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Abstract. 

 

Osmotic cell swelling activates C

 

l

 

2

 

 channels 
to achieve anion efflux. In this study, we find that both 
the tyrosine kinase inhibitor herbimycin A and genetic 

 

knockout of p56

 

lck

 

, a 

 

src

 

-like tyrosine kinase, block reg-
ulatory volume decrease (RVD) in a human T cell line. 
Activation of a swelling-activated chloride current 

 

(I

 

C

 

l

 

2

 

swell

 

) by osmotic swelling in whole-cell patch-clamp 
experiments is blocked by herbimycin A and lavendus-
tin. Osmotic activation of I

 

C

 

l

 

2

 

swell

 

 is defective in p56

 

lck

 

-
deficient cells. Retransfection of p56

 

lck

 

 restores osmotic 
current activation. Furthermore, tyrosine kinase activ-
ity is sufficient for activation of I

 

C

 

l

 

2

 

swell

 

. Addition of pu-
rified p56

 

lck

 

 to excised patches activates an outwardly 

rectifying chloride channel with 31 pS unitary conduc-
tance. Purified p56

 

lck

 

 washed into the cytoplasm acti-
vates I

 

C

 

l

 

2

 

swell

 

 in native and p56

 

lck

 

-deficient cells even 
when hypotonic intracellular solutions lead to cell 
shrinkage. When whole-cell currents are activated ei-
ther by swelling or by p56

 

lck

 

, slow single-channel gating 
events can be observed revealing a unitary conductance 
of 25–28 pS. In accordance with our patch-clamp data, 
osmotic swelling increases activity of immunoprecipi-
tated p56

 

lck

 

. We conclude that osmotic swelling acti-
vates I

 

C

 

l

 

2

 

swell 

 

in lymphocytes via the tyrosine kinase 
p56

 

lck

 

.

 

W

 

hen

 

 cells are exposed to hypotonic stress, initial
swelling is followed by regulatory volume de-

 

crease (RVD).

 

1

 

 In lymphocytes, RVD involves
activation of volume-sensitive anion channels, leading to
membrane depolarization and thereby opening voltage-
activated potassium channels (Deutsch and Lee, 1988).
This produces a net loss of KCl, resulting in regulatory de-
crease of intracellular osmolarity and driving H

 

2

 

O out of
the cell. Anion channels activated by osmotic stress are ex-
pressed in a wide variety of nonexcitable and excitable tis-
sues (for review see Lang et al., 1997), and are thought to
mediate an efflux of osmotically active anions in response
to increased cellular volume (Cahalan and Lewis, 1988). 

Biophysical and pharmacological differences have been
observed between swelling-activated anion channels found
in lymphocytes and other tissues (Kunzelmann et al., 1989;
Solc and Wine, 1991; Sorota, 1992; Lewis et al., 1993).
Most of these channels are outwardly rectifying and pos-

sess unitary conductances ranging from 20 to 90 pS. At
least three different anion channels have been character-
ized at the single channel level in membrane patches from
lymphocytes (Lewis and Cahalan, 1988; Nishimoto et al.,
1991; Garber, 1992). However, a clear relationship be-
tween single-channel currents and whole-cell currents is
lacking. Although the genes for a number of different Cl

 

2

 

channel proteins have been cloned, the proteins forming
swelling activated anion channels in lymphocytes have not
yet been identified. Their activation mechanism is even
less completely understood. In lymphocytes, neither an in-
crease in cytosolic calcium nor in membrane area is neces-
sary for activation of volume-sensitive anion channels
(Ross et al., 1994; Ross and Cahalan, 1995). However, par-
ticipation of cytoskeletal elements in channel activation
has been demonstrated (Levitan et al., 1995). Most inter-
estingly, the presence of intracellular ATP is necessary for
maintenance or repeated activation of the swelling-acti-
vated anion current (Lewis et al., 1993; Ross et al., 1994).
Recent work has shown inhibition of volume-sensitive
chloride current in heart cells by tyrosine-kinase inhibitors
(Sorota, 1995) and regulation of the cystic fibrosis trans-
membrane conductance regulator (CFTR) channel by ty-
rosine phosphorylation (Fischer and Machen, 1996). In
this study we have examined the role of a 

 

src

 

-like lympho-

 

cyte tyrosine kinase, p56

 

lck

 

, in the activation of swelling-
activated anion channels in lymphocytes.
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1. 

 

Abbreviations used in this paper

 

: RVD, regulatory volume decrease; I

 

Cl

 

,

 

 chlo-
ride current; I

 

Cl

 

2

 

swell

 

, 

 

swelling-activated chloride current; CFTR, cystic fibrosis
transmembrane conductance regulator; DIDS, diisothiocyanato-2-2-stilbene-
sulfonic acid.
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Materials and Methods

 

Cell Culture and Stimulation 

 

Jurkat and p56

 

lck

 

-deficient JCaM1.6 cells were obtained from the Ameri-
can Type Culture Collection (Rockville, MD), p56

 

lck

 

 reconstituted
JCaM1.6 (JCaM1.6/Lck

 

1

 

) were a gift from Dr. A. Weiss (University of
California, San Francisco, CA). The cells were grown in RPMI-1640 me-
dium supplemented with 10% FCS, 10 mM Hepes, pH 7.4, 2 mM

 

l

 

-glutamine, 1 mM sodium pyruvate, 100 

 

m

 

M nonessential amino acids,
100 U/ml penicillin, 100 

 

m

 

g/ml streptomycin (all purchased from Life
Technologies, Eggenstein, Germany), and 50 

 

m

 

M 

 

b

 

-mercaptoethanol.
JCaM1.6/Lck

 

1

 

 were cultured in 250 

 

m

 

g/ml hygromycin, which was re-
moved 48–72 h before beginning of experiments. Stable expression of
p56

 

lck

 

 was verified (data not shown). The specific 

 

src

 

-like tyrosine kinase
inhibitor herbimycin A (Calbiochem, Bad Soden, Germany) was added to
the cells at a concentration of 10 

 

m

 

M 7–8 h before the experiments.

 

Solutions

 

Cells were superfused with modified Ringer’s containing 145 mM NaCl,
5 mM KCl, 2 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, 10 mM glucose, and 10 mM Hepes,
pH 7.4 (310 mOsmol/kg). The internal pipette solution was used to sepa-
rate Cl

 

2

 

 currents in lymphocytes (Ross et al., 1994) and contained 160
Cs

 

1

 

-glutamate, 0.1 mM CaCl

 

2

 

, 2 mM Mg Cl

 

2

 

, 1.1 mM EGTA, 4 mM
Na

 

2

 

ATP, and 10 mM Hepes, pH 7.2 (330 mOsmol/kg). For hypotonic in-
tracellular conditions, this solution was diluted as indicated. For hyper-
tonic conditions, sucrose was added to obtain the indicated osmolality.
When varying ATP concentrations, 2 mM Na glutamate replaced 1 mM
Na

 

2

 

ATP, respectively. Purified p56

 

lck

 

 was purchased from Upstate Bio-
technology Inc. (Lake Placid, NY). All other chemicals were obtained
from Sigma Chemical Co. (Deisenhofen, FRG). Osmolality was measured
using a freezing point osmometer (Knauer, Berlin, FRG).

 

Volume Measurements

 

Volume changes were measured on the stage of an inverted microscope
(Axiovert 135; Carl Zeiss, Oberkochen, Germany) by video imaging. Cells
were loaded with 2 

 

m

 

M calcein-AM (Molecular Probes, Eugene, OR) for
15 min. Excitation was performed at 497 nm using a monochromator (Uhl,
Munich, Germany). Video images were recorded at 521 nm and digitized
(IMG8; Lindemann and Meiser, Homburg, Germany). The fluorescent
cell area was analyzed using the PC version of the public domain NIH Im-
age program (ImagePC; Scion Corp., Frederick, MD; available on the In-
ternet via http://rsb.info.nih.gov/nih-image). Relative volume (

 

V

 

) was cal-
culated from the image area (

 

A

 

) with the following relation:

 

Patch-Clamp Recordings

 

Whole-cell currents were recorded at 31

 

8

 

C using an EPC-9 patch-clamp
amplifier and Pulse software (Heka, Lambrecht, Germany). Experiments
were performed on an Axiovert 135 microscope and cells were observed
using a video system to note volume changes. Pipettes were pulled to a re-
sistance of 2–5 M

 

V

 

 from borosilicate glass. For high resolution recordings,
pipettes were coated with sylgard (Dow Corning, Midland, MI). Capaci-
tive transients were cancelled using the C

 

slow

 

-compensation of the ampli-
fier. Series resistance was not compensated. Cells were held at 0 mV and
voltage ramps or pulses of the indicated size were applied every 5 or 20 s.
The current signal was filtered at 1 kHz and digitized at a 5-kHz sampling
rate. By convention, anionic inward fluxes are shown as positive (out-
ward) currents. 

 

Immunoprecipitation and p56

 

lck

 

 Assay

 

Cell stimulation was terminated by lysis in 25 mM Hepes, pH 7.4, 0.1%
SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 125 mM NaCl, 10 mM
of each sodium fluoride, Na

 

3

 

VO

 

4

 

, and sodium pyrophosphate and 10 

 

m

 

g/ml
of each aprotinin and leupeptin (radioimmunoprecipitation assay buffer)
for immunoprecipitation of p56

 

lck

 

. After lysis, DNA and cell debris were
pelleted by centrifugation at 20,000 

 

g

 

 for 15 min, and the supernatants
were subjected to immunoprecipitation of p56

 

lck

 

 using an anti-p56

 

lck

 

 poly-
clonal antibody (Upstate Biotechnology Inc.). Control immunoprecipi-
tates were performed with irrelevant affinity-purified polyclonal rabbit

V V0⁄ A
1.5

A0
1.5

.⁄=

 

immunoglobulins. Immunoprecipitates were incubated overnight at 4

 

8

 

C.
After addition of anti–rabbit, IgG-coupled agarose, incubation was con-
tinued for at least 60 min. Immunocomplexes were washed four times in
lysis buffer, twice in kinase buffer (25 mM Hepes, pH 7.0, 150 mM NaCl,
10 mM MnCl

 

2

 

, 1 mM Na

 

3

 

VO

 

4

 

, 5 mM DTT, and 0.5% NP-40), and then re-
suspended in the same buffer. The kinase reaction was initiated by addi-
tion of 10 

 

m

 

Ci [

 

32

 

P]

 

g

 

ATP (3,000 Ci/mmol; Du Pont-NEN, Boston, MA)
and ATP (10 

 

m

 

M) in kinase buffer.

 

 

 

The samples were incubated at 30

 

8

 

C
for 20 min, the reaction was stopped with reducing 5

 

3 

 

SDS sample buffer
and 10% SDS-PAGE was performed, followed by autoradiography. An
aliquot of the immunoprecipitates was analyzed by immunoblotting for
detection of equal amounts of p56

 

lck

 

. Immunoblots were developed by in-
cubation with HRP-conjugated protein G (BIO RAD Laboratories,
München, Germany) and a chemiluminescence kit (Amersham, Braun-
schweig, Germany).

 

Results

 

RVD Depends on Tyrosine Kinase Activity

 

When Jurkat T lymphocytes were superfused with 80%
Ringer’s (250 mOsmol/kg), RVD restored the initial vol-
ume after 13 min in control cells (Fig. 1). RVD was com-
pletely blocked in cells preincubated with 10 

 

m

 

M herbimy-
cin A and was defective in JCaM1.6 cells, a Jurkat
subclone deficient for the 

 

src

 

-like tyrosine kinase p56

 

lck

 

.
Retransfection of p56

 

lck

 

 restored RVD in JCaM1.6 cells.
To elucidate the mechanism of RVD block by inhibition
of 

 

src

 

-like tyrosine kinases, we studied the volume-sensi-
tive anion current with the patch-clamp method. 

 

Osmotic Activation of a Chloride Current (I

 

Cl

 

) Requires 
a Tyrosine Kinase 

 

Osmotic swelling of Jurkat T cells induced a Cl

 

2

 

 current
10–20 s after washing a hypertonic pipette solution into the
cell. The current was characterized by strong outward rec-
tification and a poor permeability to intracellular glutamate
(Fig. 2 

 

A

 

). The swelling-activated Cl

 

2

 

 current (I

 

Cl

 

2

 

swell

 

) did
not undergo visible inactivation using 200-ms pulses up to
80 mV, and was blocked by 500 

 

m

 

M diisothiocyanato-2-2-stil-
benesulfonic acid (DIDS), as previously described (Lewis et
al., 1993). 

Figure 1. RVD is blocked by herbimycin A. Cells were super-
fused with hypotonic solution as indicated. After the initial swell-
ing, control cells restored their volume within 13 min (j; n 5 24).
No RVD was seen in cells pretreated with herbimycin A (s; n 5
13) or in p56lck-deficient JCaM1.6 cells (d; n 5 12). RVD was re-
stored in JCaM1.6 cells retransfected with p56lck (n; n 5 30). Er-
ror bars show SEM. 
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In contrast, the development of the outwardly rectifying
current was attenuated and delayed in JCaM1.6 cells. Os-
motic activation of the current was rescued in JCaM1.6/
lck

 

1

 

 cells retransfected with p56

 

lck

 

. Furthermore, I

 

Cl

 

2

 

swell

 

was blocked in Jurkat cells by the inhibitors of 

 

src

 

-like ty-
rosine kinases herbimycin A and lavendustin. The time
course of outward currents is summarized in Fig. 2 

 

B

 

. Ta-
ble I shows dose-dependent block by lavendustin (IC

 

50

 

 

 

<

 

10 nM) and compares outward currents using different ge-
netic and pharmacological manipulations.

 

p56

 

lck

 

 Activates Chloride Conductance without Swelling

 

If tyrosine phosphorylation is a crucial step in the activa-
tion of ICl2swell, addition of constitutively active p56lck to
the cytosol should activate ICl2swell in the native as well as
the lck-deficient cell line without cell swelling. When using
a hypotonic pipette solution (260 mOsmol/kg), Jurkat cells
started to shrink shortly after break-in. However, a large
ICl could be observed when purified p56lck was added to
the intracellular solution (Table I). This current shared
with the swelling-activated conductance strong outward
rectification, a poor permeability to glutamate and lack of
inactivation (Fig. 3, A and B). Because Jurkat cells possess
intrinsic p56lck activity, we attempted to activate ICl in the

p56lck-deficient subclone JCaM1.6 using hypotonic pipette
solutions. In five whole-cell recordings from JCaM1.6 cells
patched with a slightly hypotonic pipette solution (300
mOsmol/kg) ICl did not activate and cell volume decreased
slowly during the experiment. However, when p56lck was
added to the pipette solution, a small outwardly rectifying
ICl developed (Fig. 3 C; Table I). The current was com-
pletely and reversibly blocked by 500 mM DIDS (Fig. 3 C)
and no fast inactivation could be observed (data not
shown). Thus, purified lck activates ICl with properties in-
distinguishable from ICl2swell. 

p56lck Activates Cl2 Channels in Excised Patches

Addition of purified p56lck to the cytosolic surface of ex-
cised patches from Jurkat T cells activated an outwardly
rectifying Cl2 channel (Fig. 4, A and B). No spontaneous
activation was observed in 55 excised patches held at 0 mV
holding potential without enzyme added. The channel
showed outward rectification, even with symmetrical Cl2

concentrations, and was selective for Cl2 over glutamate
(Fig. 4 D). 

Single-Channel Transitions in Whole-Cell Recordings

Single-channel opening and closing transitions between
discrete whole-cell current levels were frequently seen,
when ICl was slowly activated by p56lck in JCaM1.6 cells us-
ing slightly hypotonic intracellular solution (300 mOsmol/kg;
Fig. 3 C). Single-channel openings lasting for several sec-
onds were observed in continuous recordings at constant
voltage (Fig. 4 C). The transitions in current traces ob-
tained with voltage ramps frequently spanned more than
one channel level. A similar behavior has been described
for swelling-activated chloride channels (Meyer and Korb-
macher, 1996). With voltage ramps, the current often
jumped several times between an open and closed state. 

Single-channel transitions could also be observed when
Jurkat cells were patched with slightly hypertonic intracel-
lular solution (330 mOsmol/kg). Cell volume increased
and ICl2swell activated slowly under these conditions. Tran-

Figure 2. Osmotic activation of ICl2swell is defective in p56lck-defi-
cient JCaM1.6 cells. (A) Osmotic swelling activates an outwardly
rectifying anion conductance. The reversal potential ,240 mV
and the small inward current indicate poor permeability for intra-
cellular glutamate. Traces are shown 1, 28, 42, 56, and 77 s after
break-in. The lower trace (thin line) was recorded from a cell with
symmetrical Cl2 concentrations 35 s after break-in, demonstrat-
ing intrinsic outward rectification. No leak correction was per-
formed. Instantaneous IV-plots were obtained using 200-ms volt-
age ramps. (B) Outward currents at 35 mV in Jurkat cells (j),
p56lck-deficient JCaM1.6 cells (d), p56lck-retransfected JCaM1.6/
lck1 cells (h), and Jurkat cells pretreated for 8 h with 10 mM her-
bimycin A (s; n 5 13, 10, 10, and 8, respectively). Error bars
show SEM. Leak currents determined at 255 mV were sub-
tracted. 

Table I. Tyrosine Kinase Inhibitors Block ICl–swell

Osmolality p56lck I SEM n

mOsmol/kg U/ml pA pA

Jurkat 1 herbimycin A 370 0 45.7 36.7 8 a
Jurkat 1 lavendustin 10 mM 370 0 7.8 6.2 4 b
Jurkat 1 lavendustin 100 nM 370 0 20.3 33.6 3 c
Jurkat 1 lavendustin 10 nM 370 0 72.5 11.1 5 d
Jurkat 370 0 210.5 35.1 14 a–e
Jcam1.6 370 0 100 47.9 12 e, f
Jcam1.6, p56lck retransfected 370 0 247.3 41 12 f
Jcam1.6 300 10 38.1 8.3 9 g, h
Jcam1.6 300 0 8.9 2 5 g
Jurkat 260 10 107.1 44 5 i, h
Jurkat 260 0 6.9 2.4 6 i

Whole-cell Cl2 currents 2 min after break-in. Osmolality of the pipette solution was
varied to swell or shrink the respective cell types. Lavendustin added 5 min before re-
cordings blocked the swelling-induced Cl2 current in a dose-dependent manner: a–i,
significantly different data pairs (t test, P , 0.05). Current activated by purified p56lck

in the pipette was significantly larger in Jurkat cells when compared with Jcam1.6
cells. Extracellular osmolality was always 310 mOsmol/kg.
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sitions in whole-cell currents either activated by p56lck or
by slow swelling are compared with single-channel transi-
tions from excised, p56lck-activated patches in Fig. 4 D.
We obtained unitary conductances of 25, 28, and 31 pS at
40 mV when constructing IV plots from single-channel
transitions activated by swelling or purified p56lck in
whole-cell recordings, or activated by p56lck in excised
patches, respectively. 

Osmotic Cell Swelling Activates p56lck 

To measure p56lck kinase activity, Jurkat T cells were ex-
posed to hypotonic extracellular solution (250 mOsmol/kg)

and in vitro assays were performed on immunoprecipi-
tated p56lck. A transient increase in p56lck activity was ob-
served resembling the time course of RVD. p56lck activa-
tion was detected 1 min after exposure to osmotic stress,
peaked at 15 min, and then declined rapidly thereafter
(Fig. 5). No activation of p56lck was seen when cells were
kept in isotonic solution (data not shown).

Discussion
In this study, we show for the first time that the tyrosine
kinase, p56lck, mediates RVD by activating ICl2swell. T cells
deficient for p56lck are defective in RVD and activation of
ICl2swell, and retransfection of this kinase results in restora-
tion of osmotic current activation.

Several observations suggesting involvement of a phos-
phorylation event in osmotic current activation have been
reported. ATP in the pipette is required for maintenance
and repeated activation of ICl2swell in lymphocytes (Lewis
et al., 1993; Ross and Cahalan, 1995). A similar ATP de-
pendence has been demonstrated in many different endo-
thelial and epithelial cell types (Gill et al., 1992; Jackson et al.,
1994, 1996; Oiki et al., 1994; Meyer and Korbmacher,
1996), although some discrepancies exist between differ-
ent cells, i.e., the ability of nonhydrolyzable ATP analogues
to replace ATP. Furthermore, a delay between the volume
change and current activation in the range of 1 min is typi-
cally observed, making a direct link between membrane
stretch and channel gating unlikely (Lewis et al., 1993; Ross
et al., 1994). Direct evidence for involvement of tyrosine
phosphorylation in ICl2 activation came from pharmaco-
logical studies. Inhibitors of tyrosine phosphorylation have
been recently reported to inhibit swelling-induced 125I ef-
flux in intestinal epithelium (Tilly et al., 1993) and activa-
tion of ICl in cardiac and endothelial cells (Sorota, 1995;
Voets et al., 1998). To our knowledge, no specific tyrosine
kinase has been linked to the activation of ICl2swell so far.

When compared with the native Jurkat cell line, activa-
tion of ICl2swell in JCaM1.6 cells was not completely abol-
ished, but reduced in size and delayed. This could conceiv-
ably indicate a permissive role for p56lck-mediated tyrosine
phosphorylation. However, the p56lck-deficient cell line
JCaM1.6 expresses other src-like kinases like fyn (August
and Dupont, 1995). Herbimycin A and lavendustin, which
inhibit all src-like kinases, blocked RVD and the osmotic
current response. Therefore, we suppose that other src-
like kinases can partially substitute for lck in lck-deficient
cells. Strong evidence for a crucial role of p56lck comes
from the experiments using purified p56lck. When added to
the cytosol, p56lck activates a whole-cell chloride current
with properties indistinguishable from ICl2swell without cell
swelling and opens a Cl2 channel in excised patches. Both
currents share lack of inactivation, block by 500 mM
DIDS, selectivity for Cl2, and outward rectification. The
smaller amplitude of the lck-activated current typically ob-
served in JCaM1.6 cells could be attributed to amplifica-
tion of kinase activity by phosphorylation of the native
p56lck present in Jurkat cells. 

Several reports show that CFTR can be involved in the
regulation of outwardly rectifying chloride channels (Gab-
riel et al., 1993; Schwiebert et al., 1995). Single-channel re-
cordings from fibroblasts transfected with CFTR have re-

Figure 3. ICl activated by p56lck. (A) ICl in a shrinking Jurkat cell
with 10 U/ml purified p56lck in the pipette. Representative traces
are shown 1, 121, 218, 284, and 371 s after break-in (no leak sub-
traction). (B) Lack of inactivation of outward currents induced
by purified p56lck. 200-ms pulses beginning at 280 mV, with 20-
mV increments, were applied every 5 s. Leak and capacitive cur-
rents were subtracted. (C) ICl in a shrinking JCaM1.6 cell with 10
U/ml purified p56lck in the pipette. Traces are shown 307, 373,
and 482 s after break-in. The lowest trace shows block of the cur-
rent with 500 mM DIDS. Note the current steps indicating single-
channel transitions. 250-ms voltage ramps, no leak subtraction.
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vealed the activation of a fast gate by the tyrosine kinase
p60c-src, increasing this chloride channel’s open probability
(Fischer and Machen, 1996). Whereas ICl2swell is easily dis-
tinguishable from CFTR channels by its outward rectifica-
tion and sensitivity to DIDS, the CFTR protein could rep-
resent a target for tyrosine phosphorylation, regulating the
ICl2swell studied here. Identification, cloning, and purifica-
tion of the channel protein underlying ICl2swell in lympho-
cytes will be necessary to determine the phosphorylation
target. Therefore, we attempted to characterize the single
channel underlying ICl2swell in whole-cell recordings.

The single channel responsible for ICl2swell has not been
identified so far. An outwardly rectifying, DIDS-sensitive
40–50 pS chloride channel can be activated by membrane
excision from lymphocytes and prolonged depolarization
(Garber, 1992). However, z1 pS unitary conductance was
estimated by stationary noise analysis of ICl2swell in lym-
phocytes (Doroshenko and Neher, 1992; Lewis et al.,
1993). A solution to this discrepancy could come from the
observation, that ICl2swell channels in epithelial cells show
prolonged open states with minimal channel gating (Jack-
son and Strange, 1995; Meyer and Korbmacher, 1996).
When current variance is analyzed to obtain information
about unitary events, gating events could be missed be-
cause of their low frequency. Recording at room tempera-
ture further slows down gating kinetics and the lack of

voltage-dependent inactivation hinders the use of nonsta-
tionary noise analysis. In the present study we observed
single-channel events in high resolution whole-cell record-
ings. The channels show extremely slow gating even at
318C and prolonged open states lasting for several sec-
onds. Similar behavior of swelling-activated chloride chan-
nels has been recently described in glioma and kidney
epithelial cells (Jackson and Strange, 1995; Meyer and
Korbmacher, 1996). We obtain unitary conductances of 25
and 28 pS when constructing IV plots from single channel
transitions in whole-cell recordings activated by swelling
and by purified p56lck, respectively. Furthermore, we were
able to activate a 31-pS, outwardly rectifying Cl2 channel
in excised membrane patches by adding purified p56lck to
the cytosolic surface. Thus, cell swelling and p56lck seem to
activate the same chloride channel. The 31-pS outwardly
rectifying single channels observed in excised patches may
well be responsible for ICl2swell in lymphocytes. 

Cell swelling has been previously described to induce ty-
rosine phosphorylation in an intestinal epithelial cell line
(Tilly et al., 1993). Hypoosmotic stimulation of mitogen-
activated protein kinase was blocked by tyrosine kinase in-
hibitors in astrocytes (Schliess et al., 1996). Tyrosine ki-
nase activation is upstream of MAP kinase (Schliess et al.,
1996). In Jurkat T lymphocytes we show for the first time
activation by hypoosmotic cell swelling of a specific ty-

Figure 4. Single channels in
excised patches and whole-
cell recordings. (A) Activation
of an outwardly rectifying
Cl2 channel by purified
p56lck (2 U/ml 1 10 mM ATP)
added to the internal surface
of an excised patch (Jurkat T
cells; n 5 6). Instantaneous
IV-plots were obtained us-
ing voltage ramps from 280
to 80 mV. The upper trace
was taken before, the lower
traces 3 min after addition of
the enzyme (symmetrical NaCl
solution, leak subtracted).
(B) Continuous recordings
from an excised inside-out
patch activated by purified
p56lck, showing closure events
(,c) of the outwardly rectify-
ing channel at the indicated
holding potentials (filter 500
Hz). (C) Single-channel tran-
sitions in a continuous whole-
cell recording from a JCaM1.6
cell with 10 U/ml p56lck in the
pipette (same conditions as in
Fig. 3 C). Upward deflection
indicates channel opening.
Two channels are visible in

this trace. The inset shows a channel opening at a 10-fold magnified time scale. Note the slow gating. The holding potential was 80 mV,
filter 500 Hz. (D) Current transitions in whole-cell currents resemble outwardly rectifying chloride channels in excised patches. h,
Whole-cell current transitions activated by slow swelling of a Jurkat cell with hypertonic intracellular solution (330 mOsmol/kg, Cs1-
glutamate); s, whole-cell current transitions activated by p56lck in a JCaM1.6 cell with slightly hypotonic intracellular solution (300
mOsmol/kg, Cs1-glutamate); m, excised inside-out patch activated by purified p56lck with Cs1-glutamate in the bath; n, excised patch
activated by purified p56lck with NaCl in the bath. The extracellular solution always contained NaCl (310 mOsmol/kg).
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rosine kinase that is directly involved in the activation of
ICl2swell. Interestingly, the enhanced p56lck activity is tran-
sient, following a time course similar to the RVD in intact
lymphocytes (Figs. 1 and 5). Thus, a tight feedback control
seems to regulate volume and p56lck activity. ICl2swell chan-
nels are activated by p56lck and mediate volume decrease
by anion efflux, representing an important link in this
novel control loop. 
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Figure 5. Cell swelling activates p56lck. The activity of p56lck in-
duced by hypoosmotic cell swelling is shown at two different time
scales. Jurkat cells (4 3 106 per sample) were incubated with 250
mOsmol/kg solution for the indicated time, lysed, and then p56lck

was immunoprecipitated from postcentrifugation supernatants.
Activity of p56lck was determined by autophosphorylation in the
presence of [32P]gATP. Samples were separated by 10% SDS-
PAGE and analyzed by autoradiography. Nonspecific control im-
munoprecipitate performed with irrelevant affinity-purified poly-
clonal rabbit immunoglobulins is lacking kinase activity (lower
panel right lane, NS). The second blot in each panel shows an ali-
quot of immunoprecipitated p56lck immunoblotted with anti-
p56lck antibody demonstrating comparable amounts of protein in
each lane. The results are representative of four independent ex-
periments.


