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ABSTRACT

Detailed studies of steady-state ion fluxes in murine lymphocytes were used to
examine for possible ionic changes generated by surface Ig, the antigen receptor
of B lymphocytes. When bound by ligands, surface Ig triggered the mobilization
and release of ’Ca®" from the cell interior by a transmembrane process requiring
crosslinking of the bound receptors. This ionic event was unique for two reasons:
(a) it did not occur when other common lymphocyte surface macromolecules were
bound with rabbit anti-lymphocyte antibodies; and (b) it was not accompanied by
a general perturbation of lymphocyte ionic properties such as a change in “K*
fluxes nor did it depend on the presence of extracellular ions. Capping of surface
Ig shares the same time sequence, dose response, requirement for crosslinking,
and lack of dependence on extracellular ions. These correlations suggest that
mobilization of intracellular Ca** may represent an early ionic signal for the

contractile activation of lymphocytes that generates capping of surface Ig.
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Surface immunoglobulin (surface Ig), the antigen
receptor of B lymphocytes, promotes several se-
quential contractile processes when it is bound by
ligands: the bound receptors are selectively redis-
tributed to a pole of the cell (capping); a phase of
translatory movement is generated; and the cap-
ping complexes are cleared from the surface by
endocytosis (29, 35, 9). Among these events, cap-
ping has received central attention because it may
be followed on a molecular and functional level
with relative ease. Early studies of the capping
process demonstrated a requirement for metabolic
energy and sensitivity to cytochalasins (35, 8),
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suggesting a role for the contractile apparatus.
Subsequently, electron microscope and immuno-
cytochemical studies indicated the rapid and dra-
matic reorganization of the contractile proteins
during capping (discussed in reference 4). Re-
cently, preliminary biochemical evidence for the
physical association of actin with bound surface Ig
has been reported (10). It should be noted, how-
ever, that the capacity of surface Ig to modulate
contractile activity may be shared by a restricted
class of surface macromolecules (4, 29).

Overall, these results imply that surface Ig, when
bound by ligands, elicits a biochemical event
which activates the contractile activity. It is possi-
ble that this biochemical event consists of the
mobilization of intracellular Ca®*. In general, the
level of free intracellular Ca®* is well known to
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play a crucial role in regulating contractile activity.
Although capping can occur in the absence of
extracellular Ca** (29), two experiments suggest
that this ion regulates the capping process. First,
calcium ionophores inhibit capping or disperse
caps of surface Ig in a process requiring external
Ca®* and metabolic energy. These agents may act
by inducing hypercontraction of microfilaments,
an interpretation supported by immunofluores-
cence (5) and electron microscope (15) studies
which reveal the presence of coarse, myosin-con-
taining aggregates or dense accumulations of sub-
plasmalemmal microfilaments. Second, local an-
esthetics also stop capping or disperse capping
surface Ig in an energy-independent fashion (28),
perhaps by the capacity of these drugs to compet-
itively inhibit Ca**-dependent processes (30), such
as the linkage of the contractile apparatus to sur-
face Ig (5). This view is supported by the partial
reversal of drug action by increasing concentra-
tions of extracellular Ca®* and by the drug-in-
duced dispersion of cap-associated myosin.

To test whether Ca®* may have a physiological
role in Ig capping, we have directly studied the
properties of exchangeable calcium in lympho-
cytes using **Ca®*. We also describe two experi-
ments examining the role of other ions in capping:
(a) the effect of removal of extracellular ions on
capping; (b) the influence of anti-Ig on the fluxes
of “K*. Both these experiments suggest that re-
lease of **Ca** may be the original ionic response
triggered by ligands to surface Ig.

MATERIALS AND METHODS
Cells

All cells were obtained from 2- to 3-mo-old A/St mice
(West Seneca, Buffalo, N. Y.) and purified by Ficoll-
Hypaque centrifugation. Except where indicated, unfrac-
tionated splenic lymphocytes were used. Preparations
rich in splenic T cells were obtained by passing whole
spleen cells through a nylon-wool column (17) followed
by Ficoll-Hypaque centrifugation to remove erythro-
cytes. All cell suspensions contained >95% viable eryth-
rocytes as judged by trypan-biue exclusion.

In one experiment the spleen cells were depleted of T
lymphocytes by treatment with 1:10 dilution of anti-Thy-
1.2 for 1 h at 4°C. Cells were then rinsed and resus-
pended in complement (rabbit serum previously ad-
sorbed with 10° spleen cells/m! serum) and incubated for
45 min at 37°C. Dead cells were removed by Ficoll-
Hypaque contrifugation. Before treatment, 60% spleen
cells were T lymphocytes as judged by negative staining
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with fluorescein-conjugated anti-Ig; afier treatment, the
fraction of T lymphocytes was 10%.

Media

A modified Hanks’s balanced salt solution (hereafter
designated as “medium”) was used in all experiments:
137 mM NacCl, 5.2 mM KCl, 0.8 mM MgCl,, 6 mM b-
glucose, 10 mM N-2-hydroxyethylpiperazine-N'-2-
ethane sulfonic acid (HEPES) buffer (Sigma Chemical
Co., St. Louis, Mo.), 0.5 mg/ml bovine serum albumin
(Sigma), at pH 7.2. Divalent anions were excluded from
this medium to permit experiments with LaCls; their
absence did not reduce cell viability even after 6 h in
culture. In some experiments, NaCl was replaced by
equimolar KC1 or choline chloride (Sigma), and bovine
serum albumin was deleted.

Reagents

LaCl; was obtained from Pflatz and Bauer, Stamford,
Conn. New England Nuclear, Boston, Mass., was the
supplier for **CaCl, (20 Ci/g) and *KCl (5 Ci/g) and
typically used at concentrations of 2 pCi/ml and 40 pCi/
ml, respectively.

Antisera

(@) Non-immune rabbit IgG (RGG): RGG was pre-
pared from serum of non-immune rabbits using DE-52
ion exchange chromatography (Pharmacia Fine Chemi-
cals, Uppsala, Sweden).

(b) Anti-Ig: the polyspecific rabbit anti-mouse immu-
noglobulin antibody was the same preparation used in
past studies (27); the IgG fraction was purified by ion
exchange chromatography. Fab’>-anti-Ig was prepared
from the same material by pepsin digestion and Sepha-
dex G-100 chromatography. In one case, anti-Ig activity
was removed by exhaustive adsorption with Sepharose
4B-coupled mouse Ig. After adsorption, no antibody
activity could be detected by Ouchterlony against mouse
serum or against purified myeloma Ig (IgM, IgG,, igG..,
IgGZh)-

Monovalent Fab’-anti-Ig was prepared from the un-
absorbed Fab'>-anti-Ig described above by treatment
with 2-mercaptoethanol and iodoacetamide. The alkyl-
ated Fab’ fragments were purified by Sephadex G-100
chromatography.

(¢) Anti-IgM: rabbit anti-mouse IgM was prepared
and characterized previously (4). It was specific for mu
heavy chain and had been exhaustively absorbed with
mouse IgG to remove any possible anti-Fab specificities.
The IgG fraction was prepared by ion exchange chro-
matography.

(d) Anti-lymphocyte antibodies: rabbit anti-lympho-
cyte antibody was prepared by repeated immunization
with mouse lymphocytes (36). An IgG fraction was
obtained by sequential precipitation with 50, 40, and
35% ammonium sulfate.
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(e) Anti-rabbit IgG: goat-anti-rabbit IgG antibodies
were prepared by immunization with rabbit IgG and
were characterized previously (4). The IgG fraction was
prepared by ion exchange chromatography.

(/) Non-immune goat IgG: non-immune goat IgG
was prepared from serum of non-immune animals (a gift
of L. K. Gordon, Sidney Farber Cancer Institute, Boston,
Mass.) by sequential precipitation with 50 and 40%
ammonium sulfate.

All antibodies were dialyzed against the medium and
spun at 12,500 for 15 min immediately before use.

Experimental Design

The purpose of these experiments was to determine
whether antibodies to surface Ig trigger a change in the
amount of cell-associated calcium. To test for Ca®*
fluxes, the experimental approach was to use “’Ca’* as
a tracer isotope. Cells first were suspended at | X 10"/ml
in siliconized flasks and preequilibrated at 37°C on a
rotary shaker at 90 rpm for 60 min. No effect of cell
conceniration was seen between | X 10°/ml and 1.5 x
107/ml; however, preequilibration was necessary to ob-
tain accurate measurements of the cell response, presum-
ably by allowing cells to achieve a steady-state distribu-
tion of intracellular ions (20). So that the final change in
cell concentration would be <5%, **Ca®* and other re-
agents were added as concentrated solutions in a small
volume. Except where noted, all experiments were per-
formed at 37°C.

For all three manipulations described below, the
amount of cell-associated label was determined by a
rapid, precise assay described previously (11) with slight
modifications. Triplicate 0.2-ml aliquots were sampled,
each layered over 0.15-ml silicon oil (Versilube, Hartwick
Company, Boston, Mass.) in 0.5-ml microfuge tubes, and
spun for 30 s in an Eppendorf microfuge at 12,500 g.
This centrifugation allowed rapid separation of cells
from extracellular label by excluding the aqueous me-
dium from the cell pellet. Pellet-containing tips were
amputated and placed in scintillation vials containing 2
m] of Omnifluor with 5% Protosol (New England Nu-
clear). The vials were capped, incubated overnight at
room temperature to allow solubilization of the cell
pellet, and counted in a Beckman scintillation counter
(Beckman Instruments, Inc., Spinco Div., Palo Alto,
Calif.).

The volume of extracellular medium trapped by this
method was estimated using [*H]inulin and found to be
0.5 pl. (Using this value, the typical amount of trapped
extracellular label was 800 cpm/pellet when medium
contained 2 uCi/ml of **Ca.) Parallel experiments dem-
onstrated that this volume was unaltered in cells treated
with the various test reagents.

Three types of measurements were performed: (a)
calcium influx; the rate of “*Ca** uptake was determined
by simultaneously adding **Ca** and the test reagent to
the cell suspension, then withdrawing aliquots at various

BRAUN, SHA’AFI, AND UNANUE Mobilization of Intracellular *Ca®* in B Lymphocytes

times to determine the amount of cell-associated label.
(b) Exchangeable pool size; the effect of test reagents on
the size of the exchangeable pool was measured in cells
which were incubated for 150 min with **Ca** (at which
time **Ca®* had fully equilibrated with the exchangeable
calcium pool; see Results), then treated with the reagents
while still in medium containing “’Ca®". Because no net
exchange of label occurs at equilibrium, any change in
the amount of cell-associated label induced by the re-
agents represents a change in the exchangeable pool size.
(¢) Calcium efflux; the rate of *Ca** efflux was deter-
mined in cells equilibrated with *Ca®* by removing
extracellular label in a rapid series of centrifugations
using the Eppendorf microfuge as described by Naccache
et al. (20); this procedure was complete in ~5 min. The
cells were then resuspended at the original cell concen-
tration in flasks containing medium with the appropriate
reagent, aliquots were withdrawn at various times after
the placement of cells into this medium.

Steady-State Exchange Rates

The steady-state unidirectional exchange rates were
estimated by standard two-compartmental analysis (34)
according to the relationship:

N
In (1 —m) = —kt,

in which & is the rate constant and N and Neo refer to
the concentration of label in cells at a given time and at
equilibrium, respectively. The theory of this analysis and
its application to leukocytes has been described previ-
ously (20).

RESULTS
Capping Does Not Require Extracellular Ions

The role of ions in capping of surface Ig was
first tested by determining whether capping re-
quired the presence of extracellular Ca®*, Na*, K*,
and CI". Cells were incubated with medium in
which NaCl (137 mM) had been replaced by
equimolar choline choride or KCI, thereby grossly
altering the normal transmembrane gradients of
Na® and K*. The cells then were labeled with
fluorescein-anti-Ig and incubated at 20°C to pro-
mote capping (Fig. 1). The capping reaction was
studied at 20°C because, at this temperature, small
changes in kinetics can be better appreciated than
at 37°C, where the reaction is exceedingly fast.

The rate and extent of capping was not signifi-
cantly altered by these media. Furthermore, cap-
ping proceeded normally with cells equilibrated in
isotonic dextrose lacking all extracellular ions.
Therefore, the presence of extracellular ions (and

757



100—
80—
+
w Na
< 601~ Choline
Dext
S K“K rose
8 40—
201
| | |
0 10 20 30
MINUTES AT 20°C
FiGUurRe | Effect of extracellular ions on capping: Lym-

phocytes were preincubated for 30 min at 20°C with
medium in which NaCl (@——@®) was replaced by equi-
molar choline chloride (O——O) or KC1 (A——A); in
one group, the medium was a solution of isotonic dex-
trose containing no ions or protein (A——A). The cells
were then chilled to 4°C, stained for 30 min with a
fluorescein-anti-Ig, rinsed in the appropriate medium,
and incubated for the indicated times at 20°C. The
reaction was stopped with equal volume of 2% paraform-
aldehyde in the appropriate medium, and the fraction of
capped cells among lg-positive cells was determined
using a Leitz fluorescence microscope with epiillumina-
tion.

inferentially the stimulation of ion influx) did not
appear necessary for triggering the capping proc-
ess.

Anti-Ig Reduces the Size of the
Exchangeable Ca** Pool

The effect of bound surface Ig on unidirectional
*Ca® exchange was studied by measuring the
rates of “*Ca’" influx and efflux in the absence or
presence of anti-Ig. The rate of **Ca’" uptake was
determined by preequilibrating cells in medium
containing various concentrations of extracellular
Ca®, then adding “*Ca** (2 uC/ml) and withdraw-
ing aliquots of the cell suspension at different
times for measurement of cell-associated **Ca**
(Fig. 2). Uptake of “*Ca®* followed first-order
kinetics with a half-time of ~36 min and was
essentially complete within 150 min (Fig. 2, inset);
this rate was only slightly affected by external
Ca®* concentration. (The initial amount of **Ca**
associated with cell pellets represents the small
volume of extracellular medium trapped by the
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FiGure 2 Uptake of *Ca*": Lymphocytes were prein-
cubated for 60 min in medium containing: (a) no added
Ca®* (estimated at 0.01 mM); (b) 0.2 mM Ca®"; (¢) 2.0
mM Ca®*. Then, ¥*Ca*" was added together with anti-Ig
(200 ug/mi) or an equal volume of medium, and samples
were withdrawn at indicated times to determine amounts
of cell-associated **Ca®* as described in Materials and
Methods. Medium: @——@; anti-Ig: O——C. Insets:
unidirectional rate constants were determined by plotting
values for **Ca’* uptake in lymphocytes treated with
medium alone using the relationship described in Ma-
terials and Methods. The rate constants observed in this
experiment were nearly identical to those found in three
or more different experiments. The range of values be-

tween different experiments was <0.002 min" .

cells [see Materials and Methods].) No effect of
anti-Ig could be measured on the rate of *Ca®
uptake regardless of external Ca** concentration,
suggesting that anti-Ig did not obviously alter cell
permeability to Ca®*.

The rate of *Ca** efflux was tested in cells
equilibrated in **Ca®* for 150 min, rinsed, and
placed in medium without label to measure the
rate of **Ca®* release (Fig. 3). The rate of *Ca”*
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FIGURE 3 Efflux of **Ca**: Lymphocytes were equili-
brated for 150 min with **Ca** in medium containing;
(@) no added Ca™*; (b) 0.2 mM Ca**; or (¢) 2.0 mM Ca**.
Cells were rinsed, placed in 37°C medium lacking *Ca**
(t = 0 min), after which anti-Ig (200 pg/ml), normal
rabbit 1gG (200 pg/ml), or equal volume of medium was
added (t = 2 min); and samples were withdrawn at
indicated times to determine amounts of cell-associated
“Ca’". Medium: @——@; normal rabbit IgG: A——A,
anti-Ig: O——CO. Insets: Unidirectional rate constants
were determined as in Fig. 2.

release closely resembled first-order kinetics pre-
dicted by closed two-compartmental analysis with
a half-time of ~45 min (Fig. 3, insets). The ap-
pearance of ““Ca’" in the supernates paralleled
exactly its disappearance from cell pellets. The
rate of efflux was similar over a wide range of
extracellular Ca®* concentrations, suggesting that
the rate-limiting step in **Ca** efflux was the same
regardless of the concentration gradient across the
membrane. When anti-lg was added at the begin-
ning of the efflux period, an abrupt release of 20-
30% of cell-associated “*Ca** occurred with 2 min
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(earliest time tested). The relative **Ca** release
induced by anti-Ig was not dependent on the
concentration of extracellular Ca®*, indicating that
the magnitude of the Ca®* gradient was not an
important feature of the response.

The apparent release of “*Ca** induced by anti-
Ig was further tested by measuring the effect of
anti-Ig on the relative size of the exchangeable
Ca*™ pool. Cells were equilibrated for 150 min
with *’Ca’*, then treated with anti-Ig while still in
the presence of “’Ca’* and sampled at various
times to determine the amount of cell-associated
*Ca* (Fig. 4). Anti-Ig induced a rapid release of
cell-associated **Ca®* which was quantitatively
similar to that measured during **Ca”* efflux; the
release occurred within 5 min (earliest time tested)
and persisted for >3 h (longer than the time
required for **Ca** equilibration). The same rela-
tive amount of **Ca** was released by cells regard-
less of extracellular Ca** concentration, again sug-
gesting that the primary effect of anti-Ig was mo-
bilization of cell-associated **Ca** rather than a
change in cell permeability to Ca™".

The Capacity of Bound Surface Ig to
Mobilize Cell-Associated **Ca®* Is Specific
and Selective

We next determined whether anti-Ig induced
the release of *Ca”* by binding to surface Ig of B
cells. We first compared the responsiveness of
fractionated lymphocyte populations depleted or
enriched for the subpopulation bearing surface Ig.
Splenic T lymphocytes or thymocytes, two sub-
populations which lack surface Ig, did not respond
to anti-Ig, even though unseparated splenic lym-
phocytes (containing both B and T lymphocytes)
from the same animals gave a typical *Ca®" re-
lease (Fig. 5). Conversely, splenic B lymphocytes
(the subpopulation which expresses surface Ig)
obtained by depletion of T cells using anti-Thy-
1.2 plus complement retained their responsiveness
to anti-Ig (Table I).

The requirement for antibody activity to surface
Ig was demonstrated by use of Fab',-anti-Ig in
which the effect of anti-Ig was dose dependent and
was lost upon removal of anti-Ig activity (Fig. 6).
Because Fab’s-anti-Ig does not bind to the B-cell
Fc receptor, we also concluded that the effects of
the antibody did not involve direct interaction
with the Fc receptor. Fig. 6 also shows that purified
anti-IgM antibodies (which recognize one of the
isotypes of surface Ig) have results similar to those
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found with polyspecific anti-Ig.

In a related experiment, antilymphocyte anti-
bodies did not elicit **Ca”" release even at a con-
centration 20 times greater than that required to
induce capping (Fig. 6). Because these antibodies
recognize a wide variety of lymphocyte surface
macromolecules, the result indicates that the ca-
pacity to induce *’Ca® release is not a general
property of bound surface macromolecules.

Requirement for Crosslinking of Surface Ig

In what configuration does bound surface Ig
promote **Ca®* release: as individual molecules or
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FIGURe 4 Equilibrium of **Ca®*: Lymphocytes were
equilibrated for 150 min with **Ca®* in medium contain-
ing: (@) no added Ca**; (b) 0.2 mM Ca®*; or (¢) 2.0 mM
Ca®. Then, anti-Ig (200 pg/ml) or equal volume of
medium was added (t = 0); and samples were withdrawn
at indicated times to determine amounts of cell-associ-

ated *Ca**. Medium: @—@; anti-Ig: O——O0.

as crosslinked complexes? To test these two pos-
sibilities, we examined the effects of monovalent
Fab’-anti-Ig on cells previously equilibrated with
*Ca”™ (Fig. 7). The monovalent ligand did not
induce **Ca”" release in these cells even at 200 ug/
ml—a 100-fold molar excess when compared to
the lowest optimal concentration of divalent Fab’,-
anti-Ig. Next, we tested whether bound surface Ig,
when crosslinked with antibody against the ligand,
could be induced to trigger **Ca’" release. This
experiment was done by treating cells with the
rabbit Fab’-anti-Ig, rinsing them to remove un-
bound ligand, and following the rate of **Ca®*
efflux in the presence of native goat anti-rabbit
IgG antibodies (Fig. 8). Clearly, the anti-rabbit
IgG promoted rapid ’Ca’* release in cells treated
with Fab-anti-Ig, while it had no effect on un-
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FIGURE § Effect of anti-Ig on *’Ca®* equilibrium in T
cells: Thymocytes (M, 00), splenic T cells (@, O), or whole
splenic lymphocytes (A, A) were equilibrated for 150
min with “Ca”* in medium without supplemented Ca**
(0.01 mM Ca®). Then, anti-Ig (open symbols) or equal
volume of medium (shaded symbols) was added (t = 0
minutes); and samples were withdrawn at indicated times
to determine amounts of cell-associated **Ca®*.

TasLE |
Effect of T Cell Depletion on **Ca”* Release Induced by Anti-Ig

Treatment “Ca** at Equilibrium *'Ca’* after Medium, 10 Min *Ca™" after Anti-Ig, 10 Min
Medium 15,733 + 100 15,334 + 100 12,400 £+ 100
Complement 12,805 + 300 12,927 + 300 8,780 + 300
Anti-Thy 1.1 plus 11,846 + 200 11,903 + 100 8,037 = 200

complement

After treatment and recovery of viable cells (see Materials and Methods), lymphocytes were resuspended at 107/ml,
preequilibrated in medium without Ca** (~0.01 mM), and incubated with **Ca** (4 uCi/m!) for 100 and 80 min.
Medium or anti-Ig (200 pg/ml) was added, and then aliquots were sampled at various times. The results at 10 min
were representative of the values in each group between 5 and 60 min after addition of reagents.
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FIGURE 6 Effect of antibody specificity on Ca release:
Lymphocytes were equilibrated with **Ca®* as described
in Fig. 5, then treated for 20 min with various antibodies
in the indicated concentrations. Fab’;-anti-Ig: O—C;
Fab's-anti-Ig absorbed with mouse Ig-Sepharose:
®—@; anti-IgM: B—&; rabbit anti-lymphocyte an-
tibodies: A——A. In other experiments, comparable re-
sults were found after incubation for 10 or 60 min.
Because some of the antibodies were tested in separate
experiments, results are shown as % cpm/pellet relative
to medium alone (100%).
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FiGure 7 Effect of monovalent anti-Ig on **Ca®* re-
lease: Lymphocytes were equilibrated with **Ca?* (4 uC/
ml) as described in Fig, 5, then treated with Fab’-anti-Ig
for the indicated times. The legend is included in the
figure.

treated cells. Furthermore, the rate of *Ca®* efflux
was unaffected by Fab’-anti-Ig alone or by addi-
tion of non-immune goat antibodies. These results
indicate that crosslinking of surface Ig is a critical
step for triggering **Ca®" release and imply that
binding of individual surface Ig molecules alone
does not generate a sufficient signal, if any at all.
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Ficure 8 Effect of crosslinking on **Ca®* release:
Lymphocytes were equilibrated with **Ca®* and treated
with rabbit Fab’-anti-lIg as described in Fig, 7. Then,
cells were rinsed (removing unbound Fab’-anti-Ig and
**Ca’) and placed in medium containing goat anti-rab-
bit IgG (O——0), normal goat IgG (A——A), or equal
volume of medium (@——@). Efflux of “’Ca”* was meas-
ured by sampling at the indicated times and measuring
the amount of cell-associated “’Ca®* (see Fig. 3). Note
that Fab’-anti-Ig did not alter the normal rate of *Ca®*
efflux except when crosslinked by goat anti-rabbit IgG.
Goat anti-rabbit IgG alone had no effect on **Ca®
release.

Binding of Surface Ig Causes **Ca®*
Mobilization from Cell Interior

Preliminary localization of the **Ca’* released
by anti-Ig was determined by experiments with
La’. La®* is a nonpenetrating ion which, at mil-
limolar concentrations, has two effects on cell-
associated Ca®*: (a) it displaces Ca®* bound to the
external surface of the cell; and () it prevents
exchange of Ca** across the plasma membrane
(19). By exposing cells to La** and anti-Ig in
different sequences, the manner of *Ca”" release
by anti-Ig was compared to the known effects of
La®* on cell-associated “*Ca®*. In Fig. 9, La®*
alone (closed squares) displaced ~50% of the cell-
associated **Ca”* within 1-2 min, after which little
further displacement occurred. This displaced
“*Ca” was taken to represent the amount of “*Ca**
associated with the external cell surface (13). A 5-
minute exposure to anti-Ig alone caused the release
of ~25% of the cell-associated **Ca®*, a level which
persisted for >2 h (data not shown).

Two experimental manipulations were done to
compare the **Ca’" release produced by these
agents. First, cells were exposed to La®* for various
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FIGURE 9 Location of **Ca** released by anti-Ig: Lym-
phocytes were equilibrated with **Ca”" as described in
Fig. 5. then treated with anti-lg (200 pg/ml) and La*
(I mM) in two different protocols: (@) anti-lg — La™,
treatment with anti-Ig for 5 min followed by treatment
with La** beginning at the time indicated by the arrow;
(b) La** — anti-lg, treatment with La** (beginning at 0
min) for various times followed by treatment with anti-
Ig for 5 min. Medium alone: @——@®; anti-Ig alone:
O—=C: La™ alone: B——1; anti-lg — La™: A——A;
La’* — anti-Igz O——. Note that anti-lg induced
**Ca”* release only when present before La’*: also, treat-
ment with anti-Ig followed by La™* caused greater **Ca’*
release than that produced by La®* alone.

times and to anti-Ig during the last 5 min of
exposure to La’* (open squares, La’* — anti-Ig);
in this sequence, anti-Ig did not induce additional
*Ca®* release. This outcome could be explained
by two possibilities: (a) anti-Ig displaces only Ca**
on the external cell surface, and this Ca®* had
already been displaced by La’": or (b) anti-Ig
mobilizes Ca®* from the cell interior, but this Ca®*
could not cross the plasma membrane because
La™ blocks Ca** exchange.

The choice between these two possibilities was
resolved by a second manipulation in which cells
were exposed to anti-Ig for 5 min, followed by
La’* for the indicated times (open triangles, anti-
Ig — La™): in this sequence, anti-Ig and La™*
produced an additive release of **Ca®*. If anti-Ig
only displaced **Ca’* from the external cell sur-
face, then the amount of **Ca* released would
not have exceeded that displaced by La’* alone.
However, if anti-Ig mobilized *Ca** from the cell
interior during the S-minute period before La™
was added, then an additional increment of *Ca*"
release would have occurred. Therefore, it ap-
peared that anti-Ig mobilized **Ca” from a loca-
tion inside the cell.
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Anti-Ig Does Not Affect °K* Exchange

The previous results indicated the striking effect
of bound surface Ig on internal cell **Ca*. To
determine whether this effect was unique for Ca**
or part of a more general perturbation of the ionic
properties of the B cell, we performed similar
measurements on the rates of exchange of “K*
and ¥Na’. With ¥K*, the rates of influx (Fig.
10a) and efflux (Fig. 10¢), as expected, followed
first-order kinetics; the value of the rate constant
for influx greatly exceeded that for efflux, presum-
ably because of the presence of a large transmem-
brane K* gradient (in human blood lymphocytes,
the concentration of intracellular K* was esti-
mated to be 150 mM, compared to an extracellular
K™ concentration of 5 mM [16, 21]). Under these
conditions, anti-Ig did not affect the rates of influx
and efflux for **K* nor did it alter the equilibrium
level of cell-associated **K* (Fig. 105). In prelim-
inary experiments, the level of *Na* uptake was
so low that no significant measurements could be
made, and we were unable to include this ion in
our studies. In related experiments, anti-Ig-in-
duced *°Ca® release was tested in the presence of
media in which NaCl had been replaced with
equimolar KCl or choline chloride (Table 1I).
Although these media grossly altered the normal
transmembrane gradients of Na™ and K*, they did
not block the stimulated **Ca** release. Thus,
*Ca”" release was not dependent on normal fluxes
of Na* and K".

DISCUSSION
Ion Transport in Unstimulated Lymphocytes

We report in this paper detailed studies of
steady-state ion fluxes in murine lymphocytes and
the use of this method for examining the ionic
signals that may be generated by surface Ig, the
antigen receptor of B lymphocytes. Both *’Ca®*
and “K* rapidly equilibrate across the lymphocyte
plasma membrane when followed using the silicon
oil centrifugation technique. The rate constants
for **Ca*" influx and efflux were ~0.020 min™"'
and 0.015 min~', respectively. Although this type
of analysis has not been used in previously pub-
lished studies on lymphocyte ion fluxes, we cal-
culated similar values for **Ca*" influx (0.02-0.03
min~") from data reported by Whitney and Suth-
erland (37) on human blood lymphocytes. As in
our study, the steady-state rate of calcium ex-
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FiGURE 10 Effect of anti-lg on “K* exchange: (a)
Uptake of ’K*: Lymphocytes were preequilibrated for
60 min in medium supplemented with 1.2 mM Ca®™,
then treated simultaneously with *K* (40 uC/ml) and
anti-Ig (or equal volume of medium), and sampled at the
indicated times to determine the amount of cell-associ-
ated ¥K*. (b) Equilibrium of **K*: Lymphocytes were
treated with “K* as described in a, equilibrated for 200
min, then treated with anti-Ig or equal volume of me-
dium sampled at the indicated times. (c) Efflux of **K*:
Lymphocytes were equilibrated for 200 min with “K*,
then rinsed, placed in fresh medium containing anti-Ig
or equal volume of medium, and sampled at the indi-
cated times. Medium: @—@; anti-Ig: O——C. Insets:
Unidirectional rate constants were determined by plot-
ting values for “K* uptake or efflux according to the
relationship described in Materials and Methods. The
rate constants were representative of two different ex-

periments (range in values between experiments was
<0.003 min').

change appeared to be relatively constant over a
1,000-fold range of extracellular calcium concen-
tration, suggesting that the rate-limiting step was
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not dependent on the transmembrane ion gradient.
Several other groups have reported cursory studies
of *Ca®* fluxes in human blood lymphocytes,
murine spleen cells, and thymocytes (1, 11, 12, 14,
23). However, the magnitude and rate of ion ex-
change varied widely, probably reflecting species
differences, the relative purity of the lymphocyte
population from contaminating monocytes (a cell
type which transports Ca®* much more rapidly
than lymphocytes [3, 20]), and the different meth-
ods used for measuring cell-associated Ca®*,

The rate constants for *K* influx and efflux
were ~0.027 and 0.010 min™', respectively; the
large difference in unidirectional rates probably
reflect the high concentration of K" in the lym-
phocytes, together with a relatively high cell
permeability to K™ (16, 21). We are not aware of
studies on the kinetics of K* exchange in murine
lymphocytes; among the available studies on hu-
man blood lymphocytes, we calculated values
ranging between 0.005 and 0.01 min™' for both
influx and efflux (26, 33). The slow rate of *K*
influx reported in these studies was surprising, but
comparison with other studies is hampered by the
differences in methods and species already enu-
merated. The particular sensitivity of ion transport
studies to experimental artifacts has been analyzed
by some of these authors (14, 33).

Bound Surface Ig Mobilizes Intracellular Ca

Lymphocytes released 20-30% of their ex-
changeable calcium pool within 2 min after treat-
ment with anti-Ig, and the reduced size of the
exchangeable pool persisted after stimulation for
>2 h. The exclusive role of surface Ig in mediating
this response was demonstrated by the: (a) de-
pendence on anti-Ig concentration; (b) effective-
ness of Fab’s-anti-Ig or anti-IgM antibodies (thus
excluding the requirement for the conventional Fc
receptor); (c¢) ineffectiveness of anti-Ig adsorbed
with IgG-Sepharose to remove anti-Ig specificities;
and (d) restriction of the response to B cells, the
lymphocyte subpopulation which bears the surface
Ig molecule.

Two other features were identified concerning
the steps which lead from binding of surface Ig to
the release of “*Ca”": (a) binding alone (by rabbit
monovalent Fab’-anti-Ig) did not trigger **Ca®*
release, but crosslinking the bound monovalent
antibody by anti-rabbit IgG antibodies restored
the response. These results demonstrated that anti-
Ig most likely did not cause “’Ca** release by
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TasLe 11
Effect of Extracellular lons on *Ca** Release

10 Min 90 Min
Medium “Ca*' at Equilibrium Medium Anti-Ig Medium Anti-lg
NaCl 4,722 £ 139 4,648 + 97 3915 £ 54 4,727 £ 38 3,488 + 28
Choline Cl 5,328 £ 128 5,161 £+ 140 4,222 + 78 4,693 + 58 3,716 £ 53
KCl 7,620 £ 82 7,609 + 78 6,925 £ 72 6,710 + 250 5,048 + 100

Cells were equilibrated for 120 min with medium in which NaCl was replaced by equimolar KCl or choline chloride.
Anti-Ig (50 pg/ml) or an equal volume of medium was added, and aliquots were taken at various times. The values
for two representative times are shown. The amount of “*Ca®* in cells was particularly high with KCl medium and
dropped off with time, perhaps reflecting adverse effects of this medium.

directly displacing **Ca”* from the surface Ig mol-
ecule but instead elicited **Ca’* release after a
signal involving receptor crosslinking, an event
which also promotes surface Ig redistribution. A
role for receptor crosslinking has also been dem-
onstrated in Ca**-dependent mast cell degranula-
tion triggered by the IgE receptor (31) and the
accelerated glucose metabolism of adipocytes elic-
ited by the insulin receptor (18).

(b) Experiments with La’" demonstrated that
surface Ig triggers release of **Ca’ from the cell
interior, not from the external surface of the
plasma membrane. This result implies that bound
surface Ig initiates a transmembrane signal which
causes the mobilization of **Ca®* from an internal
store, thereby raising the concentration of free
cytoplasmic Ca®*. The nature of this signal and
the precise location of the Ca** store are unknown.
However, preliminary experiments with chlortet-
racycline, a lipophilic dye with fluorescence char-
acteristics that reflect the amount of membrane-
associated Ca’* (6, 7), suggest that a rapid release
of membrane-associated Ca’* occurs within 15 s
after exposure to anti-Ig (unpublished). It is inter-
esting to note that La’* (1 mM) does not block Ig
capping (unpublished observation). The difference
between the effect of La®* on Ig capping and anti-
Ig-induced *Ca®" release may reflect the capacity
of cells to internally sequester free cytoplasmic
Ca® into mitochondria or other membrane-bound
sites (2).

Other studies of the ionic responses triggered by
ligands to lymphocyte surface macromolecules
have been limited to lectins with mitogenic activ-
ity, such as concanavalin A and phytohemagglu-
tinin. In certain conditions, these agents accelerate
Ca?" influx (37, 1) and K* fluxes (26, 32); in
addition, phytohemagglutinin increases lympho-
cyte permeability to other types of small molecules
(24, 25) perhaps, in part, by promoting the for-
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mation of gap junctions (22). Thus, the effects of
lectins on lymphocyte ionic properties are quite
distinct from the effects of anti-Ig.

Steady-state ion fluxes may be complicated by
subtle variations in experimental technique which
alter the equilibrium state. Two discrepant results
may be examples of this difficulty. In one case,
treatment of splenic lymphocytes with anti-Thy-
1.2 and complement enriched for lymphocytes
bearing surface Ig but did not proportionately
enrich for responsiveness of the lymphocytes to
anti-Ig (Table I). This discrepancy may have been
related to the reduced equilibrium level of **Ca”*
per cell also observed when cells were treated with
complement. The reduced *°Ca* uptake may have
indicated cell damage among the surviving lym-
phocytes which also attenuated their responsive-
ness to anti-Ig. In another example, anti-Ig ap-
peared to reduce the equilibrium level of **Ca®" in
efflux (Fig. 3) and equilibrium (Fig. 4) experi-
ments but not in influx experiments (Fig. 2). We
suspected that this discrepancy might have been
related to incomplete preequilibration time or poor
nutritional state of the cells. However, the effect
of anti-Ig on “°Ca®* uptake was not altered by
varying the preequilibration time or by use of
medium supplemented with amino acids, divalent
anions, and vitamins (data not shown). Therefore,
the apparent lack of effect on equilibrium **Ca®*
levels under these conditions may have reflected
complex processes such as a simultaneous change
in both exchangeable and nonexchangeable Ca®*
pools that could not be resolved by our techniques.

Is Mobilization of Ca®* the Event Which
Mediates Capping and Locomotion?

The close association of Ca®" mobilization and
surface Ig capping is demonstrated by the same
time course, dose dependence on anti-Ig, require-
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ment for crosslinking of surface Ig, and lack of
requirement for extracellular ions. Furthermore,
anti-lymphocyte antibodies which induce capping
by a process apparently unrelated to microfilament
activation do not produce detectable changes in
Ca®" fluxes. (As described previously, this second
form of capping is slow and not accompanied by
stimulation of translatory motion [4].) These cor-
relations suggest that mobilization of intracellular
calcium may represent an early, physiological,
ionic signal required for the contractile activation
of lymphocytes resulting in capping of surface Ig.

We believe that this ionic process may be di-
vided into certain distinct steps: (a) Crosslinking
of surface Ig triggers local mobilization of Ca®™
from an underlying Ca** store. (b) Resultant ele-
vation of free cytoplasmic Ca®* concentration seg-
mentally activates the associated microfilament
network, producing asymmetric contraction. (c)
Ca®" transport across the plasma membrane (and
resequestration within the cell) restores the origi-
nal cytoplasmic Ca®* level, while producing a net
reduction in the intracellular Ca®* pool. Summa-
tion of the asymmetric contractions by each unit
of surface Ig and microfilaments would generate
net redistribution to a pole of the cell, i.e., capping.

Proof of this scheme will await clarification of
the transmembrane events leading to Ca”" mobi-
lization and the identification of the calcium-sen-
sitive contractile unit. The central role of calcium
in lymphocyte contractility is supported by the
experiments with Ca®* ionophores, mentioned pre-
viously, in which direct elevation of the level of
cytoplasmic Ca** promotes dramatic activation of
the contractile apparatus.

This work was supported by National Institutes of
Health grants Al 14732 and GM 02220.
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