.

R
INSPE,
,;;'c’;m
Accession Por i
NTIS GRAXIL -
DTIC TAB g
Unannounced a

Justification e

By.
Distribution/
Availability Codes
lAvail and/or
Speciel

Dist

!




