Interleukin-4 Rapidly Inhibits Calcium Transients in Response to
Carbachol in Bovine Airway Smooth Muscle Cells
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To assess interleukin (IL)-4 effects on calcium signaling, bo-
vine airway smooth-muscle (ASM) cells were loaded with fura-2
and cytosolic calcium ([Ca?"]}) was measured in single cells by
digital microscopy. Human recombinant IL-4 (50 ng/ml) caused
small increases in [Ca?"];. For single cells, carbachol-stimulated
calcium transients were compared before (S1) and after (52)
exposure to IL-4 or IL-13. When cells were treated with IL-4
(50 ng/ml) for 20 min, the $2/S1 ratio was 0.17 = 0.04 (n = 7)
even though IL-4 had been washed from the chamber for 10
min before the S2 response. In contrast, controls not treated
with IL-4 had $2/S1 of 0.70 = 0.04 (n = 13, P < 0.01). Lower
concentrations of I1L-4 variably decreased transients and IL-13
had no effect. In other experiments, 5 min of I1L-4 did not im-
mediately decrease transients but did after a 25-min delay.
Goat antihuman IL-4 antibody abolished the effect of IL-4. IL-4
(50 ng/ml) also inhibited responses to caffeine (52/5S1: 0.30 =
0.04 and 0.54 = 0.06 for IL-4-treated versus control). We con-
clude that IL-4 rapidly inhibited calcium transients. Because
caffeine-stimulated transients were inhibited, IL-4 may act, at
least in part, by depleting calcium stores. IL-4 inhibition of
cholinergic signaling may be important for modulating ASM
responses during inflammation.

Asthma is characterized by airway inflammation with CD4+
T lymphocytes secreting a T helper (TH) 2-like cytokine pro-
file (1). One of the TH2 cytokines expressed in asthmatic
airways is interleukin (IL)-4 (2). Two roles for IL-4 are
stimulating T cells to differentiate into TH2 cells (3, 4) and
promoting isotype switching to immunoglobulin (Ig) E in
plasma cells (5). However, IL-4 also has effects on nonhe-
matopoietic cell types that could be important for modu-
lating inflammation and its consequences. For example,
IL-4 stimulates fibroblast (6) and endothelial cell (7)
growth and upregulates vascular cell adhesion molecule-1
on endothelial cells (8). IL-4 also stimulates and inhibits
secretion of cytokines by epithelial cells (9) and smooth-
muscle cells (10), respectively. Finally, IL-4 inhibits
growth of vascular and airway smooth-muscle (ASM) cells
(11, 12). Therefore, IL-4 has many cellular targets in the
airways, including smooth-muscle cells.

Two important intracellular signaling pathways stimu-
lated by IL-4 involve signal transducers and activators of
transcription-6 and insulin receptor substrate (IRS)-1 or -2
(13). These pathways mediate many of the effects that IL.-4
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has on growth, gene expression, and cell survival (13). How-
ever, in some cells, other signaling pathways also may be
activated directly or indirectly by IL-4 receptor (IL-4R)
activation. For example, in B lymphocytes, IL-4 rapidly
stimulated inositol trisphosphate (IP;) synthesis and in-
creased cytosolic calcium ([Ca®*];) (14). Such findings sug-
gest that, in at least some cell types, IL-4 can rapidly alter
calcium homeostasis.

Whether IL-4 rapidly alters calcium homeostasis in ASM
is not known. Such regulation could have potentially impor-
tant implications for smooth-muscle growth and contractility
in the presence of airway inflammation. The goal of this
study was to assess whether a relatively brief exposure to IL-4
altered regulation of [Ca’"]; in ASM cells. To test this, we
applied IL-4 to freshly dispersed bovine ASM cells loaded
with fura-2, recorded changes in [Ca®"]; in single cells, and
then characterized the effects that IL-4 treatment had on
carbachol-stimulated calcium transients in these cells.

Materials and Methods
Cell Isolation

Smooth-muscle cells were dispersed from bovine trachealis (15).
Minced trachealis tissue was placed in a Coulter counter vial con-
taining a stirring bar and 2.5 ml of physiologic salt solution (PSS)
(in mM: NaCl 118, KCI 4.7, KH,PO, 1.2, MgSO, 1.2, NaHCO;
25.6, glucose 11.1, and CaCl, 2.5) modified to have no added
CaC(l, and containing collagenase D (6 mg) and elastase (grade IT)
(3 mg). The minces were incubated at 37°C with constant stirring for
12 min and then transferred to a second vial containing enzyme,
and the incubation was repeated until cells began to be released
from the mince. The partially digested mince then was trans-
ferred to 3 ml of PSS modified to contain 0.1 mM CaCl, and incu-
bated for 3 min with constant stirring. The cells released during
this and one subsequent identical incubation were used for stud-
ies. The dispersed cells were loaded with 0.5 uM fura-2-AM in
the presence of pluronic F-127 (0.004% ) for 60 min at room tem-
perature and then introduced into a perfusion chamber having a
bottom cover glass. After adherence to glass for 10 min at room
temperature, PSS perfused the chamber at 1 ml/min.

Calcium Measurement

Fura-2 loaded into cells was excited by computer-controlled 337-
and 380-nm ultraviolet light generated by a nitrogen laser and a ni-
trogen laser-pumped dye laser, respectively (Laser Science, Fran-
klin, MA). Each laser alternately fired pulses (3 ns) at 30 Hz;
these were guided by a bifurcated quartz fiber to a neutral-den-
sity filter at the epiport of the microscope and then focused on
cells through a x40 objective lens (Nikon, Melville, NY). The flu-
orescent signals emitted by the fura-2 were passed back through the
objective to a 455-nm dichroic mirror, a 475-nm barrier filter (Omega
Optics, Brattleboro, VT), and an image intensifier (Xybion Elec-
tronic Systems, San Diego, CA), and were captured by a Philips-
based frame transfer charge-coupled device camera (CCTV, New
York, NY). The analog signals from the camera were digitized
and stored in an imaging board, and digital outputs from this board
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were transferred to a personal computer with software by Recog-
nition Technology, Inc. (Framingham, MA).

As described previously (15), to measure [Ca?*]; in cells loaded
with fura-2, background from a cell-free region of the cover glass
was subtracted before data acquisition and an 11-by-11-pixel area
was selected over each cell studied, avoiding the area of the nu-
cleus. The fluorescence emissions stimulated by alternating pulses
of 337 and 380 nm light were recorded and their ratios plotted.
Ratios were converted to calcium concentrations by using the
formula [Ca?*]; = Kp - B+ (R — Ryin)/(Rpmax — R), where Ry,
and R ;, are the fluorescence ratios measured in situ with perme-
abilized (4-bromo A-23187) fura-2-loaded cells exposed to high
(2.5 mM CaCl,) and zero calcium, respectively; B is the ratio of
fluorescence stimulated by 380 nm light in zero versus high cal-
cium; and Kp, is the equilibrium dissociation constant describing
calcium binding to fura-2. On the basis of an in sifu determination
in bovine trachealis cells (16), a K, value of 386 nM was used in
converting fluorescence ratios to [Ca*];.

Protocols

Cells loaded with fura-2 and attached to the glass coverslip of the
perfusion chamber (0.3 ml volume) were perfused with PSS con-
taining carbachol (1073 M) for 2 min and then washed for at least
30 min with PSS before the start of experiments. In all experi-
ments, cell chambers were continuously superfused with PSS
containing the specified reagents, and a four-way valve allowed
changing of the perfusate without disturbing the recordings made
from single cells. There was cell-to-cell variability in the magni-
tude of calcium transients in response to carbachol. To deal with
this variability, a protocol was devised such that responses to car-
bachol after cytokine treatment could be normalized to the re-
sponsiveness of that same cell before treatment with cytokine.
Therefore, to test the effects of IL-4 or IL-13 on responses to car-
bachol, chambers were perfused with carbachol (10> M) for 2 min
and the resulting calcium transient was recorded (S1). After
washing the carbachol from the chambers for 15 min, a time in-
terval sufficient for refilling of intracellular calcium stores in
these cells (15), the chambers were perfused with PSS containing
1L-4 (5-50 ng/ml) or IL-13 (50 ng/ml) for 5 to 20 min. Finally, af-
ter again washing with PSS for the time specified, the cells were
stimulated with carbachol (107> M) and a second calcium tran-
sient for the same cell (S2) was recorded. An S2/S1 ratio was then
calculated for each cell as an index of cell responsiveness. In
some experiments, caffeine (10 mM) was substituted for carba-
chol for the S2 stimulus. For all experiments, controls were ex-
posed to vehicle (PSS) instead of IL-4 or IL-13 for the same
lengths of time and according to the same protocol. Up to four
chambers were prepared from each cell isolation, allowing each
chamber to be treated with IL-4 or IL-13 only once. A total of 55
separate tracheas were used in these studies. In experiments test-
ing the effect of antibody to IL-4, the antibody (60 pg/ml) and IL-4
(50 ng/ml) were preincubated together for 1 h at 37°C in a total
volume of 5 ml.

Data Analysis

In measuring S1 and S2 responses, the magnitude of the calcium
transient was measured from the peak [Ca?*]; level recorded in re-
sponse to carbachol or caffeine, and basal [Ca?*]; was subtracted.
All data are expressed as means * standard error of the mean
(SEM) and n indicates the number of cells studied. Analysis of
variance was used for multiple comparisons between means. For
comparing two groups, an unpaired Student’s ¢ test was used.

Materials

Collagenase, elastase, and IL-4 were obtained from Roche Mo-
lecular Biochemicals (Indianapolis, IN). Fura-2-AM and pluronic

F-127 were obtained from Molecular Probes, Inc. (Eugene, OR).
IL-13 and goat antihuman IL-4 neutralizing antibody (IgG) were
obtained from R&D Systems, Inc. (Minneapolis, MN). Other re-
agents were obtained from Sigma (St. Louis, MO).

Results

IL-4 caused small and variable increases in [Ca?*];. When
35 cells with a resting [Ca®*]; level of 181 + 11 nM were
perfused with IL-4 (50 ng/ml), there was a small but signif-
icant increase in [Ca?*]; to 260 * 26 nM within approxi-
mately 1 min of initial IL-4 exposure (P < 0.01). The in-
crease in [Ca®*]; was transient such that [Ca?*]; decreased
to 163 = 9 nM after 5 min of IL-4 exposure (Figure 1). When
intracellular calcium stores were first decreased by a 30-
min exposure to thapsigargin (0.3 pM), an inhibitor of sar-
coplasmic reticulum (SR) Ca?*—adenosine triphosphatase
(ATPase) activity, responses to IL-4 were not detectable
(15 = 13 nM increase above basal, n = 6, not significant).
Initial responses to carbachol (S1) averaged 1,428 = 338
nM (range 315 to 4,628 nM, n = 13) in magnitude and, for
each individual cell, strongly predicted the magnitude of a
second response to carbachol (S2) (Figure 2). Consequently,
for controls, S2/S1 ratios had little variability and averaged
0.70 = 0.04 (n = 13). In contrast, S2/S1 was significantly
decreased when cells were exposed to IL-4 for 20 min.
Specifically, after S1 testing, cells were perfused with IL-4
(50 ng/ml) for 20 min and then washed for 10 min with PSS
before S2 testing. The calculated S2/S1 ratios were signifi-
cantly decreased to 0.17 = 0.04 (n = 7, P < 0.01) (Figure
3A). The initial responsiveness of a cell (S1) did not pre-
dict the effect that IL-4 would have on the S2/S1 ratio in
that cell (Figure 3B). Also, the magnitude of the small, tran-
sient increase in [Ca?*]; in response to IL-4 alone (Figure 1)
did not correlate with the effect that IL-4 exposure had on
S2/S1 in a given cell (not shown). When thapsigargin was
administered during the interval between the S1 and S2
stimulus, the S2/S1 ratio was decreased markedly (Figure
2), consistent with recovery of S2 responses being strongly
dependent on refilling of SR calcium stores. The inhibitory
effect of IL-4 was concentration-dependent (Figure 3A).
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Figure 1. Effect of IL-4 on [Ca?']; in bovine ASM cells. Cells
loaded with fura-2 were exposed to human recombinant IL-4 (50
ng/ml) and changes in [Ca?"]; were recorded in single cells. The
maximum response to IL-4 occurred within one minute. Data are
means = SEM, n = 35. *Significantly different from basal (P <
0.05).
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Figure 2. S2/S1 ratio. For control cells (open squares) not exposed
to IL-4, each cell was stimulated with carbachol (107> M) and the
maximum change in [Ca?"]; during the resulting transient was re-
corded and defined as S1. After washing with PSS for 45 min, the
same cell was stimulated a second time with carbachol and the
magnitude of the resulting transient was recorded and defined as
S2. The figure shows that the magnitude of the S1 response did
predict the magnitude of the S2 response in that same cell. For
each control cell, an S2/S1 ratio was calculated as an index of cell
responsiveness and averaged 0.70 * 0.04. Other cells (filled
squares) were treated identically except that thapsigargin was
present during the recovery period between S1 and S2 stimuli.

When cells were perfused by 5 and 25 ng/ml IL-4, the mean
S2/S1 ratios were not significantly changed but there was
increased variability in responses among cells. After 5 and
25 ng/ml IL-4, S2/S1 ratios varied between 0.29 and 1.16,
and 0.01 and 0.92, respectively. When cells were perfused
by IL-13 (50 ng/ml) for 20 min according to the same pro-
tocol used for IL-4, no inhibition of S2/S1 was observed
(Figure 3A).

The effects that IL-4 had on calcium responses to car-
bachol (107> M) were time-dependent (Figure 4). After S1
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Figure 3. Effects of IL-4 and IL-13 on responses to carbachol.
(A) After the S1 stimulus with carbachol (10> M), the cells were
washed for 15 min and then exposed to IL-4 (5, 25, and 50 ng/ml) (n =
5-7) or IL-13 (50 ng/ml) (n = 7) for 20 min. Finally, cells were
washed for 10 min before being stimulated a second time with
carbachol (S2). Mean data are presented. *Significantly different
from control (P < 0.01). (B) Data from A are presented to show
the individual responses of control cells (open squares) versus
those cells exposed to IL-4 (50 ng/ml) (open circles). Filled sym-
bols show mean values for control (square) and IL-4—treated (cir-
cle) cells.

testing, cells were exposed to IL-4 (50 ng/ml) for only 5 min
and then immediately exposed to carbachol (107> M) a
second time to test the S2 response. Under these condi-
tions the S2/S1 ratio was 0.75 = 0.10 (n = 6) for IL-4—
treated cells, not significantly different from controls. In
contrast, when cells were exposed to IL-4 (50 ng/ml) for
the same 5-min interval, then perfused with PSS and tested
25 min later, the S2/S1 ratio was decreased to 0.34 + 0.11,
significantly different from controls (n = 6, P < 0.01). IL-4
(50 ng/ml) did not significantly inhibit S2/S1 ratios when
the IL-4 was administered along with goat antihuman IL-4
(Figure 4).

The effects that IL-4 had on responses to caffeine were
also tested. After S1 testing with carbachol, cells were ex-
posed to IL-4 (50 ng/ml) for 20 min, washed for 10 min,
and then stimulated with caffeine (10 mM) to assess an S2
response. The S2/S1 ratio was decreased in IL-4-treated
cells (0.30 * 0.04, n = 5), and this was significantly differ-
ent from controls not treated with IL-4 (0.54 = 0.06,n = 5,
P < 0.01) (Figure 5).

To further assess mechanisms, we characterized the ef-
fect that SR calcium content had on the time course of IL-4
inhibition of S2/S1 ratios (Figure 6). One group of cells was
treated with IL-4 (50 ng/ml) for 2 min immediately after
the S1 response (carbachol) and then the S2 stimulus (car-
bachol) was delivered. S2/S1 ratios were 0.16 = 0.05 (n =
4), significantly different from time-matched controls not
exposed to IL-4 (0.49 = 0.09, n = 7, P < 0.05). A second
group of cells was treated with IL-4 for 2 min, but only af-
ter washing with PSS for 10 min to allow refilling of intra-
cellular stores. For this group of cells, the S2/S1 ratio was
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Figure 4. Time dependence of IL-4 effect on S2/S1 ratios. After
the S1 stimulus with carbachol (1073 M) and a 15-min wash, cells
were exposed to IL-4 (50 ng/ml) for 5 min. In one group of cells
(n = 6, left side of figure), the second stimulus (S2) with carba-
chol (1073 M) followed immediately after the 5-min exposure to
IL-4. In that case, IL-4 had no apparent effect on the S2/S1 ratio
compared with time-matched controls. For other cells (n = 6,
right side of figure), the S2 stimulus with carbachol (1075 M) was
applied after the cells had been exposed to IL-4 for 5 min but
then washed for 25 min before S2 testing. In this case, the S2/S1
ratio was significantly decreased compared with time-matched
controls. *Significantly different from control (P < 0.01). The
presence of goat antihuman IL-4 neutralizing antibody inhibited
the effect that IL-4 had on S2/S1 (n = 4).
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Figure 5. Effects of IL-4 on responses to caffeine. After the S1
stimulus with carbachol (107> M) and a 15-min wash, cells were
exposed to IL-4 (50 ng/ml) for 20 min. Cells then were washed for
10 min before being stimulated with caffeine (10 mM) (S2). Time-
matched controls were not exposed to IL-4. Data are means =*
SEM, n = 5. *Significantly different from control (P < 0.01).

0.62 = 0.05 (n = 4), not significantly different from time-
matched controls. In these experiments, under control con-
ditions, S2 responses were inhibited (S2/S1 = 0.11 = 0.03,
n = 3) when thapsigargin was present during the 10-min
recovery period between the S1 and S2 stimuli.

Discussion

Recombinant human IL-4 rapidly inhibited calcium tran-
sients in response to carbachol in bovine ASM cells in
vitro. To our knowledge, this is the first demonstration that
a relatively brief exposure to IL-4 inhibits agonist-stimu-
lated calcium transients in ASM or in any cell type. These
new findings are potentially important because of the known
role that calcium plays in regulating contractions of ASM
and because TH2 cytokines, including IL-4, are thought to
play a regulatory role in asthmatic airway inflammation.
IL-4 alone caused a small, transient increase in [Ca’*]; that
depended on SR calcium stores. However, the main finding
was that 30 min after the introduction of IL-4 to the perfu-
sate, carbachol-stimulated calcium transients were signifi-
cantly inhibited. This effect of IL-4 on calcium transients
could not be explained by random differences in S1 re-
sponses for the treated versus untreated cells because S1
responses were comparable for the two groups of cells and
there was no correlation between the magnitude of S1 re-
sponses and the S2/S1 ratios observed. The inhibitory ef-
fect of IL-4 on responses to carbachol was dose-dependent
in that it was not consistently observed at concentrations
below 50 ng/ml. The observed increased variability in S2/S1
ratios when cells were exposed to lower concentrations of
IL-4 may be an indication of cell heterogeneity in sensitiv-
ity to IL-4. Alternatively, the variability might be caused by
effects of dispersal enzymes on cell-surface receptors.
Other experiments showed that the inhibition of calcium
transients by IL-4 occurred rapidly but did require a finite
period of time to become manifest. From the time of first
exposure to IL-4, the inhibitory effect required more than 5
but less than 30 min. A notable feature of this inhibitory ef-
fect was that after the first 5 min of IL-4 exposure IL-4
could be washed from the chambers and, still, calcium tran-
sients would be inhibited 25 min later. This suggests that a
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Figure 6. Effect of SR filling state on IL-4 inhibition of transients.
After the S1 stimulus with carbachol (1073 M), cells were treated
in two different ways. One group of cells was washed immediately
for 2 min with buffer containing IL-4 (50 ng/ml) and then the S2
stimulus with carbachol was applied. The other group of cells was
washed with buffer alone for 10 min to allow refilling of intracel-
lular stores and then the cells were exposed to IL-4 for 2 min be-
fore the S2 stimulus with carbachol. For both groups, controls were
identically treated cells not exposed to IL-4. Data are means =
SEM, n = 4-7. *Significantly different from control (P < 0.05).

5-min exposure to IL-4 inhibits calcium transients by acti-
vating processes that are slowly reversible or irreversible.
In aggregate, our findings were consistent with IL-4 acti-
vating, over a 30-min interval, an IL.-4R-mediated process
that impaired calcium signaling by muscarinic agonists.

Several findings argued against a nonspecific effect of
IL-4 in these experiments. First, whereas some cells, espe-
cially hematopoietic cells, do respond to much lower con-
centrations of IL-4, the maximally effective concentration
of IL-4 used in this study (50 ng/ml) was in a range consis-
tent with previous reports for B lymphocytes, pre-B cells,
fibroblasts, osteoclasts, endothelial cells, and ASM (10, 12,
14, 17-19). Second, IL-4 did not cause a sustained increase
in resting [Ca®*]; levels, as might be expected if 1L-4 were
exerting a nonspecific cytotoxic effect. Third, the effect of
IL-4 was specific because inhibitory effects on calcium
transients were not observed with the closely related TH2
cytokine, IL-13. Fourth, potential contaminants in the IL-4
preparation seemed an unlikely explanation because goat
antihuman IL-4 antibody abolished the inhibitory effect of
IL-4. Fifth, the inhibitory effect of IL-4 was evident even
when IL-4, and potential contaminants, had been washed
from the chamber before S2 testing with carbachol. Fi-
nally, the fact that human IL-4 had effects on bovine cells
was not surprising because cross-reactivity for IL-4 be-
tween these species has been reported previously (20).

The specificity of the IL-4 effect is supported by the ob-
servation that the closely related cytokine IL-13 did not in-
hibit calcium transients in ASM. Usually these two cyto-
kines share biologic activities in nonhematopoietic cells,
but there is some precedent for differential effects (21-23).
In human ASM cells, IL-4, but not IL-13, inhibited release
of monocyte chemotactic protein-1 and -2 (23). These dif-
ferential effects were clearly complex, however, because
IL-4 and IL-13 both inhibited release of RANTES and
IL-8 from these cells (10, 24).

Comparing the effects of IL-4 and IL-13 is of interest
because IL-13 has been shown to be an important media-
tor of the asthma phenotype in murine models (25, 26),
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and these two cytokines bind to a family of shared hetero-
multimeric receptor complexes (27). The receptor com-
plexes specifically expressed by ASM are not known, but
two major receptors for IL-4 have been described and
those are the type I (IL-4Ra/yc) and type II (IL-4Ra/IL-
13Ral) receptors (13). Because the type II receptor also
binds IL-13, the current results are consistent with the type
I receptor mediating the inhibition of calcium transients.
However, it is important to note that our experiments
tested IL-13 effects at only a single concentration and time
interval. Also, the common vy chain (yc) component of the
type I receptor is predominantly expressed in hematopoie-
tic cells (28) and it is the type II receptor that has been
proposed to couple to calcium mobilization (13). There-
fore, it is possible that the type II receptor mediated the
effects of IL-4 in our experiments, but that IL-13 has
slower, more rapidly reversible, or different effects due to
concomitant binding at additional types of IL-13R com-
plexes (27-29). Also, it is possible that the apparent differ-
ential effects of IL-4 and IL-13 in the current study were
due to poor species cross-reactivity for human IL-13.
Against this, however, is the substantial homology be-
tween bovine and human IL-13 and the observation that
human IL-13 stimulates bovine B-cell proliferation (30).
On the basis of these considerations, our conclusions are
cautious regarding the subtype of IL-4R that mediates in-
hibition of calcium transients.

Additional experiments were done to begin to charac-
terize mechanisms linking IL-4R activation to inhibition of
calcium mobilization by carbachol. We tested the effects that
IL-4 had on calcium mobilization by caffeine, an agent that
causes rapid release of calcium from intracellular stores by
mechanisms independent of IP; synthesis. Our finding that
IL-4 inhibited responses to caffeine did not exclude the
possibility that IL-4 has inhibitory effects on muscarinic
receptor coupling to IP; synthesis, but it did suggest that,
at least in part, IL-4 acts either by inhibiting release of cal-
cium from the SR or by depleting SR stores. Because car-
bachol and caffeine mobilize calcium through different SR
channels, and because IL-4 alone caused increases in [Ca?*];
that depended on SR calcium stores, depletion of SR stores,
rather than inhibition of calcium release, is the more likely
mechanism.

Because SR content is determined by a dynamic equi-
librium between calcium release and uptake, stores could
be depleted by an increased rate of calcium release, de-
creased SR Ca’"-ATPase activity, or decreased entry of
calcium into the cell along SR refilling pathways. Previous
studies of IL-4 in B lymphocytes and osteoclasts have
demonstrated rapid changes in [Ca’*]; that depended on
calcium mobilization from intracellular stores. In osteo-
clasts, IL-4 caused a rapid and sustained increase in [Ca’"];
that depended on both calcium influx and mobilization of
intracellular stores (19). In B lymphocytes, IL-4 rapidly
stimulated IP; synthesis and calcium transients that de-
pended on mobilization of calcium from intracellular stores
(14). A link between IL-4R activation and IP; synthesis
has not been established for ASM, but one possibility is
IL-4R activation of IRS, phosphatidylinositol 3-kinase, and
phospholipase C, (13, 31). By this pathway, IL-4 could in-
hibit calcium transients by rapidly causing a sustained IP;-

mediated calcium release that gradually depletes the SR over
approximately 30 min. Consistent with this, we showed
that the rapidity with which IL-4 inhibited transients was
dependent on the filling state of the SR (Figure 6). IL-4 in-
hibited S2/S1 ratios within 2 min when SR calcium was de-
creased and the SR was in the process of refilling. How-
ever, that same 2-min exposure to IL-4 had no detectable
effect on S2/S1 ratios when SR stores were filled.

Although the gradual depletion of the SR as the result
of an increased rate of calcium release could explain the
inhibition of transients by IL-4, it is important to acknowl-
edge that, for single cells, there was no correlation be-
tween the magnitude of the acute effect of IL-4 alone on
[Ca®*]; and the magnitude of the inhibitory effect on cal-
cium transients 30 min later. Also, gradual depletion of SR
calcium would not necessarily explain the observation that
IL-4 could be washed from the cells for 10 to 25 min and
still calcium transients were inhibited. Therefore, it re-
mains possible that the immediate effects of IL-4 alone on
[Ca?*]; and its acute (< 2 min) effects on S2/S1 ratios are
unrelated to, or only a partial explanation for, the inhibi-
tion of transients 30 min later.

The novel findings of the current study have potential
implications for regulation of smooth-muscle function in
asthma, a disease characterized by a TH2 cytokine profile
(2). Prior studies by others have shown that IL-4 inhibits
growth (12) and release of cytokines by ASM cells (10, 23,
24). Our in vitro data now identify yet another inhibitory
effect of IL-4 on ASM function, namely the inhibition of
calcium transients in response to a muscarinic agonist. Al-
though the in vivo context and duration of this IL-4 effect
on calcium mobilization are not known, inhibition of cal-
cium mobilization in response to vagal stimulation could
conceivably play some role in modulating smooth-muscle
contraction, growth, and secretory activity in the presence
of airway inflammation. In this regard, it is notable that stud-
ies of immunized, IL-4-deficient mice showed that I1L-4 is
necessary for the development of bronchial hyperrespon-
siveness (32, 33). However, considering that some studies
suggested that IL-4—deficient mice have increased baseline
bronchial responsiveness (33, 34) and one other study did
show increased responsiveness after allergen challenge (35),
it is likely that the roles of IL-4 in the development of bron-
chial hyperresponsiveness are complex.

In summary, recombinant, human IL-4 rapidly (< 30
min) inhibited carbachol-stimulated calcium mobilization
in freshly dispersed bovine ASM cells. Because calcium
transients in response to caffeine were also inhibited by
IL-4, it may be that IL-4 inhibits transients, at least in part,
by depleting SR calcium stores. This rapid effect of I1L-4
on calcium transients in ASM cells may be an important
factor modulating airway remodeling and contraction dur-
ing inflammation.

Acknowledgments: This research was supported by National Heart, Lung and
Blood Institute grant HL-54143.

References

1. Robinson, D. S., A. Hamid, S. Ying, A. Tsicopoulos, J. Barkans, A. Bentley,
C. Corrigan, S. Durham, and B. Kay. 1992. Predominant Th2-like bron-
choalveolar T-lymphocyte population in atopic asthma. N. Engl. J. Med.
326:298-304.



244

[\S]

W

I

W

j=2)

oo

1

j—y

12.

15.

16.

17.

18.

19.

. Humbert, M., S. R. Durham, S. Ying, P. Kimmitt, J Barkans, B. Assoufi, R.

Pfister, G. Menz, D. S. Robinson, and A. B. Kay. 1996. IL-4 and IL-5 mRNA
and protein expression in bronchial biopsies from patients with atopic and
nonatopic asthma: evidence against “intrinsic” asthma being a distinct im-
munopathologic entity. Am. J. Respir. Crit. Care Med. 154:1497-1504.

. Coyle, A.J., G. Le Gros, C. Bertrand, S. Tsuyuki, C. H. Heusser, M. Kopf,

and G. P. Anderson. 1995. Interleukin-4 is required for the induction of
lung Th2 mucosal immunity. Am. J. Respir. Cell Mol. Biol. 13:54-59.

. Swain, S. L., A. D. Weinberg, M. English, and G. Huston. 1990. IL4 directs

the development of Th2 effectors. J. Immunol. 145:3796-3806.

. Del Prete, G., E. Maggi, P. Parronchi, I. Chretien, A. Tiri, D. Macchia, M.

Ricci, J. Banchereau, J. De Vries, and S. Romagnani. 1988. IL-4 is an es-
sential factor for the IgE synthesis induced in vitro by human T cell clones
and their supernatants. J. Immunol. 140:4193-4198.

. Monroe, J. G., S. Haldar, M. B. Prystowsky, and P. Lammie. 1988. Lym-

phokine regulation of inflammatory processes: interleukin-4 stimulates fi-
broblast proliferation. Clin. Immunol. Immunopathol. 49:292-298.

. Toi, M., A. L. Harris, and R. Bicknell. 1991. Interleukin-4 is a potent mitogen

for capillary endothelium. Biochem. Biophys. Res. Commun. 174:1287-1293.

. Schleimer, R. P., S. A. Sterbinsky, J. Kaiser, C. A. Bickel, D. A. Klunk, K.

Tomioka, W. Newman, F. W. Luscinskas, M. A. Gimbrone, and B. W.
Mclntyre. 1992. 1L-4 induces adherence of human eosinophils and baso-
phils but not neutrophils to endothelium: association with expression of
VCAM-1.J. Immunol. 148:1086-1092.

. Nakamura, Y., M. Azuma, Y. Okano, T. Sano, T. Takahashi, T. Ohmoto,

and S. Sone. 1996. Upregulatory effect of interleukin-4 and interleukin-13
but not interleukin-10 on granulocyte/macrophage stimulatory factor pro-
duction by human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol.
15:680-687.

. John, M., B.-T. Au, P. J. Jose, S. Lim, M. Saunders, P. J. Barnes, J. A.

Mitchell, M. G. Belvisi, and K. F. Chung. 1998. Expression and release of
interleukin-8 by human airway smooth muscle cells: inhibition by Th-2 cy-
tokines and corticosteroids. Am. J. Respir. Cell Mol. Biol. 18:84-90.

. Vadiveloo, P. K., H. R. Stanton, F. W. Cochran, and J. A. Hamilton. 1994. Inter-

leukin-4 inhibits human smooth muscle cell proliferation. Artery 21:161-181.
Hawker, K. M., P. R. A. Johnson, J. M. Hughes, and J. L. Black. 1998. Interleu-

kin-4 inhibits mitogen-induced proliferation of human airway smooth muscle

cells in culture. Am. J. Physiol. (Lung Cell. Mol. Physiol.)275:1L469-1LA77.

. Keegan, A. D., and J. Zamorano. 1998. Regulation of gene expression,

growth, and cell survival by IL-4: contribution of multiple signaling path-
ways. Cell Res. 8:1-13.

. Finney, M., G. R. Guy, R. H. Michell, J. Gordon, B. Dugas, K. P. Rigley,

and R. E. Callard. 1990. Interleukin 4 activates human B lymphocytes via
transient inositol lipid hydrolysis and delayed cyclic adenosine monophos-
phate generation. Eur. J. Immunol. 20:151-156.

Madison, J. M., M. F. Ethier, and H. Yamaguchi. 1998. Refilling of caffeine-
sensitive intracellular calcium stores in bovine airway smooth muscle cells.
Am. J. Physiol. (Lung Cell. Mol. Physiol.)275:852-861.

Kajita, J., and H. Yamaguchi. 1993. Calcium mobilization by muscarinic
cholinergic stimulation in single bovine airway smooth muscle. Am. J.
Physiol. (Lung Cell. Mol. Physiol.)264:1.496-L503.

Fanslow, W. C., M. K. Spriggs, C. T. Rauch, K. N. Clifford, B. M. Macduff,
S. F. Ziegler, K. A. Schooley, K. M. Mohler, C. J. March, and R. J. Armit-
age. 1993. Identification of a distinct low-affinity receptor for human inter-
leukin-4 on pre-B cells. Blood 81:2998-3005.

Doucet, C., D. Brouty-Boye, C. Pottin-Clemenceau, G. W. Canonica, C.
Jasmin, and B. Azzarone. 1998. Interleukin (IL) 4 and IL-13 act on human
lung fibroblasts. J. Clin. Invest. 101:2129-2139.

Bizzarri, C., A. Shioi, S. L. Teitelbaum, J. Ohara, V. A. Harwalkar, J. M. Erd-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 25 2001

mann, D. L. Lacy, and R. Civitelli. 1994. Interleukin-4 inhibits bone re-
sorption and acutely increases cytosolic Ca>* in murine osteoclasts. J. Biol.
Chem. 269:12817-12824.

Volpert, O. V., T. Fong, A. E. Koch, J. D. Peterson, C. Waltenbaugh, R. 1.
Tepper, and N. P. Bouck. 1998. Inhibition of angiogenesis by interleukin 4.
J. Exp. Med. 188:1039-1046.

Berkman, N., A. Robichaud, V. L. Krishnan, G. Roesems, R. Robbins, P. J.
Jose, P. J. Barnes, and K. F. Chung. 1996. Expression of RANTES in hu-
man airway epithelial cells: effect of corticosteroids and interleukin-4, -10
and -13. Immunology 87:599-603.

Zund, G., J. L. Madara, A. L. Dzus, C. S. Awtrey, and S. P. Colgan. 1996.
Interleukin-4 and interleukin-13 differentially regulate epithelial chloride
secretion. J. Biol. Chem. 271:7460-7464.

Pype, J. L., L. J. Dupont, P. Menten, E. Van Coillie, G. Opdenakker, J. Van
Damme, K. F. Chung, M. G. Demedts, and G. M. Verleden. 1999. Expres-
sion of monocyte chemotactic protein (MCP)-1, MCP-2, and MCP-3 by
human airway smooth-muscle cells. Am. J. Respir. Cell Mol. Biol. 21:528-536.

John, M., S. J. Hirst, P. J. Jose, A. Robichaud, N. Berkman, C. Witt, C. H. C.
Twort, P. J. Barnes, and K. F. Chung. 1997. Human airway smooth muscle
cells express and release RANTES in response to T Helper 1 cytokines. J.
Immunol. 158:1841-1847.

Grunig, G., M. Warnock, A. E. Wakil, R. Venkayya, F. Brombacher, D. M.
Rennick, D. Sheppard, M. Mohrs, D. D. Donaldson, R. M. Locksley, and
D. B. Corry. 1998. Requirement of IL-13 independently of IL-4 in experi-
mental asthma. Science 282:2261-2263.

Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T. Y. Neben, C. L. Karp,
and D. D. Donaldson. 1998. Interleukin-13: central mediator of allergic
asthma. Science 282:2258-2261.

Chomarat, P., and J. Banchereau. 1998. Interleukin-4 and interleukin-13:
their similarities and discrepancies. Int. Rev. Immunol. 17:1-52.

Murata, T., N. I. Obiri, and R. K. Puri. 1998. Structure of and signal trans-
duction through interleukin-4 and interleukin-13 receptors (review). Int. J.
Mol. Med. 1:551-557.

Obiri, N. 1., P. Leland, T. Murata, W. Debinski, and R. K. Puri. 1997. The
IL-13 receptor structure differs on various cell types and may share more
than one component with IL-4 receptor. J. Immunol. 158:756-764.

Trigona, W. L., A. Hirano, W. C. Brown, and D. M. Estes. 1999. Immuno-
regulatory roles of interleukin-13 in cattle. J. Interferon Cytokine Res. 19:
1317-1324.

Rameh, L. E., S. G. Rhee, K. Spokes, A. Kazlauskas, L. C. Cantley, and
L. G. Cantley. 1998. Phosphoinositide 3-kinase regulates phospholipase
Cry-mediated calcium signaling. J. Biol. Chem. 273:23750-23757.

Hamelmann, E., K. Takeda, A. Haczku, G. Cieslewicz, L. Shultz, Q. Hamid,
Z. Xing, J. Gauldie, and E. W. Gelfand. 2000. Interleukin (IL)-5 but not
immunoglobulin E reconstitutes airway inflammation and airway hyperre-
sponsiveness in IL-4-deficient mice. Am. J. Respir. Cell Mol. Biol. 23:327-334.

Brusselle, G., J. Kips, G. Joos, H. Bluethmann, and R. Pauwels. 1995. Aller-
gen-induced airway inflammation and bronchial responsiveness in wild-
type and interleukin-4-deficient mice. Am. J. Respir. Cell Mol. Biol. 12:
254-259.

Rankin, J. A., D. E. Picarella, G. P. Geba, U.-A. Temann, B. Prasad, B. Di-
Cosmo, A. Tarallo, B. Stripp, J. Whitsett, and R. A. Flavell. 1996. Pheno-
typic and physiologic characterization of transgenic mice expressing inter-
leukin 4 in the lung: lymphocytic and eosinophilic inflammation without
airway hyperreactivity. Proc. Natl. Acad. Sci. USA 93:7821-7825.

Foster, P. S., Y. Ming, K. I. Matthei, I. G. Young, J. Temelkovski, and R. K.
Kumar. 2000. Dissociation of inflammatory and epithelial responses in a
murine model of chronic asthma. Lab. Invest. 80:655-662.



