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Abstract

Excessive neutrophil activation causes posttraumatic com-
plications, which may be reduced with hypertonic saline
(HS) resuscitation. We tested if this is because of modulated
neutrophil function by HS. Clinically relevant hypertonicity
(10-25 mM) suppressed degranulation and superoxide for-
mation in response to fMLP and blocked the activation of
the mitogen activated protein kinases (MAPK) ERK1/2 and
p38, but did not affect Ca?>* mobilization. HS did not sup-
press oxidative burst in response to phorbol myristate ace-
tate (PMA). This indicates that HS suppresses neutrophil
function by intercepting signal pathways upstream of or
apart from PKC. HS activated p38 by itself and enhanced
degranulation in response to PKC activation. This enhance-
ment was reduced by inhibition of p38 with SB203580, sug-
gesting that p38 up-regulation participates in HS-induced
enhancements of degranulation. HS had similar effects on
the degranulation of cells that were previously stimulated
with fMLP, but had no effect on its own, suggesting that HS
enhancement of degranulation requires another signal. We
conclude that depending on other stimuli, HS can suppress
neutrophil activation by intercepting multiple receptor sig-
nals or augment degranulation by enhancing p38 signaling.
In patients HS resuscitation may reduce posttraumatic comp-
lications by preventing neutrophil activation via chemo-
tactic factors released during reperfusion. (J. Clin. Invest.
1998. 101:2768-2779.) Key words: hypertonic saline resusci-
tation « neutrophil activation and function « inflammation «
signaling « MAP kinase

Introduction

Activated neutrophils can adhere to endothelial cells in blood
vessels, migrate into tissues along a chemotactic gradient, and
release cytotoxic mediators such as proteases, hydrolases, and
reactive oxygen species. Precise coordination of these neutro-
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phil functions is vital for a successful immune defense. The im-
portance of precise control of neutrophil function can also be
seen with patients who suffer from recurrent infections be-
cause of disorders affecting neutrophil functions.

Severe trauma, burn, and hemorrhage activate neutrophils
and can trigger excessive release of cytotoxic mediators, dam-
aging host tissues and resulting in major posttraumatic compli-
cations such as adult respiratory distress syndrome (ARDS)!
and multiple organ failure syndrome (MOFS) (1, 2). Rapid
restoration of blood pressure after bleeding can lower the risk
of these posttraumatic complications and increase the chances
of survival after trauma.

In recent years, the use of hypertonic saline (HS) solutions,
usually consisting of 7.5% NaCl, for the resuscitation of
trauma victims has increased because these solutions restore
blood pressure after hemorrhage more quickly than conven-
tional isotonic fluids (3). The interest in HS resuscitation has
resulted in several experimental and clinical trials demonstrat-
ing that HS is safe despite the fact that it increases plasma os-
molality (4-7). In addition, some data indicated that HS resus-
citation may improve the outcome of subgroups of trauma
patients by reducing posttraumatic complications (8). The rea-
sons for these effects of HS are unknown.

In the present study, we investigated the effects of HS on
the functions of human neutrophils to determine if HS could
prevent excessive neutrophil activation and thereby reduce
neutrophil-mediated posttraumatic complications.

Methods

Materials, cell isolation, culture, and stimulation. Neutrophils were
isolated from the heparinized peripheral blood of healthy human vol-
unteers by density gradient centrifugation using Mono-Poly resolving
medium as described by the manufacturer (ICN Biomedicals, Inc.,
Aurora, OH). Neutrophils were washed twice with HBSS without
Ca?* and Mg?* (Sigma Chemical Co., St. Louis, MO) and once with
HBSS with Ca?" and Mg?*. Viability was > 95% as assessed with try-
pan blue dye exclusion, and purity was > 98% as determined by dif-
ferential cell counting. All experiments were performed under sterile
and pyrogen-free conditions at 37°C. Cells were stimulated with in-
creasing levels of HS, either alone or together with PMA or formyl-
methionyl-leucyl-phenylalanine (fMLP; both from Sigma Chemical
Co.) at final concentrations of 10 ng/ml or 1 pM, respectively.

The inhibitor of MEK-1, PD98059, was from New England Bio-

1. Abbreviations used in this paper: ARDS, adult respiratory distress
syndrome; ERK, extracellular-regulated kinase; HS, hypertonic sa-
line; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated pro-
tein kinase; MEK, MAP/ERK kinase; MOFS, multiple organ failure
syndrome; MPO, myeloperoxidase; *O,~, superoxide radical anion;
PKC, protein kinase C; PTyr, phosphotyrosine.



labs, Inc. (Beverly, MA) and the specific p38 MAPK inhibitor
SB203580 was a generous gift from Dr. Lee at SmithKline Beecham
Pharmaceuticals (King of Prussia, PA).

Hypertonic stimulation. Media were made hypertonic by adding
appropriate volumes of an NaCl solution to the respective culture
medium used for a particular assay. Alternatively, in some experi-
ments KCI, choline chloride, or sucrose was used instead of NaCl. All
reagents were of tissue culture grade and from Sigma Chemical Co.
For studies in which cells were transiently exposed to hypertonic con-
ditions, appropriate volumes of water were added at desired time
points to re-establish isotonic culture conditions.

Neutrophil elastase and myeloperoxidase release. After stimula-
tion for 3 h, cells were sedimented by centrifugation at 50 g for 10
min, and released elastase activity in the supernatants was measured
as described elsewhere (9). Briefly, 20 pl of supernatant was mixed
with 70 pl of a buffer consisting of 50 mM Tris/HCl, 100 mM NaCl,
and 0.05% (vol/vol) Triton X-100, pH 7.4 containing the elastase spe-
cific chromogenic substrate N-methoxysuccinyl-(L-alanyl),-L-prolyl-
L-vaniline 4-nitroanilide (MeoSuc-AAPV-pNa; Sigma Chemical Co.)
at a final concentration of 1 mM. After 30 min at room temperature,
the change in optical density was measured at a wave length of 405 nm.
Myeloperoxidase (MPO) activity in the supernatants was measured
with the chromogenic substrate 3,3’-dimethoxybenzidine as described
by the manufacturer (Sigma Chemical Co.). Briefly, 20 pl of superna-
tant was mixed with 80 wl of a 50 mM phosphate-citrate buffer, pH
5.0 containing 83 pg/ml 3,3’-dimethoxybenzidine and 0.2 pl/ml 30%
H,0,. The mixtures were incubated for 30 min at room temperature
and substrate conversion was measured at 405 nm. Under the condi-
tions used, PMA and fMLP caused significant release of elastase and
MPO with 42+£5% of the total elastase activity using PMA, 39£5%
using fMLP, and 11+1 without stimulation.

Superoxide formation. Neutrophil superoxide radical (*O,) for-
mation was measured in 96-well tissue culture plates. Increasing lev-
els of NaCl were added to 80 wl/well HBSS containing 100 M cyto-
chrome ¢, and 1 pM fMLP. Reference samples were prepared
identically, except that 50 pg/ml superoxide dismutase was added.
The tissue culture plates were prewarmed to 37°C and 20 pl of neu-
trophil preparation was added at a final concentration of 2 X 10°
cells/well. After 10 min, optical density changes were measured with a
plate reader at a wavelength of 550 nm. In some experiments, H,O,
production was measured in addition to *O,~ using the method de-
scribed by Ruch et al. (10).

Chemotaxis. The effect of HS on neutrophil chemotaxis was de-
termined as described elsewhere (11). In short, a solution of 5% ho-
mologous zymosan-activated serum (ZAS), which contains the
chemoattractant complement fragments C5a and C3a, in RPMI-1640
was added to the lower wells of a Neuro Probe 96-well chemotaxis
chamber (Neuro Probe, Inc., Cabin John, MD). A polycarbonate fil-
ter sheet with a pore size of 2 um separated these lower wells from
the upper wells containing a suspension of neutrophils (10° cells/well)
in RPMI-1640 supplemented with increasing concentrations of NaCl.
After an incubation period of 1 h at 37°C, the chamber was disassem-
bled and the neutrophils in the lower 96-well plate were sedimented
by centrifugation at 250 g for 15 min at room temperature. The cells
were lysed with 50 mM phosphate-citrate buffer, pH 5.0 containing
0.2% (vol/vol) of Triton X-100, and the number of migrated neutro-
phils was estimated by determining myeloperoxidase activity in the
cell lysates. In a separate 96-well plate, 40 pl of the cell lysates were
mixed with 160 pl of a 50 mM phosphate-citrate buffer, pH 5.0 con-
taining 83 pg/ml 3,3'-dimethoxybenzidine and 0.2 pl/ml 30% H,O,.
The mixtures were incubated for 30 min at room temperature and op-
tical density changes were measured at 405 nm with a plate reader.

Immunoprecipitation. Neutrophils (107 cells) were resuspended
in HBSS and exposed to increasing levels of NaCl at 37°C for the de-
sired time periods. The cells were centrifuged at 250 g and 4°C for 5
min, and lysed with 1 ml of an ice-cold lysis buffer containing 50 mM
Tris/HCI, 150 mM NaCl, 1% Triton X-100, pH 8.0, 1 pg/ml each leu-
peptin, pepstatin and antipain, 100 pg/ml PMSF, 1 mM EDTA, 1 mM

NaF, and 1 mM Na;VO,. The lysates were vortexed and kept on ice
for 10 min. Cell debris were further homogenized by aspiration
through a 21-gauge needle. The lysates were transferred to microcen-
trifuge tubes and sedimented at 10,000 g and 4°C for 15 min. Ty-
rosine-phosphorylated proteins were precipitated with 3 pg of the
monoclonal antiphosphotyrosine (PTyr) antibody 4G10 (UBI, Lake
Placid, NY) for 1 h at 4°C, followed by overnight incubation at 4°C
under constant shaking with 50 ul protein A-agarose (Pierce, Rock-
ford, IL). The immunoprecipitates were washed three times with ice-
cold phosphate-buffered saline.

SDS-PAGE electrophoresis. Immunoprecipitates (prepared as
described above) or neutrophil pellets (containing 10° cells) were
boiled for 5 min with 50 pl SDS sample buffer containing 0.5 M Tris/
HCI, pH 6.8, 20% glycerol, 10% SDS, 0.1% bromophenol blue, and
10 mM dithiothreitol. After centrifugation for 3 min at 15,000 rpm, 30
wl of the supernatants were separated by SDS-PAGE electrophoresis
using 1-mm thick 8-16% Tris/glycine polyacrylamide gradient gels
and a running buffer containing 24 mM Tris base, 192 mM glycine,
and 1 gram/liter SDS (Novex, San Diego, CA).

Immunoblotting and antibodies. After electrophoretic separa-
tion, the gels were incubated for 10 min in transfer buffer consisting
of 12 mM Tris, 96 mM glycine, and 20% methanol. Proteins were
transferred to PVDF membranes (Immobilon-P; Millipore Corp.,
Bedford, MA) using a Millipore semi-dry chamber for 3 h at a current
of 250 mA/gel. The membranes were removed and incubated in blot-
ting buffer (Tris-buffered saline, TBS: 10 mM Tris/HCl, 150 mM
NaCl, pH 8.0) containing 5% dry milk and 0.05% Tween-20 for 1 h at
room temperature. The membranes were incubated for 1 h with pri-
mary antibody in TBS containing 0.05% Tween-20 (TBS/Tween),
washed once for 15 min and twice for 5 min with TBS/Tween, and in-
cubated with the secondary horseradish peroxidase conjugated anti-
body (1:2,000) for 20 min (Amersham International, Little Chalfont,
United Kingdom). Affinity-purified polyclonal rabbit antibodies to
MAPK p38, INK1/2, and ERK1/2 (Santa Cruz Biotechnology, Santa
Cruz, CA) were used at dilutions of 1:2,000, 1:200, and 1:2,000, re-
spectively. Phospho-specific antibodies recognizing ERK1/2 (Tyr204)
and MAPK p38 (Thr180/Tyr182) were obtained from New England
Biolabs, Inc. and used at a dilution of 1:500. The membranes were
washed with TBS/Tween once for 15 min and four times for 5 min.
Antibody complexes were detected with an ECL assay kit (Amer-
sham International) according to the manufacturer’s instructions.

Intracellular Ca** measurements. Intracellular Ca’* levels in iso-
lated human neutrophils were determined with a spectrofluorimeter
using Fura-2 AM as described earlier (12).

Results

HS inhibits neutrophil functions. Stimulation of neutrophils
via their receptors for chemotactic agents such as fMLP and
C5a triggers chemotaxis, degranulation, and the release of en-
zymes such as elastase and MPO, and oxidative burst leading
to the formation of reactive oxygen species such as superoxide
radical (*O,”) and H,0O,. Many of these products have been
implicated in the progression of posttraumatic ARDS and
MOFS, where excessive neutrophil activation causes the de-
struction of host tissues in the lungs and other vital organs. We
determined the effect of HS, both alone or in combination
with fMLP, on the release of elastase and MPO, the formation
of 0,7, and on chemotaxis. At levels > 50 mM, HS alone
stimulated elastase and MPO release (Fig. 1, A and B) by non-
stimulated neutrophils. fMLP alone stimulated a larger release
of elastase and MPO. However, when neutrophils were stimu-
lated with fMLP and increasing concentrations of HS at the
same time, the fMLP-stimulated elastase and MPO release
were inhibited in a dose-dependent manner. Inhibition of 50%
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Figure 1. Effect of HS on neutrophil functions. Neutrophils were exposed to increasing levels of hypertonicity by adding NaCl. These cells were
simultaneously stimulated with 1 uM fMLP (closed circles) or remained nonstimulated (open circles). Then elastase (A) and myeloperoxidase

(B) release, and superoxide formation (C), as well as chemotaxis were determined (D). For activation of chemotaxis, 5% (vol/vol) of zymosan-
activated homologous serum was used instead of fMLP. At physiologically relevant levels (< 100 mM), HS had little influence on nonstimulated
cells but markedly reduced the functions of fMLP-stimulated cells. HS at high levels (> 100 mM) caused enzyme release of stimulated and non-
stimulated cells. Values are expressed as mean*SD of experiments performed with replicates (n = 3) and the data shown are representative of

individual experiments with cells from different donors (n = 5).

was obtained for both enzymes when the media hypertonicity
was increased by 10-20 mM.

Nonstimulated cells produced basal levels of *O,~ at iso-
tonic conditions, probably as a result of nonspecific stimula-
tion caused by the cell isolation process (Fig. 1 C). HS reduced
basal *O,” formation and significantly inhibited O, forma-
tion of fMLP-stimulated neutrophils. This inhibition occurred
in a dose-dependent manner and reached 50% at HS concen-
trations similar to those which suppressed the release of
elastase and MPO by half, i.e., 10-25 mM.

The ability of neutrophils to migrate toward a chemical
gradient is essential for locating and gathering at sites of infec-
tion or inflammation. In trauma patients, neutrophils migrate
from the bloodstream into organs such as the lungs, where
they engage in degranulation and oxidative burst, thus damag-
ing host tissue. The effect of HS on neutrophil chemotaxis in-
duced by zymosan-activated serum was evaluated. HS reduced
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neutrophil chemotaxis at concentrations of = 30 mM, with
50% suppression achieved at 10 mM HS (Fig. 1 D).

These findings demonstrate that all neutrophil functions
are markedly suppressed by the HS levels that exist in the
plasma of HS-resuscitated trauma patients. In these experi-
ments, HS was added at the same time as the stimuli used to
activate neutrophil functions.

Hypertonic KCI, choline chloride, and sucrose inhibit neu-
trophil function. To determine whether the effects of HS on
neutrophil functions are caused by hypertonic stimulation or
by a direct action of NaCl, we compared the effects of NaCl,
choline chloride, KCl, and sucrose. Medium osmolality was in-
creased by adding these compounds to the culture medium
and fMLP-stimulated superoxide formation was measured.
Neutrophil superoxide formation was suppressed at similar
rates by KCl, NaCl, and choline chloride (Fig. 2). Equimolar
concentrations of sucrose caused approximately half of the
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Figure 2. Hypertonic KCl, choline chloride, and sucrose inhibit neu-
trophil function. Neutrophils were stimulated with 1 puM fMLP and
hypertonic levels of NaCl, KCl, choline chloride, and sucrose, then
superoxide formation was measured. All ionic compounds sup-
pressed superoxide formation in a similar fashion, indicating that hy-
pertonicity rather than NaCl itself suppresses neutrophil functions.
Values are expressed as mean=SD of experiments performed with
replicates (n = 3) and the data shown are representative of individual
experiments with cells from different donors (n = 2).

suppressive effects of the ionic compounds. This reflects the
fact that sucrose (and other nonionic compounds) increase a
solution’s osmolality only half as much as the ionic compounds
shown in Fig. 2. These results suggest that hyperosmolality,
rather than the compound used to achieve it, affects neutrophil
function.

Length of HS exposure determines the duration of suppres-
sion of neutrophil function. In healthy humans, the major con-
tributor to plasma osmolality, NaCl, ranges from 135-145 mM.
However, in any one individual, plasma Na* levels are thought
to be tightly controlled. When trauma patients are infused with
250 ml of a 7.5% NaCl solution, plasma Na" would be ex-
pected to rise by ~ 100 mM. In reality, the body quickly cor-
rects plasma Na™, and in HS-resuscitated patients, plasma Na*
levels are typically found to be only 10-20 mM beyond isotonic
levels. However, these levels can remain elevated for up to 4 h.
We investigated the effects of such transient increases in osmo-
lality on neutrophil function. Neutrophils were exposed to 20,
50, or 100 mM of HS for 0.5, 2.0, 5.0, or 10.0 min and then re-
turned to isotonic levels by adding water. At various intervals
thereafter, the cells were stimulated with fMLP and superox-
ide formation was measured. Neutrophil superoxide formation
was completely suppressed for > 3 h when the cells were ex-
posed to hypertonicity levels of 50 mM for 2 min. Exposure to
100 mM for 30 s suppressed neutrophil superoxide formation
by 60% for > 3 h. Exposure to 20 mM for 10 min suppressed
superoxide formation by 40-50% for ~ 1 h, after which the
cells seemed to regain normal responsiveness. Exposure to 20
mM HS for 2 min resulted in a more transient suppression
(Fig. 3). These results indicate that transient increases in osmo-
lality are sufficient to cause prolonged suppression of neutro-
phil superoxide formation.

HS blocks neutrophil functions by uncoupling fM LP signal-
ing. fMLP rapidly activates a host of signaling intermediates

such as phospholipase C (PLC), PKC, and the Ras/Raf/MEK/
ERK pathway (13). HS rapidly blocked neutrophil activation,
suggesting that HS-induced signals behave in a dominant man-
ner to block signaling events triggered by the fMLP receptor.
If so, addition of HS to previously stimulated cells should not
be able to interfere with neutrophil activation because the
fMLP signal would have already reached its target before it
could be blocked by HS. Indeed, when HS was added after
stimulation with fMLP, superoxide formation was not substan-
tially inhibited and elastase release was even augmented (Fig.
4 A). This and the speed of HS-induced suppression suggest
that HS uncouples very early steps in the fMLP signaling path-
way. We stimulated cells with PMA instead of fMLP to deter-
mine if the site at which HS suppresses fMLP signaling is up-
stream of PKC activation. HS did not suppress elastase release
of PMA-stimulated cells regardless of whether HS was added
before or after PMA (Fig. 4 B). This suggests that HS blocks
fMLP signaling upstream of PKC. In addition we observed
that HS enhanced enzyme release of PMA-stimulated cells
suggesting that HS not only has the capability to suppress
fMLP signaling but is also able to enhance signaling events
that are downstream of PKC.

HS augments PMA-induced enzyme release. fMLP activates
neutrophils by binding to a seven transmembrane-spanning re-
ceptor (13). A coupled heterotrimeric G protein triggers sub-
sequent signaling steps that include the PKC, ERK1/2, and p38
signal transduction pathways (14, 15). The data shown above
suggest that HS may intercept the signaling pathways originat-
ing from the fMLP receptor and thereby suppress neutrophil
activation. To further define the steps at which HS signaling
inhibits fMLP-induced signaling, we tested the effects of HS
on superoxide formation and enzyme release of PMA-stimu-
lated neutrophils.

transient
HS-stimulation

100 2 min 20 MM

~ formation [% of control]

o

0

5 min 100 mM

0 T T T T T
0 50 100 150 200

time of fMLP-stimulation after HS exposure [min]

Figure 3. The duration and extent of suppression depends on the
length and level of HS exposure. Neutrophils were exposed to differ-
ent levels of HS for 0.5, 2, 5, or 10 min before restoring isotonic condi-
tions. At increasing time intervals thereafter, cells were stimulated
with 1 puM fMLP and superoxide formation was tested. The degree
and duration of suppression of superoxide formation depended on
the level of HS and the length of exposure to these levels. Values are
expressed as mean*SD of experiments performed with replicates
(n = 3) and the data shown are representative of individual experi-
ments with cells from different donors (n = 3).
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Figure 4. HS blocks neutrophil functions by uncoupling fMLP signal-
ing. Neutrophils were exposed to 50 mM HS 5 min before or 5 min af-
ter stimulation with 1 puM fMLP (A) or 10 ng/ml PMA (B) and the
resulting elastase release was determined. Nonstimulated cells pro-
duced base levels of elastase (no stim.), which were not changed by
HS alone (HS). fMLP and PMA stimulated significantly higher levels
of elastase release (fMLP, PMA). HS reduced the response to fMLP
when the cells were first stimulated with HS (HS - fMLP), and en-
hanced the response when the cells were first stimulated with fMLP
followed by HS (fMLP - HS). HS enhanced neutrophil elastase re-
lease of PMA-stimulated cells regardless of whether the cells were
stimulated with HS (HS - PMA) or PMA (PMA - HS) first. Values
are expressed as mean=*SD of experiments performed with replicates
(n = 3) and the data shown are representative of individual experi-
ments with cells from different donors (n = 3).

When neutrophils were simultaneously exposed to increas-
ing levels of HS plus PMA, HS at concentrations up to ~ 50
mM augmented the release of elastase and MPO (Fig. 5,4 and
B). At similar concentrations, HS only moderately reduced
*O,~ formation (Fig. 5 C). An approximately fivefold higher
HS concentration (100-150 mM) was needed for 50% suppres-
sion of the oxidative burst of PMA-stimulated neutrophils
compared to fMLP-stimulated cells (50% inhibition at 20-30
mM HS; see Fig. 1 C). The ability of PMA to overcome to a
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large extent the HS-induced inhibition of neutrophil functions
confirms that HS uncouples fMLP-signaling upstream of PKC
before a point of bifurcation of the fMLP signal that leads to
downstream targets involved in oxidative burst and degranula-
tion.

The data presented in Fig. 1 and Fig. 5 also indicate that HS
exhibits two distinct sets of effects on neutrophil functions. At
low levels (< 50 mM), HS suppresses all functions triggered by
activation of chemoattractant receptors (Fig. 1) and enhances
enzyme release when the blockade of receptor signaling is cir-
cumvented, for example with PMA (Fig. 5, A and B). At pro-
gressively higher levels (> 100 mM), HS gradually suppressed
PMA-activated oxidative burst and enzyme release, possibly
through a mechanism unrelated to the one governing at low
HS levels. HS at high levels stimulated enzyme release of non-
stimulated as well as fMLP-stimulated cells, which could re-
flect cell damage (Fig. 1, A and B).

HS does not affect fM L P-induced intracellular Ca*>* signal-
ing. HS at low levels appears to suppress fMLP-stimulated
neutrophil functions by blocking fMLP signaling as suggested
above. However, another explanation of the suppressive effect
of HS could be that HS may reduce the affinity of the fMLP
receptor to bind its ligand. The latter scenario would result in
the suppression of all signals originating from the fMLP recep-
tor and thus HS would be expected to abolish all fMLP recep-
tor-induced signaling processes. To investigate this possibility,
we determined the effect of HS on Ca?* signaling in response
to fMLP stimulation. Neutrophils were stimulated with fMLP
in the presence or absence of 50 mM HS, and intracellular
Ca?* was determined. HS did not alter intracellular Ca2* levels
of nonstimulated cells or of fMLP-stimulated cells. Pre-expo-
sure of neutrophils to HS had no effect on the increase in intra-
cellular Ca®>* concentrations in response to fMLP stimulation
(Fig. 6). This indicates that HS does not reduce the ligand
binding properties of the fMLP receptor and that HS inter-
cepts fMLP signaling downstream of or apart from Ca?* mobi-
lization.

HS induces rapid tyrosine phosphorylation of cellular pro-
teins. We have previously observed that HS exposure in-
creases the phosphotyrosine (PTyr) content of cellular pro-
teins in T cells, probably by activation of protein tyrosine
kinases (14). To test whether HS has a similar effect on neu-
trophils, cells were exposed to increasing levels of HS for 15
min, lysed, and protein tyrosine phosphorylation was deter-
mined with anti-PTyr immunoblotting. Fig. 7 shows that ex-
posure of PMNs to HS caused increased tyrosine phosphor-
ylation in a dose-dependent manner. These proteins had
approximate molecular masses of 15, 25-29, 31-34, 38, 52, 55,
66, 116, 137, and 180 kD. The phosphotyrosine content of most
of these proteins was more than doubled by 20 mM HS but
could be increased by up to 100-fold at higher HS levels
(Fig. 7, left). Tyrosine phosphorylation in response to HS was
rapid and transient (Fig. 7, right). All PTyr-containing proteins
were maximally phosphorylated within 1-5 min after addition
of 100 mM HS. Within 30 min most proteins returned to their
baseline PTyr content, with the exception of the 180-kD pro-
tein.

HS selectively induces tyrosine phosphorylation of MAPK
p38. Hypertonic stress is known to activate MAPK p38 in sev-
eral cell types (17, 18). We tested the possibility that HS could
activate p38 and/or other MAPKSs in neutrophils by exposing
cells to increasing levels of HS for 15 min and measuring ty-
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rosine phosphorylation of MAPK p38, ERK1/2, and JNK1/2 as
a reflection of the activation of these MAPKs. Fig. 8 A demon-
strates that HS exposure caused tyrosine phosphorylation of
MAPK p38 in a dose-dependent fashion. At 20 mM HS, phos-
phorylation of MAPK p38 was ~ 10-fold higher than under
isotonic conditions, as determined by densitometry. In con-
trast, the same concentration of HS did not cause detectable
changes in the tyrosine phosphorylation of ERK1/2 or JNK1/2
(Fig. 8 A). Increased (two- to fivefold) tyrosine phosphoryla-
tion of JNK1/2 was observed only when the cells were exposed
to 400 mM HS.

fMLP activates ERK1/2 and p38 MAPKs. We compared the
effects of fMLP and HS on phosphorylation of ERK1/2 and
p38 MAPKSs using phospho-specific antibodies. HS at 40 mM
caused significant phosphorylation of p38 within 1 min and
over the course of 2 h the level of p38 phosphorylation rose
further to 10-fold of its baseline level. HS stimulation did not
lead to the phosphorylation of ERK1/2 during the 2-h observa-
tion period (Fig. 8 B). In contrast, fMLP stimulation caused
phosphorylation of ERK1/2 as well as p38 MAPK within 1
min. The level of phosphorylation of both MAPK families
reached highest levels between 3 and 5 min (Fig. 8 C). While
ERK1/2 remained phosphorylated for > 30 min, p38 phosphor-
ylation decreased within 10 min and dropped to levels lower

ferent donors (n = 5).

than the level of nonactivated cells. Recently, others reported
similar findings indicating that fMLP activates p38 MAPK in
addition to ERK1/2 (19). Our data indicate that HS selectively
activates p38 in neutrophils, while fMLP simultaneously acti-
vates ERK1/2 and (to a lesser degree) p38. Activation of p38
by both fMLP and HS implies that HS may be able to enhance
p38 signaling and thereby augment neutrophil functions that
require the p38 signaling pathway.

HS prevents fMLP-mediated ERK and p38 activation. As
shown above, HS had little suppressive effect on neutrophil
functions in response to PMA stimulation and did not prevent
intracellular Ca?* signaling in response to fMLP activation.
This suggests that HS could block fMLP receptor signaling by
blocking signaling pathways that are upstream of or apart from
PKC and downstream of or apart from PLC and Ca*" mobili-
zation. Receptor stimulation of neutrophils activates ERK1/2
and MAPK p38. We tested whether HS would interfere with
the pathways that lead to ERK1/2 and p38 MAPK phosphory-
lation. Neutrophils were exposed to HS either 2 min before or
2 min after fMLP stimulation. Cells were lysed, the lysates sep-
arated by electrophoresis, and MAPK activation was deter-
mined by immunoblotting with phospho-specific ERK1/2 or
p38 antibodies. Pre-treatment of neutrophils with 100 mM HS
markedly suppressed fMLP-mediated ERK1/2 and p38 phos-
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Figure 6. HS does not affect Ca* signaling. Neutrophils were loaded
with the Ca?* probe Fura-2 and changes in intracellular Ca?* concen-
trations were measured. The cells were exposed to 50 mM HS (right
trace) or remained at isotonic levels (left trace) and then stimulated
with 1 wM fMLP at the time point indicated with arrows. HS itself did
not trigger Ca?" signaling and did not prevent Ca®" signaling of
fMLP-stimulated cells, indicating that HS does not block fMLP sig-
naling upstream of the steps leading to Ca?* mobilization. The data
shown are representative of individual experiments with cells from
different donors (n = 2).

phorylation (Fig. 9). These data suggest that HS intercepts
fMLP-signaling by blocking the Ras/Raf/MEK/ERK and
MAPK p38 signal pathways. HS did not influence ERK1/2
phosphorylation when HS was added after fMLP but mark-
edly increased the phosphorylation of p38. Under the same
stimulation conditions, HS augmented enzyme release sug-
gesting that HS-induced p38 phosphorylation could be respon-
sible for the enhancing effects of HS on neutrophil degranula-
tion.

MAPK p38 is involved in HS-enhanced enzyme release.
The data shown in Fig. 9 suggest that activation of p38 could
play a role in the HS-induced upregulation of degranulation.
To test this possibility we used the specific p38 inhibitor
SB203580. Cells were treated for 60 min with 125 nM
SB203580 and stimulated with PMA, or with PMA and 40 mM
HS, and elastase release was measured. SB203580 suppressed
PMA-induced elastase release by 40%, which indicates that
p38 is at least in part involved in the activation of neutrophil
enzyme release (Fig. 10 A). HS nearly doubled PMA-acti-
vated elastase release. SB203580 reduced this enhancement
by ~ 50%, suggesting that p38 activation may be at least partly
involved in the mechanisms by which HS enhances neutrophil
enzyme release. This enhancing effect of HS on degranulation
was observed under conditions of stimulation that circum-
vented early pathways that may be suppressed by HS for ex-
ample by using PMA to activate PKC directly. Similar results
were obtained when cells were exposed to HS after their stim-
ulation with fMLP. Under these circumstances, HS also en-
hanced degranulation because the necessary signals may have
passed through the pathways that can be blocked by HS. Simi-
lar to the data with PMA, inhibition of p38 with SB203580
reduced degranulation in response to fMLP and the enhance-
ment of degranulation caused by the addition of HS to fMLP-
stimulated cells (Fig. 10 B).

Superoxide formation does not require p38 or ERKI/2
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MAPK activation. Superoxide formation and degranulation
may differ in their requirements of MAPKs. We questioned
the roles of p38 and ERK1/2 in the signaling events leading to
superoxide formation and degranulation using SB203580 and
PD98059, a specific inhibitor of MEK1. Cells were exposed to
15 uM SB203580 or 50 uM PD98059 for 1 h. The cells were
stimulated with 10 ng/ml PMA and degranulation and super-
oxide formation were measured. Inhibition of the p38 and
ERK1/2 pathways reduced enzyme release by 35 and 40%, but
had little effect on PMA-activated superoxide formation (Fig.
11). These data are supported by recent studies that have
shown that ERK activation is not required for superoxide for-
mation, and that neither ERK nor p38 MAPK are needed for
neutrophil chemotaxis (20, 21). Similar to these studies, our re-
sults suggest that neither ERK1/2 nor p38 MAPKs play a sig-
nificant role in PMA-mediated superoxide formation but both
MAPKSs appear to participate in the signaling leading to de-
granulation. However, additional studies are required to deter-
mine the role of these MAPK pathways on the functional re-
sponses of neutrophils under the influence of other stimulatory
conditions, since these MAPKSs could play roles in signaling
pathways apart from those downstream of PKC. The data
shown in Fig. 11 could explain why HS-induced upregulation
of p38 can augment degranulation, but has little effect on su-
peroxide formation of PMA-stimulated cells.

Proposed mechanism of regulation of neutrophil function
by HS. We have found that hypertonic stimulation can modu-
late neutrophil responses depending on conditions of cell stim-
ulation. HS suppressed neutrophil functions of cells stimulated
with chemoattractants such as fMLP and zymosan-activated
serum. However, HS enhanced degranulation and had little ef-
fect on superoxide formation when the cells were stimulated
with PMA, or when HS was added to cells that had been stim-
ulated with fMLP before.

Fig. 12 depicts a proposed mechanism by which HS could
modulate neutrophil degranulation and superoxide formation
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Figure 7. HS causes increased protein tyrosine phosphorylation in
neutrophils. Neutrophils were exposed to increasing levels of HS for
15 min (left) or to a hypertonicity of 100 mM for different time peri-
ods (right). Protein tyrosine phosphorylation was determined by
SDS electrophoresis and immunoblotting with antiphosphotyrosine
(4G10). Physiologically relevant levels of hypertonicity (= 100 mM)
caused substantial tyrosine phosphorylation of several proteins
within 1 min. The data shown are representative of individual experi-
ments with cells from different donors (n = 3).
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Figure 8. Phosphorylation of neutrophil MAP kinases by HS and fMLP. (A) Neutrophils were exposed to the indicated levels of HS for 15 min,
MAPKSs were precipitated, and tyrosine phosphorylation determined by immunoblotting with antiphosphotyrosine. Low levels of HS (20 mM)
caused significant tyrosine phosphorylation of MAPK p38. Only high HS levels (400 mM) caused noticeable tyrosine phosphorylation of INK1/2
and ERK1/2. (B and C) Neutrophils were stimulated with 40 mM HS or 1 pM fMLP and tyrosine phosphorylation of p38 and ERK1/2 MAPKs
were determined as described in the text. HS increased p38 phosphorylation by fourfold within 1 min but had no effect on ERK1/2 (B). fMLP
caused a 10-fold increase of ERK1/2 phosphorylation and doubled p38 phosphorylation within 3 min after fMLP stimulation (C).

resulting in the findings reported here. Chemoattractant (fMLP)
receptor stimulation triggers a number of signaling events in-
cluding PLC, ERK, and p38 MAPK activation as well as stim-
ulation of NADPH oxidase via Ras, phosphatidyl inositol-3-
kinase (PI3-K), and possibly Rac (13). Changes in extracellular
tonicity are sensed through a hypothetical osmoreceptor that
may be similar to the one identified in yeast (22-26). Through
this receptor, HS triggers specific signals including the activa-
tion of p38 and as yet unidentified intermediate(s) that uncou-
ple several signaling steps originating from the fMLP receptor.
These HS-specific intermediates block NADPH oxidase acti-
vation and signaling via ERK and p38 MAPK, resulting in the
suppression of neutrophil superoxide formation and degranu-
lation (Fig. 12 A). HS-induced p38 activation is not sufficient
to elicit functional responses, but can enhance degranulation
in response to PMA activation (Fig. 12 B). In this case, the
suppressive effect of HS is circumvented because PKC is di-

rectly activated without the need of upstream signaling steps
that are interrupted by HS. In contrast to degranulation, su-
peroxide formation in response to PMA activation is largely
unaffected by HS because activation of NADPH oxidase
seems to be largely independent from the p38 and ERK
MAPKSs. Similar to PMA-stimulated cells, degranulation was
enhanced when neutrophils were exposed to HS after their ac-
tivation via the fMLP receptor. Under these conditions, the
suppressive action of HS on upstream signaling appears to be
unable to halt neutrophil responses probably because the nec-
essary signals have already been transmitted past the point
where they could have been blocked by HS.

The HS-activated signaling intermediate(s) that blocks
fMLP receptor signaling appears to be upstream of p38 and
has to be rapidly activated because HS could block fMLP sig-
naling when the cells were exposed to HS and fMLP at the
same time. HS-induced signals are likely to affect fMLP signal-
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Figure 9. HS prevents fMLP-mediated ERK1/2 and p38 MAPK
phosphorylation. Neutrophils were stimulated with 100 mM HS 2 min
before or after stimulation with 10 uM fMLP. Cells were lysed and
MAPK phosphorylation was estimated by immunoblotting with
phospho-specific antibodies to ERK1/2 and p38 MAPK. Pretreat-
ment of neutrophils with HS blocked fMLP-mediated ERK and p38
phosphorylation. HS added after fMLP stimulation did not affect
ERK1/2 phosphorylation, however markedly augmented p38 phos-
phorylation. The data shown are representative of two individual ex-
periments with cells from different donors.

ing at more than one site that seem to be upstream of the PKC,
ERK, and p38, and can block NADPH oxidase activation.
The detailed mechanisms of interaction of the HS- and fMLP-
induced signaling pathways need to be elucidated in future
studies.

Discussion

This report demonstrates for the first time that hypertonic
stimulation can regulate neutrophil functions by modulating
cellular signaling. Hypertonic stimulation achieved its regula-
tory potential at physiologically relevant levels of hypertonic-
ity (as low as 10 mM beyond isotonicity). Therefore, we be-
lieve these observations could be of considerable physiological
importance.

Others have shown that high levels of hypertonicity, simu-
lating conditions in the renal medulla and urine, markedly sup-
press neutrophil functions (9, 27, 28, 29, 30). Our data with
high HS levels support these findings and show that compara-
tively low levels of hypertonicity have similar effects. In addi-
tion, our results indicate that hypertonic stimulation not only
suppresses but, under the appropriate conditions, also en-
hances some neutrophil functions. To understand how hyper-
tonic stimulation regulates neutrophil functions, we investi-
gated its effects on cellular signaling.

HS exposure increased the phosphotyrosine content of a
number of cellular proteins in a dose- and time-dependent
fashion. Thus, HS stimulation itself activates signal transduc-
tion pathways that involve PTKs and/or protein tyrosine phos-
phatases. HS caused rapid and sustained dual phosphorylation
of p38 MAPK on Thr180 and Tyr182. Dual phosphorylation of
these residues is required for p38 MAPK activation, thus indi-
cating that HS exposure leads to the activation of p38 MAPK
in neutrophils. This is consistent with reports showing similar
effects of HS on p38 MAPK in other mammalian cell types
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Figure 10. The p38 inhibitor SB203580 suppressed enzyme release
but not superoxide formation. Neutrophils were pretreated for 1 h
with the p38 inhibitor SB203580 (0.125 M) and elastase release in
response to activation with 10 ng/ml PMA or 10 ng/ml PMA + 40 mM
HS was measured (A). The baseline elastase release of nonstimulated
cells (cells) was not influenced by SB203580. SB203580 reduced
PMA-activated elastase release by 40%. HS nearly doubled PMA-
activated elastase release and SB203580 suppressed this HS-
enhanced elastase release by ~ 50%. (B) Untreated or SB203580-
treated neutrophils were stimulated with 1 uM fMLP or with 1 uM
fMLP followed by 40 mM HS after 2 min and elastase release was de-
termined. Similar to the findings with PMA, HS increased fMLP-
mediated elastase release. Inhibition of p38 MAPK with SB203580
reduced both fMLP-stimulated enzyme release and its enhancement
by addition of HS to fMLP-stimulated cells. Values are expressed as
mean=*SD of experiments performed with replicates (n = 3) and the
data shown are representative of individual experiments with cells
from different donors (n = 2).

and in yeast (17, 18). Low HS levels (< 100 mM) did not ap-
pear to activate the other MAPK family members ERK1/2 and
JNK1/2, as evidenced by the lack of tyrosine phosphorylation.
This indicates that HS selectively activates p38 MAPK in neu-
trophils.

We found that fMLP phosphorylated ERK1/2 as well as
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Figure 11. ERK and p38 MAPK play roles in PMA-stimulated de-
granulation but not superoxide formation. Neutrophils were pre-
treated for 1 h with SB203580 (0.125 uM) or PD98059 (100 uM),
stimulated with 10 ng/ml PMA, and elastase release and superoxide
formation were measured. Inhibition of p38 with SB203580 caused a
35% reduction of elastase release but decreased superoxide forma-
tion by < 10%. Blocking the ERK MAPK pathway with PD98059 re-
sulted in a 40% suppression of elastase release and a 5% reduction of
superoxide formation. This indicates that ERK and p38 MAPKs are
at least in part required for degranulation but not for superoxide for-
mation of PMA-stimulated neutrophils. Values are expressed as
mean=SD of experiments performed with replicates (n = 3) and the
data shown are representative of individual experiments with cells
from different donors (n = 2).

p38 MAPKs. Krump et al. (19) also recently reported that
fMLP activates both ERK and p38 MAPKSs in neutrophils.
Therefore, fMLP, in contrast to HS at low levels (< 100 mM),
activates both ERK1/2 and p38. The role of MAPK activation
in neutrophil signaling is poorly understood. We investigated
how the inhibition of ERK1/2 and p38 would affect neutrophil
enzyme release and oxidative burst. While inhibition of ERK1/2
and p38 signaling with PD98059 and SB203580 had little effect
on PMA-mediated superoxide formation, it clearly reduced
PMA-activated elastase release. This suggests that ERK1/2
and p38 MAPKSs participate in signaling leading to enzyme re-
lease, but not superoxide formation. Similar results have been
obtained by other investigators who found that MAPK activa-
tion is not necessary for some neutrophil functions, but is in-
volved in others (20, 31), and by a recent report in which it was
proposed that secretion but not oxidase activation involves sig-
naling via ERK MAPK (32). This conclusion is not surprising
considering that maximum ERK and p38 phosphorylation oc-
curs 2-5 min after fMLP stimulation, while superoxide forma-
tion commences within seconds.

Exposure of neutrophils to HS and fMLP, both of which
activate p38, would be expected to result in a greater stimula-
tion of neutrophil functions that depend on p38 activation than
either of these stimuli could provide alone. Accordingly, HS
enhanced enzyme release (but not superoxide formation) un-
der conditions of stimulation that circumvent the overriding
suppressive property of HS, namely with PMA or addition of
HS subsequent to receptor activation. This and the fact that in-
hibition of p38 with SB203580 reduced the enhancement of en-
zyme release caused by HS strongly suggest that the up-regula-

tion of neutrophil functions by HS is a consequence of
augmented p38 signaling.

Environmental stress signals such as hypertonic stress, UV-
irradiation, and heat shock have been shown to cause p38
MAPK activation in several cell types (17, 18). The mecha-
nisms by which these environmental signals activate p38
MAPK are still largely unknown. However, HS has been
shown to activate the yeast p38 MAPK homologue, HOG-1,
through a two-component osmosensing system that consists of
a membrane bound osmosensor molecule and a cytosolic com-
ponent (22-25, 31). The existence of similar osmosensing sys-
tems or osmoreceptors in mammalian cells has been proposed
but has not been demonstrated to date (33). Nevertheless, it
seems conceivable that neutrophils (and other mammalian
cells) may have a similar osmosensing system through which
HS activates specific signaling pathways including p38 activa-
tion.

Enhancement of neutrophil functions was seen when cells
were stimulated with PMA or with HS after they had been
stimulated with fMLP. When HS is added before or at the
same time at which fMLP receptor stimulation is attempted,
all neutrophil functions were blocked. How can this inhibitory
function of HS be explained? HS prevented ERK and p38
MAPK phosphorylation in response to fMLP, indicating that
HS signaling may intercept fMLP-mediated Ras/Raf/MEK/
ERK and p38 signaling. HS did not prevent Ca*>* signaling in
response to fMLP, suggesting that HS does not affect fMLP-
induced PLC and Ca?" mobilization. Thus, HS does not block
fMLP-receptor signaling completely, for example by prevent-
ing fMLP/fMLP receptor binding. HS was unable to block
neutrophil function when the cells were stimulated with PMA,
suggesting that HS signaling may interfere with fMLP receptor
signaling upstream of or apart from PKC activation. The fact
that HS did not suppress neutrophil functions when the cells
were stimulated with fMLP before adding HS indicates that
HS can no longer block fMLP signaling once the signal from
the fMLP receptor has passed beyond a certain point toward
downstream targets. These observations place the sites at
which fMLP signaling is blocked somewhere between the
fMLP receptor and upstream of (or apart from) PKC. Besides
degranulation, HS blocked superoxide formation. NADPH
oxidase activation appears to be largely independent from the
signaling pathways leading to degranulation. Therefore, HS
may intercept either very early signaling events that originate
from the fMLP receptor, or a number of different signaling
pathways leading to different functional responses. The exact
points of interception have yet to be defined. HS-induced sig-
naling intermediates may intercept fMLP signaling, either by
“preoccupying” intermediates that are needed for both fMLP
and HS signaling or by actively blocking fMLP signaling. From
our data, we conclude that p38, often referred to as stress-sig-
naling kinase, is not directly responsible for blocking fMLP
signaling but can enhance degranulation under the conditions
discussed above. Further study is needed to obtain a more de-
tailed picture of the signaling mechanisms triggered by HS and
the intermediate(s) responsible for suppression of neutrophil
activation.

A principal aim of trauma research has been to devise ther-
apeutic approaches to limit neutrophil activation after injury in
the hope of preventing inflammation and organ damage. In
previous studies, we found that HS resuscitation prevents
ARDS-like lung injury in hemorrhaged mice, and that this was
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Figure 12. Proposed mechanisms of modulation of neutrophil degranulation and superoxide production by HS. Addition of HS before or at the
time of stimulation with fMLP blocks superoxide formation and degranulation by uncoupling of several upstream signaling steps originating
from the fMLP-receptor (A). When these upstream signaling steps are circumvented by using PMA instead of fMLP or by adding HS after
fMLP, HS does not affect superoxide formation but enhances degranulation by amplifying the p38 signaling pathway.

accompanied by reduced leukopenia (33). Saetzler et al. (34)
recently used intravital microscopy to show that neutrophil
rolling and sticking is significantly reduced by HS resuscitation
of hemorrhaged animals. Clinical trials have shown that HS re-
suscitation can improve the outcome in surgical trauma pa-
tients by reducing posttraumatic complications (8, 35-37). HS
resuscitation causes an increase of plasma Na* levels that, ac-
cording to the in vitro data presented in the present report sig-
nificantly prevents neutrophil activation. We propose that the
experimental and clinical findings mentioned above could be
related to the inhibition of neutrophil activation by HS.

In summary, we have shown in this report that HS sup-
presses neutrophil functions when HS is given before or at the
time of fMLP receptor stimulation, and that HS can enhance
degranulation when neutrophils are exposed to HS only min-
utes after they had been stimulated with fMLP. Translated
into the clinical reality, our data suggest that HS resuscitation
may prevent neutrophil activation caused by chemotactic
agents that emerge during reperfusion. However, HS may aug-
ment neutrophil degranulation and subsequently increase the
risk of tissue damage in cases where patients are treated with
HS when the patient’s neutrophils were already activated be-
fore HS treatment. Clinical and additional experimental stud-
ies have to be used to determine the optimal conditions of HS
resuscitation and potential risks.
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Plasma Na* levels of healthy humans range from 135-145
mM and can change in the same individual by as much as 20
mM depending on physical exercise, seasonal and climate
changes, and age (38, 39). It is intriguing to speculate that such
changes in plasma osmolality might modulate neutrophil func-
tion in vivo.
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