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Abstract

Many mammalian cell types exhibit Ca2l-dependent K+ chan-
nels, and activation of these channels by increasing intracellu-
lar calcium generally leads to a hyperpolarization of the
plasma membrane. Their presence in B lymphocytes is as yet
uncertain. Crosslinking Ig on the surface of B lymphocytes is
known to increase the level of free cytoplasmic calcium
([Ca2l']). However, rather than hyperpolarization, a depolar-
ization has been reported to occur after treatment of B lym-
phocytes with anti-Ig. To determine if Ca2l-dependent K+
channels are present in B lymphocytes, and to examine the
relationship between intracellular free calcium and membrane
potential, we monitored [Ca2"Ii by means of indo-1 and trans-
membrane potential using bis(1,3-diethylthiobarbituric)tri-
methine oxonol in human tonsillar B cells activated by anti-
IgM. Treatment with anti-IgM induced a biphasic increase in
ICa2"1i and a simultaneous hyperpolarization. A similar hyper-
polarization was induced by ionomycin, a Ca2" ionophore. De-
laying the development of the [Ca2I1i response by increasing
the cytoplasmic Ca2'-buffering power delayed the hyperpolar-
ization. Conversely, eliminating the sustained phase of the
[Ca2+1; response by omission of external Ca2" abolished the
prolonged hyperpolarization. In fact, a sizable Na+-dependent
depolarization was unmasked. This study demonstrates that in
human B lymphocytes, Ca2l-dependent K+ channels can be
activated by crosslinking of surface IgM. Moreover, it is likely
that, by analogy with voltage-sensitive Ca2+ channels, Na+ can
permeate through these ligand-gated Ca2l "channels" in the
absence of extracellular Ca2".

Introduction

Binding of foreign antigens to resting B lymphocytes activates
and induces these cells to proliferate, producing an expanded
and functionally responsive population. It is well established
that the initial steps of this activation process can be mimicked
in vitro by crosslinking surface Ig (slg),' which function as
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1. Abbreviations used in this paper: AMacetoxymethylester; BAPTA,
1,2-bis-(2-aminophenoxy)ethane-N,N,N',N' tetraacetic acid; bis-ox-
onol, bis(l,3-diethylthiobarbituric)trimethine oxonol; [Ca2"Ji, free cy-
toplasmic calcium; EK, K+ equilibrium potential; Em, membrane po-
tential; NMG, N-methyl-D-glucamine; NMG+, N-methyl-D-glucam-
monium+ ion; sIg, surface Ig.

antigen receptors on the membrane of B lymphocytes (1). This
can be achieved using antibodies directed against slg.

The biochemical events underlying activation of B lym-
phocytes by antigens or by anti-Ig are not completely under-
stood. One of the earliest responses associated with crosslink-
ing of slg is an increase in the level of cytoplasmic free calcium
([Ca2+]j). This was initially inferred from measurements of
45Ca2" distribution (2) and later confirmed by direct determi-
nations of [Ca2+], using fluorescent probes such as quin2 (3).
At least part of the Ca2" that appears in the cytoplasm origi-
nates from intracellular stores, inasmuch as anti-slg can ele-
vate [Ca2+], in cells suspended in Ca2+-free media containing
EGTA(3, 4). The source of intracellular Ca2' is believed to be
the endoplasmic reticulum, which has been shown to release
Ca2` when challenged with inositol 1,4,5-trisphosphate, one of
the products of the hydrolysis of phosphatidylinositol 4,5-bi-
phosphate by phospholipase C (5, 6). The latter enzyme is
known to be activated in B lymphocytes when sIg is cross-
linked (6-8).

Most cell types analyzed thus far, including some popula-
tions of lymphocytes, display K+ channel activity in their
plasma membranes (9-1 1). One particular type of K+ channel
is of potential importance to the activation process, since its
activity is modulated by the cytoplasmic concentration of Ca2"
(see references 12 and 13 for reviews). The open state of the
channel becomes predominant as [Ca2+]i increases above the
resting level, bringing the membrane potential (Em) closer to
the K+ equilibrium potential (EK). Because the resting poten-
tial of lymphocytes approximates 50-60 mV(negative inside)
and their intracellular K+ concentration has been reported to
be 130-140 mM, opening of these K` channels in cells sus-
pended in normal media (containing 3-5 mMK+) is therefore
expected to bring about a hyperpolarization.

Contrary to this expectation, a sizable depolarization has
been reported to follow activation of B lymphocytes with anti-
slg (14, 15). The ionic mechanism underlying this change in
potential has not been defined. This depolarization was de-
tected by means of flow cytometry using cyanine dyes (15, 16).
Due to limitations inherent to this technique, the measure-
ments were performed at least 10 min after addition of the
anti-slg, and depolarization progressed over a 60-120-min pe-
riod (15). No information is available regarding the magnitude
of the Emchanges at earlier times. In contrast to the reported
Em changes, the increased [Ca2+]i observed in response to
crosslinking of slg is evident within seconds (2-4, 17). Thus, it
is conceivable that the rapid elevation in [Ca2+]i is accompa-
nied by opening of K+ channels and hyperpolarization, which
may then be superseded by a slower depolarization.

The aim of the present experiments was to perform contin-
uous measurements of the Emof B lymphocytes immediately
after stimulation with anti-sIgM, to determine whether Ca2+-
gated K+ channels are activated in human B lymphocytes in
response to sIgM crosslinking. For this purpose we performed
spectroscopic measurements using the potential-sensitive dye
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bis(1,3-diethylthiobarbituric)trimethine oxonol (bis-oxonol),
a negatively charged lipid-soluble fluorophore. Unlike the
cyanine dyes, which are positively charged, bis-oxonol does
not accumulate in the mitochondrial matrix, and reports pri-
marily the potential across the plasma membrane (16, 18). Our
results indicate that a Ca2"-induced hyperpolarization is in-
deed observed shortly after crosslinking of sIg. Moreover, we
demonstrate that a comparatively large depolarization is un-
masked when anti-sIgM is added to B lymphocytes suspended
in Ca2'-free medium. This depolarization is shown to be me-
diated by influx of Na+, conceivably through the ligand-acti-
vated Ca2" channels.

Methods

Reagents. Bis-oxonol, and the acetoxymethylester (AM) forms of
indo-l and 1,2-bis-(2-aminophenoxy)ethane-N,N,N',N' tetraacetic
acid (BAPTA) were obtained from Molecular Probes, Junction City,
OR. Goat anti-human IgM, F(ab')2 fragments of goat anti-human
IgM and anti-fB2-microglobulin were from Atlantic Antibodies (Scar-
borough, ME). EGTAand gramicidin were purchased from the Sigma
Chemical Co. (St. Louis, MO). lonomycin was from Calbiochem-
Behring Corp. (San Diego, CA).

Solutions. RPMI 1640 was obtained from Gibco (Grand Island,
NY). Normal phosphate-buffered saline was prepared as described
(19). Stock solutions of bis-oxonol, indo- I AM, BAPTAAM, gramici-
din, and ionomycin were made up in dimethylsulfoxide. EGTAand
CaCl2 stocks were made up in aqueous solutions. For Emand intracel-
lular calcium measurements, the buffers contained (millimoles): 140
NaCl, 1 CaCl2, 1 MgC12, 3 KCI, 10 glucose, and 10 Hepes (pH 7.3).
Where indicated, NaCl was isoosmotically replaced with either KCI or
N-methyl-D-glucamine (NMG) chloride. Calcium-free buffers were
prepared without the addition of 1 mMCaCl2, and with 0.5 mM
EGTA. All buffers were adjusted to pH 7.3±0.05 and 290±5 mosmol/
liter.

Cell isolation. Fresh human tonsil tissue was obtained postopera-
tively. The mononuclear cell fraction obtained after Ficoll-Hypaque
gradient centrifugation was enriched for B lymphocytes by rosette-de-
pleting contaminating T lymphocytes with neuraminidase-treated
sheep erythrocytes (19). Greater than 90% of the cells obtained in this
fashion were B lymphocytes.

Cell loading with indo-I AMand BAPTAAM. Cells (40 X 106 in 1
ml Hepes-buffered RPMI) were incubated with 1 gM indo- I AM, or
with 1 MMindo-l AMplus 10MgMBAPTAAM. After 30 min at 37°C,
the cells were washed once in phosphate-buffered saline, once in NaCl
buffer, and resuspended at 20 X 106/ml in NaCl buffer.

Emand cytoplasmic calcium determination. Emwas measured using
bis-oxonol and a Perkin-Elmer 650-40 spectrofluorimeter set with ex-
citation and emission wavelengths of 540 nm (3-nm slit) and 580 nm
(10-nm slit), respectively. Dye, to a final concentration of 0.3 MAM, was
added to cuvettes containing 2 ml of the appropriate buffer and 2 X 106
cells and the suspension was stirred continuously at 37°C until a steady
fluorescence was obtained (- 10 min). Additions were then made, and
recording continued. Calibration was made by adding gramicidin (25
nM, final concentration) to cells suspended in isotonic medium con-
taining various ratios of Na+ and N-methyl-D-glucammonium' ion
(NMG+) (which does not permeate through gramicidin). Emwas cal-
culated assuming that Na+ and K+ permeation through gramicidin is
comparable (20).

Cytoplasmic calcium was measured with indo-l using excitation
and emission wavelengths of 331 nm (3-nm slit) and 410 nm (10-nm
slit), respectively. Calibration of indo- 1 fluorescence versus [Ca2+]i was
performed using ionomycin and Mn2+, a divalent cation that perme-
ates through ionomycin and quenches the fluorescence of the dye.
[Ca2+1J for a given fluorescence F was calculated as follows: [un2+1
= 250 nM(F - Fmin,)/(F,. - F), where 250 nMis the reported dissoci-

ation constant for the indo-l/calcium complex (21), and F.. is the
fluorescence obtained in Ca2"-containing media in the presence of 1
MMionomycin, a concentration producing maximal effects on the
fluorescence of indo- 1. Fmin is calculated as: Fmin = 1/1 2(Fma. - Fa,,,)
+ Fauto, where Fau.o is the autofluorescence, determined after addition
of 2 mMMnCl2 to cells pretreated with ionomycin, and 12 is the ratio
of the fluorescence intensity of the indo- 1/calcium complex over the
fluorescence of the free acid of indo- 1, at the wavelengths used.

Routinely, the cells were stimulated with 37,ug of goat anti-human
IgM. In some experiments F(ab')2 fragments of goat anti-human IgM
were used, yielding essentially identical results.

All the experiments were performed at 37°C. Representative traces
of at least three similar experiments are illustrated. Unless otherwise
indicated, results are expressed as the mean±SE of the number of
determinations indicated.

Results

Fig. 1 shows parallel measurements of [Ca2+]J and Em in
human B lymphocytes treated with antibodies against sIgM.
When measured with indo-1, the resting [Ca2+]j of human
tonsillar B lymphocytes averaged 176.2±5.8 nM (n = 4). As
reported for rodent lymphocytes (3, 4), addition of anti-Ig to
human B cells induced a rapid increase in [Ca2+]i. As shown in
Fig. 1 A, the response measured with indo- 1 is biphasic. This
change in [Ca2+], was accompanied by a distinct hyperpolar-
ization (Fig. 1 D). The resting potential, which averaged
-43.6±2.7 mV(n = 5), increased transiently by 6-10 mVand
then partially returned towards the resting potential (Fig. 1 D).
This potential change was reproducibly recorded in over 20
experiments. The shape of the hyperpolarizing wave closely
resembles the time course of the increase in [Ca2+]i, suggesting
a causal relationship.

The specificity of the effect of anti-IgM was tested using a
second antibody, known to bind to surface ,32-microglobulin.
As illustrated in Fig. 1 B, no changes in [Ca2+]J were detected
when the cells were treated with comparable or even higher
concentrations of antibody against fB2-microglobulin. Simi-
larly, no hyperpolarization was detected when this antibody
was added to cells equilibrated with bis-oxonol (Fig. 1 E). The
marginal increase in fluorescence (apparent depolarization)
observed is due to binding of the probe to hydrophobic do-
mains on the antibody and was observed also in the absence of
cells (not illustrated).

300-

C~

+ 175-CM
coC.)

a I

100-

-30-

E -50_
Lu _

A B c Figure 1. Effects of

anti-IgM, anti-32-micro-
globulin, and ionomy-

_1 <__ | cin on [Ca2+Ji and Em.
B lymphocytes were

t t t loaded with indo-1 as
IgM aB2 m I described in Methods.

Cells (2 x 106) were
D E F suspended in a cuvette

_%~V containing 2 ml Hepes-
60%~~ buffered Na+ solution.

-70J t t t A-C: [Ca']i was deter-t 2 min mined fluorimetrically
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sions. 37 Mg of goat anti-human IgM (A and D) or goat anti-
human B2-microglobulin (B and E) were added at the times indi-
cated by the arrows. In Cand F, 25 nM ionomycin was added where
indicated.
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That the change in potential recorded in cells treated with
anti-IgM is secondary to the elevation of [Ca2+]i is further
indicated by the experiments in Fig. 1, C and F. Increasing
[Ca2+]i by addition of nanomolar concentrations of the elec-
troneutral nonfluorescent ionophore ionomycin was accom-
panied by a marked hyperpolarization.2

If the ligand-activated Ca2l pathway were conductive, a
depolarization should be associated with Ca2l uptake upon
crosslinking of sIgM. Therefore, it must be postulated that the
observed hyperpolarization is secondary to the entry of Ca2",
and likely associated with Ca2"-induced changes in the perme-
ability to other ions. A hyperpolarization could be attained by
increasing the permeability to K+, whose equilibrium potential
is more negative than Em. Conversely, a reduction in the per-
meability to those ions with equilibrium potentials above Em
(e.g., Na+) could also induce a hyperpolarization. This hy-
pothesis was tested by analyzing the response of B lymphocytes
to anti-IgM in media of varying cation composition (Fig. 2).
Replacement of extracellular Na+ by the impermeant organic
cation NMG+had no significant effect on the resting [Ca2+],
(184.7+6.3 nM; n = 3) of human B lymphocytes (Fig. 2 A),
suggesting that, if present, Na+/Ca2+ exchange does not play a
significant role in [Ca2+]i homeostasis in these cells. Similarly,
the Emwas affected very little by removal of extracellular Na+
(-47.5±3.3 mV; n = 4) (Fig. 2 C), indicating that the transfer-
ence number of this ion is small. Stimulation of the cells with
anti-IgM in Na+-free NMG+medium produced an increase in
[Ca2+], which was at least as large, and frequently even larger
than that recorded in Na+ medium (Fig. 2 A). Concomitantly,

2. The hyperpolarization induced by ionomycin was not always sus-
tained. Frequently, a rapid transient hyperpolarization was observed,
which partially subsided over the course of 5-10 min. This variability
may reflect differences in the ability of individual cell batches to regu-
late [Ca2+]J after challenge with the ionophore.

Figure 2. Effects of extracellular
E ion substitution on anti-IgM-in-

duced changes in [Ca2+]i and
Em. B lymphocytes were loaded
with indo-l, washed and resus-
pended in either Hepes-buffered
NMG+solution (A and C) or
Hepes-buffered K+ solution (B
and D). A and B: [Ca2+]i deter-
minations using indo- 1. Cand
D: determinations using bis-ox-
onol. Anti-IgM (37 Mg) was
added to the cell suspension at
the times indicated by the
arrows. E: Emdependence of bis-
oxonol fluorescence. A typical
calibration curve, obtained by
addition of 25 nMgramicidin to
cells suspended in isotonic

M____. ___, ___. ___, __ media containing varying ratios
- 60o - 40o -20 0z of Na+ and NMG+, is illus-

trated. Emswere calculated from
the Nernst equation as described

Membrane potential (mV) in Methods.

the Em underwent a clear hyperpolarization (Fig. 2 C), as de-
scribed for Na+-containing media. Though comparatively
small, this potential change was reproducibly recorded in five
experiments. These results indicate that extracellular Na+ is
not involved in the ligand-induced Ca2" uptake mechanism,
and that a decrease in Na+ conductance cannot account for the
hyperpolarization. Under these conditions, a depolarization
would be expected from a reduction in Na+ conductance, since
the Na+ gradient is very large and outward; i.e., the equilib-
rium potential for Na+, ENa is more negative than Em.

When extracellular Na+ was replaced by K+, little change
in resting [Ca2+]J was detected (Fig. 2 B). Because under these
conditions the cells are depolarized (Fig. 2 D, see below), this
implies that voltage-gated Ca2` channels, if present, do not
contribute significantly to [Ca2+]i homeostasis. A biphasic re-
sponse to anti-IgM was recorded under these conditions (Fig. 2
B), even though the sustained phase frequently stabilized at a
level below that reported in Na+-containing media. As ex-
pected for a membrane that is predominantly permeable to
K+, elevating extracellular K+ to levels approximating [K+]J
(and thereby making EK 0) resulted in a marked depolariza-
tion (Fig. 2 D). Under these conditions the resting Emaveraged
-3.7±1.8 mVand addition of anti-IgM produced little change
in potential (Fig. 2 D), or occasionally a slight further depolar-
ization. Failure to detect an anti-IgM-induced change in po-
tential in K+-rich medium was not due to reduced sensitivity
of the probe in depolarized cells. This is indicated by the cali-
bration curve illustrated in Fig. 2 E, obtained using gramicidin
in cells suspended in media of varying monovalent cation
composition (see Methods). The data show a linear relation-
ship between fluorescence and Emin the range of-35 to OmV,
with a slope that is, in fact, steeper than that at more negative
potentials. These results are consistent with the notion that
binding of anti-IgM to surface IgM affects Emdue to a Cal+-
induced increase in K+ conductance.
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If a relationship indeed exists between the hyperpolariza-
tion and the increased [Ca2+]i, we reasoned that modifications
in the shape of the Ca2+ response should be reflected in alter-
ations of the Em change. The biphasic nature of the [Ca2+],
change induced by anti-IgM suggests that it may be a compos-
ite of Ca2' released from internal stores and entry of Ca2+ from
the external medium, as has been shown for other systems,
including B lymphocytes (3, 4). Wesought to dissociate these
components by either omitting extracellular Ca2 , or mini-
mizing the effect of the intracellular stores on [Ca2+]i by in-
creasing the Ca2+-buffering power of the cytoplasm. The re-
sults of the first approach are illustrated in Fig. 3. Omission of
extracellular Ca2' (plus inclusion of 0.5 mMEGTAto remove
contaminating Ca2+) drastically affected the shape of the
[Ca2+]i response to anti-IgM. Only a sharp, transient elevation
of [Ca2+]i was recorded, which returned to baseline within 2
min (Fig. 3 A). A similar transient [Ca2+]i elevation was re-
corded when extracellular Na+ was replaced by NMG+(Fig. 3
B). The resting Emwas not significantly affected by removal of
extracellular Ca2' and the attendant decrease in resting [Ca2+],
(Fig. 3 C). In contrast, the profile of the anti-IgM response on
Emwas clearly modified. Consistent with the opening of Ca2+-
sensitive K+ channels, the transient elevation in [Ca2+], was
accompanied by a transient hyperpolarization. However, this
was followed by a marked depolarization of nearly 20 mV(Fig.
3 C). This depolarization was apparently due to influx of Na+,
since it was reproducibly eliminated when external Na+ was
replaced by the impermeant NMG+(Fig. 3 D). Under these
conditions only a transient hyperpolarization was observed,
which returned to baseline potential with a time course resem-
bling that of the (Ca2+]i transient (refer to Fig. 2, B and D).
These data are consistent with the presence of Ca2+-activated
K+ channels, but in addition demonstrate the existence of a
ligand-induced Na+ current unmasked by omission of extra-
cellular Ca2'. By analogy with voltage-gated Ca2+ channels in
excitable cells (22), this current could represent Na+ perme-
ation through the ligand-activated Ca2+ channels (see Discus-
sion).

Because the amount of Ca2' released from the intracellular
reservoirs by anti-IgM is finite, the magnitude of the early
phase of [Ca2+]i change should be inversely proportional to the
cytoplasmic Ca2e-buffering power. Thus, introducing into the
cytoplasm increasing amounts of Ca2+ chelator is expected to
decrease and eventually obliterate the [Ca2+]i transient. To test
the effect of eliminating the early phase of [Ca2+], increase on
the Em, we artificially increased the Ca2+-buffering power of
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the cytoplasm of B lymphocytes. This was accomplished by
preloading the cells with BAPTA, a nonfluorescent chelator
that can be generated in situ in the cytoplasm by incubation of
intact cells with its precursor tetraacetoxymethylester. As
shown in Fig. 4 A, the resting [Ca2J]i was not significantly
affected by this pretreatment, but the changes induced by
anti-IgM were markedly slower and the biphasic nature of the
change was virtually eliminated. A relatively monophasic in-
crease was observed, reaching a level that was not significantly
different from that recorded in cells without BAPTA
(248.2±8.2 nM vs. 249.8±15.1 nM, respectively). A similar
monophasic increase was recorded in Na+-free NMG+me-
dium (Fig. 4 B). In parallel with the elimination of the rapid
[Ca2J]i transient, the early hyperpolarizing phase of the Em
change was also eliminated. Instead, upon addition of anti-
IgM a small but reproducible depolarization was recorded
(Fig. 4 C). This depolarization was not likely due to Na+ in-
flux, as it was also noted in NMG+medium (Fig. 4 D). The
delayed increase in [Ca2+], was, however, accompanied by the
expected hyperpolarization. Taken together, these results indi-
cate that the hyperpolarization associated with stimulation of
the antigen receptor is due to Ca2' activation of K+ channels.

A corollary of this hypothesis is that prevention of both
phases of the [Ca2+]i change should entirely preclude hyperpo-
larization. This can be achieved by combining the two ap-
proaches used above, i.e., by suspending BAPTA-loaded cells
in Ca2+-free media. The results of such experiments are illus-
trated in Fig. 5. Under these conditions, activation of the cells
with anti-IgM induced only a marginal increase in [Ca2+]i:
from an initial level of 90 nM to < 100 nM. Similar results
were obtained in the presence and absence of extracellular Na+
(Fig. 5, A and B). In Ca2+-free, Na+-containing medium the
activation of BAPTA-loaded cells by anti-IgM was not accom-

Na NMG Figure 5. Effects of removal of extra-
A B cellular calcium on anti-IgM-induced

C 100, changes in [Ca2+Ji and Emin BAPTA-
+

0 loaded cells. B cells were loaded with
, 80-ft t indo-l and BAPTA, and resuspended

a IgM a IgM in either Hepes-buffered Nae solution
(A and C) or Hepes-buffered NMG+

-20- C D solution (B and D). [Ca2+]i (A and B)
E and Em(C and D) were measured as

E J _~ in Fig. 1. Anti-IgM (37 Mug) was added
-60J 2 to the cell suspension at the times in-

t t dicated by the arrows.
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panied by a hyperpolarization. Instead only a large depolariza-
tion (Fig. 5 C), similar to the second phase reported in Fig. 3 C,
was recorded. This depolarization was largely eliminated in
NMG+medium, supporting the interpretation that it is me-
diated by Na+ influx through ligand-activated Ca2l channels.

Discussion

In this manuscript we provide evidence for the presence of a
Ca2'-activated K+ conductance in the plasma membrane of
human B lymphocytes. A comparable system had been de-
scribed for human (23, 24) and rodent (25) T lymphocytes, but
no evidence existed in the case of B lymphocytes. In fact, a
recent report comparing the properties of murine B and T
lymphocytes concluded that Ca2l-stimulated K+ channels
exist in the latter but not the former (23). Failure to detect a
Ca2"-induced hyperpolarization in B cells, however, does not
necessarily imply that the Ca2+-sensitive K+ channels are ab-
sent. A similar result would be observed if Emwere close to EK,
or if the Ca2+-induced conductance were a small fraction of the
total conductance. In addition to possible species specific
properties, the discrepancy between our results and those of
Wilson and Chused (23) could reflect methodological differ-
ences. Whereas continuous recording with a spectrofluorime-
ter was used in the present study, Wilson and Chused (23)
utilized flow cytometry for their studies. This method provides
discontinuous recordings of individual cells, which are by ne-
cessity averaged over the period of time required for accumu-
lation of the desired number of cells (50,000 in the case re-
ferred to in reference 23). Moreover, due to the operational
properties of the flow cytometer, a delay of variable magnitude
is incurred between addition of reagents to the cells and the
start of the recording. For these reasons, a transient change in
Emwould be difficult to detect.

Interaction of anti-IgM with the surface membrane of
human B lymphocytes increased [Ca2"Ji and concomitantly
made the membrane potential more negative (Fig. 1). Similar
findings were recently reported in the WEHI-23 1 B lymphoma
cell line, where stimulation of the antigen receptor was found
to change both [Ca2+]i and the Em(26). The hyperpolarization
detected in the present study is likely due to an increase in K+
conductance since it was eliminated and even reversed by in-
creasing the concentration of K+ in the suspending media (Fig.
2 D), but was unaffected by alterations in the equilibrium
potential for Na+ (Fig. 2 C) or Cl- (not illustrated), the other
major ions. Though the contribution of changes in the con-
ductance to minor ions such as H+ or HCO- cannot be ruled
out, the data can be readily explained by an elevation in K+
conductance. Several lines of evidence indicate that K+ con-
ductance increases in response to a change in [Ca2+],: (a) the
shape of the Emchange resembles the time course of the [Ca2+]i
change (Fig. 1); (b) the sustained phase of the hyperpolariza-
tion is abolished by removal of extracellular Ca2+, which leaves
the transient [Ca2J]i unaffected but precludes the sustained
[Ca2+]i increase (Figs. 3 and 5); (c) the rapid phase of the hyper-
polarization is absent when the rate of the [Ca2+]J increase is
slowed by incorporation of BAPTA, a Ca2+-buffering agent,
into the cells (Fig. 4); and (d) the hyperpolarization is com-
pletely eliminated when both components of the [Ca2+],
change are blocked (Fig. 5).

In apparent disagreement with our results, Cambier and
his collaborators have reported that murine B cells depolarize

in response to antibodies that crosslink sIg (14). However, it
must be borne in mind that these studies utilized cyanine dyes
and flow cytometry for the detection of Em, and that measure-
ments were started at least 10 min after addition of the anti-Ig
to the cells. It is conceivable that a rapid hyperpolarization
occurred that was followed by a slower depolarizing process.
Alternatively, it is possible that the apparent change in plasma
Emwas instead the manifestation of metabolic changes affect-
ing the mitochondrial Em. By virtue of their positive charge,
cyanines accumulate in the mitochondrial matrix in response
to the potential across the inner mitochondrial membrane, a
problem that is not encountered in the case of bis-oxonol
which is negatively charged and therefore excluded from mi-
tochondria. Validation of the late depolarization must there-
fore await the use of alternative Emprobes.

Unlike the case of voltage-sensitive Ca2" channels in excit-
able tissues, very little is known concerning the properties of
the ligand-gated channels of lymphocytes. A possible similar-
ity between these two systems was revealed by the experiments
in Fig. 3, where extracellular Ca2" was omitted. Under these
conditions, [Ca2+]i increased only transiently as a result of
release of Ca2+ from intracellular stores. Concomitantly, a
transient hyperpolarization was observed. However, this was
followed by a marked depolarization that was dependent on
the presence of extracellular Na+. These observations are con-
sistent with permeation of Na+ through the anti-IgM activated
"Ca2+ channel." Indeed, a sizable monovalent cation conduc-
tance through voltage-gated Ca2+ channels is known to appear
when extracellular Ca> is removed (22, 27). This has been
attributed to a change in the ion selectivity of the channel due
to removal of Ca2 from a binding site that is distinct from the
transport moiety, since the concentrations for half-maximal
saturation of transport and for control of selectivity differ
markedly (28, 29). Using macroscopic potential recording
techniques it is presently impossible to define whether in B
lymphocytes Na+ uptake is indeed occurring through a Ca`
channel of altered selectivity or through a parallel and inde-
pendent pathway. However, the finding that the Na+-depen-
dent depolarization in Ca2`-free medium is sensitive to the
Ca+ channel blocker verapamil (100-200 MM, unpublished
observations) suggests that a single type of channel is involved,
Moreover, electrophysiological recordings in a hybridoma cell
line showed that a constitutive Ca>2 channel could also be-
come permeant to monovalent cations when Ca2+ was absent
(29). Thus, the phenomenon may be more widespread than
originally recognized, and applicable to nonexcitable cells as
well.

The large depolarization observed in cells suspended in
Ca2+-free medium clearly differs from that recorded in
BAPTA-loaded cells in Ca2--containing media. Not only is the
latter substantially smaller, but it is also Na+ independent.
Moreover, this depolarization is also independent of the Cl-
gradient (not shown), but is instead abolished by removal of
external Ca>2. This can only be visualized in cells suspended in
NMG+, to prevent the large Na+-mediated depolarization (Fig.
5 D). Thus, the depolarization in BAPTA-loaded cells could
reflect entry of Ca2+ through the ligand-activated pathway.
This depolarization may not be visible in cells without BAPTA
for two reasons: first, the rapid increase in [Ca2+jj would open
the K+ channels, inducing an offsetting hyperpolarization; sec-
ond, the total amount of Ca> entering the cells is lower in
untreated than in BAPTA-loaded cells (unpublished observa-
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tions). This implies that a larger, and more readily detectable
Ca2l current is induced by anti-IgM in cells with elevated Ca2"
buffering.

In summary, we have demonstrated for the first time the
presence of Ca2l-sensitive K+ channels in human B lympho-
cytes, and their activation by crosslinking of slg with antibod-
ies. The K+ channels can be activated by Ca2" released from
intracellular reservoirs, as well as by Ca2" entering the cell
from the mnedium. Moreover, we have provided evidence for
an anti-IgM-induced Na+ current detectable only in the ab-
sence of external Ca2". This current could be mediated by Ca2"
channels of reduced selectivity. This may provide a convenient
method for the study of ligand-induced channels in lympho-
cytes. The significance of these Emchanges in the processes of
B cell activation and proliferation remains to be elucidated.
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