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Abstract

We reported previously that hypertonic saline (HS) treatment can prevent or upregulate the
function of polymorphonuclear neutrophils (PMN) via A2a adenosine receptors (A2aR) or A3
adenosine receptors (A3R), respectively. A3R translocate to the cell surface upon PMN
stimulation and thus HS promotes PMN responses under conditions of delayed HS treatment. Here
we investigated if inhibition of A3R improves the protective effects of HS resuscitation in a mouse
sepsis model. We found that HS nearly triples extracellular adenosine concentrations in whole
blood and that inhibition of A3R with the selective antagonist MRS-1191 dose-dependently
improves the inhibitory effect of HS. MRS-1191 at a concentration of 1 nM enhanced the
inhibitory effect of HS and reduced stimulatory effects of delayed HS treatment. Using a mouse
model of cecal ligation and puncture (CLP)-induced sepsis, we found that MRS-1191 reduces
acute lung injury and PMN accumulation in lung tissue. While delayed HS treatment (4 ml/kg of
7.5 % NacCl) of mice 1 h after CLP aggravated PMN accumulation, lung tissue damage, and
mortality 24 h after CLP, infusion of MRS-1191 (2 ng/kg body weight) combined with HS
reduced these detrimental effects of delayed HS treatment. Our data thus show that A3 receptor
antagonists can strengthen the beneficial effects of HS resuscitation by avoiding stimulatory side
effects that result from delayed HS administration.
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INTRODUCTION

Acute lung injury (ALLI), acute respiratory distress syndrome (ARDS), and multiple organ
failure (MOF) are major clinical complications that increase mortality after trauma, burns,
and sepsis 1:2:3. Polymorphonuclear neutrophils (PMN) play an important role in the
pathogenesis of these complications. PMN are vital for a successful immune defense under
normal conditions, but in trauma patients, PMN can cause severe host tissue damage by
excessive release of cytotoxic mediators such as neutrophil elastase and reactive oxygen
species.

Various therapeutic modalities aimed at ameliorating post-traumatic complications resulting
from excessive PMN activation have been explored in experimental settings and clinical
studies. One such treatment option involves the use of hypertonic saline (HS) solutions that
can be administered as resuscitation fluids. Since the early 1980’s, interest in the concept of
small-volume HS resuscitation has grown because of beneficial hemodynamic effects °:6:7,
but also because of potential immunomodulatory effects of HS that were originally
identified in our laboratory 8714, In clinical and experimental settings, HS is typically
administered as 7.5% NacCl solutions at a dose of 4 ml/kg body weight. This can increase
plasma tonicity by up to 40 mM, which we have found to strongly influence PMN functions.
Numerous studies have demonstrated that HS has protective anti-inflammatory effects that
involve inhibition of PMN activation. However, these protective effects of HS are
diminished when HS treatment occurs in a delayed fashion after PMN activation has
occurred 1517 Moreover, such delayed administration of HS can enhance PMN responses,
which may exacerbate PMN-induced host tissue damage 15 18-20, The unpredictability as to
whether and under which clinical conditions HS treatment may prevent or aggravate PMN
responses in trauma patients limits the use of HS resuscitation as a therapeutic tool to reduce
post-traumatic inflammation.

In our previous studies, we focused on the molecular mechanisms by which HS affects PMN
responses. These studies have revealed that ATP release, hydrolysis of ATP to adenosine,
and activation of adenosine receptors play important roles in the response of leukocytes to
HS 21723. The generation of adenosine in the extracellular environment of PMN results in
the stimulation of A2a-type adenosine receptors (A2aR) of PMN. A2aR suppress PMN
through a negative feedback mechanism that involves up-regulation of intracellular cAMP
and protein kinase A signaling which block cell activation 22 23. In addition to A2aR, we
found that PMN also express A3-type adenosine receptors (A3R) that have an opposing
effect on PMN, namely by triggering mitogen-activate protein kinase signaling that
promotes PMN activation 21. Cell stimulation, for example with formyl peptide (fMLP),
induces rapid translocation of A3R from the cytosol to the cell surface, making these
receptors available for subsequent stimulation by extracellular adenosine generated in
response to HS 4+ 20.

Thus, A3R may diminish the protective properties of HS resuscitation by reducing the
inhibitory effects of HS on PMN responses. The purpose of the current study was to
investigate whether A3 receptor antagonists can be used to improve the beneficial efficacy
of HS resuscitation in a mouse sepsis model.

MATERIALS AND METHODS

Purification of human PMN

The Human Research Program of the Beth Israel Deaconess Medical Center approved all
experiments described in this study. Peripheral venous blood was obtained from healthy
human volunteers. PMN were isolated from the peripheral blood as described previously 4.
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Briefly, heparinized blood was mixed with 5% (wt/vol) Dextran 500 dissolved in normal
saline solution (Pharmacia, Piscataway, NJ) and allowed to sediment for 30 min at room
temperature. The cells in the supernatant were separated by Percoll gradient centrifugation
according to the manufacturer’s recommendations (Amersham Biosciences, Piscataway,
NJ). The PMN layer was collected and washed twice with Hank’s balanced salt solution
(HBSS) containing Ca%* and Mg?* (HyClone, Logan, UT). PMN were suspended in HBSS
to a concentration of 107 cells/ml and used for experiments immediately. Cell isolation and
all subsequent experiments were performed under sterile and strictly pyrogen-free
conditions.

In vitro assay of PMN activation

PMN were stimulated with HS by adding appropriate dilutions of pyrogen-free and sterile
HBSS containing an additional 1 M NaCl so as to increase the tonicity of the final cell
culture medium by 10, 20, or 40 mM beyond isotonic levels. This range of hypertonicity
was chosen because it corresponds to plasma hypertonicity levels found in trauma patients
after infusion of HS resuscitation fluids 24. Different concentrations of the A3R antagonist,
3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(z)-dihydropyridine-3,5-
dicarboxylate (MRS-1191; Sigma) were prepared in HBSS and used at final concentrations
of 0, 0.01, 0.1, or 1 nM. These levels of MRS-1191 were chosen based on initial pilot
studies. PMN (108) were pre-incubated for 30 min at 37°C with 5 uM cytochalasin B
(Sigma, St. Louis, MO) as described previously 21:25. The cells were stimulated with 100
nM fMLP either 5 min before or after exposure to HS in the absence or presence of
MRS-1191. After incubation for another 1 h, samples were placed on ice for 10 min,
centrifuged 10 s at 16,000xg, and elastase activity released into the supernatant was
measured as described previously 21. Briefly, 40 pl of supernatants was mixed with 160 pl
of a buffer consisting of 50 mM Tris/HCI and 100 mM NacCl, pH 7.4, containing 0.05%
(vol/vol) Triton X-100. Enzymatic reactions were started by the addition of the elastase-
specific chromogenic substrate N-methoxysuccinyl-(L-alanyl),-L-prolyl-L-vaniline 4-
nitroanilide (Sigma) at a final assay concentration of 1 mM. After 30 min at room
temperature, changes in optical density were measured at a wavelength of 405 nm using a
UV-1201 spectrophotometer (Shimazu Corporation, Colombia, MD).

HS-induced extracellular adenosine formation

Heparinized human whole blood samples were diluted with an equal volume of HBSS, pre-
warmed for 30 min at 37°C, and then treated with HS to elevate extracellular tonicity by 40
mM. Adenosine accumulation in the extracellular space was determined with high
performance liquid chromatography (HPLC) as described previously 4.

Animal model

The use of laboratory animals was in accordance with National Institutes of Health
guidelines and approved by the Institutional Animal Care and Use Committee of the Beth
Israel Deaconess Medical Center. All studies were performed with adult male C57BL/6J
wild-type mice (Charles River Laboratories, Wilmington, MA), 8-10 weeks old, weighing
20-25 g. Sepsis was induced by cecal ligation and puncture (CLP) as previously described
17, Briefly, general anesthesia was induced and maintained with 1-2% Isoflurane using a
precision vaporizer (V-1 Table Top System; Vet Equip, Pleasanton, CA) and a catheter was
implanted into the right femoral artery either before or after induction of sepsis as described
below. Prior to implantation, the right inguinal area was shaved and disinfected with
Povidone iodine. Then the femoral artery was exposed through a 3-mm incision. The artery
was ligated on the distal side using a 5-0 thread. The artery was opened lengthwise using a
No. 10 blade and a PE10 catheter was inserted (Becton Dickinson, Sparks, MD). CLP was
performed by placing a 1-cm midline abdominal incision. The exposed cecum was ligated at
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its distal side to the ileocecal valve with 4-0 silk, avoiding intestinal obstruction. The cecum
was punctured twice with a 22-G needle, returned into the abdomen, and the abdominal wall
was closed in layers. After full recovery, the mice were returned to their cages and allowed
access to standard diet and water ad libitum.

Treatment with hypertonic saline and A3 receptor antagonist

Before or after induction of sepsis, 4 ml of a 7.5% NaCl solution with or without the A3R
antagonist MRS-1191 was administered via the femoral catheter. The animals were
randomly divided into the following groups:

1. Untreated animals were subjected to catheter implantation and CLP but no fluid
infusion.

2. Animals pre-treated with HS received 4 ml/kg of 7.5% HS 10 min prior to CLP
(HS— CLP).

3. Animals pre-treated with HS + MRS-1191 received HS and 2 ng/kg MRS-1191 10
min before CLP (HS + MRS-1191 —CLP).

4. Animals subjected to delayed treatment with HS received CLP followed by HS
after 60 min (CLP—HS)

5. Animals subjected to delayed treatment with HS and MRS-1191 received CLP
followed by administration of HS + 2 ng/kg MRS-1191 60 min after CLP (CLP—
HS + MRS-1191)

6. Animals treated only with MRS-1191 received 2 ng/kg MRS-1191 but not HS 10
min prior to CLP (MRS-1191).

7. Asurgery control group received all surgical interventions but not CLP and no
fluid infusion (sham group).

The effects of HS and MRS-1191 treatment on PMN accumulation in the lungs was
determined using 6 mice per treatment group and survival experiments were carried out
using 11 mice per treatment group.

Neutrophil accumulation in lung tissue

As a marker of PMN recruitment to the lungs, neutrophil elastase (NE) activity in lung
tissue sample homogenates was determined 2 h after CLP. The choices of using ME as a
neutrophil marker rather than myeloperoxidase (MPO) and of the 2-h time point were based
on our previous experience with this animal model that has shown that ME is a more reliable
marker than MPO and that PMN accumulation reaches a peak at 2 h 17. To harvest lung
tissue samples, mice were anesthetized as described above and euthanized by cervical
dislocation. The pulmonary circulatory system was flushed with 10 ml HBSS through the
right ventricle after exsanguination by cardiac puncture. Then the whole lung was carefully
removed, snap-frozen in liquid nitrogen, and stored at —80°C until analysis. Lungs were
weighed, placed in 5 ml ice cold 50 mM potassium phosphate buffer, pH 6.0 containing
0.5% hexadecyl-trimethyl-ammonium bromide (Sigma), and homogenized on ice using a
manual Dounce tissue homogenizer. The homogenates were centrifuged at 20,000xg and
4°C for 30 min and 20 pl of the supernatants was added in duplicate into a 96-well plate. NE
activity was measured as described previously 17.

Survival and lung tissue damage

To compare the survival rates in animals receiving HS pre-treatment vs. delayed HS
treatment with or without MRS-1191, a separate set of mice with 11 animals per group was
subjected to CLP and treatment with HS and MRS-1191 as described above. Survival rates
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were monitored for 48 h after CLP. In addition, a small set of 2-3 animals per group was
used to evaluate lung tissue damage using histological examination. Controls included un-
manipulated healthy mice and mice subjected to CLP without fluid treatment. Lungs of
these animals were collected 24 h after CLP and histological examination was performed as
previously described 29,

Statistical analysis

RESULTS

All values are expressed as mean + standard deviation (SD). Statistical analyses were
performed with ANOVA for comparisons of differences between categories, Student’s t-test
with Bonferroni correction for multiple comparisons within categories, or Kaplan-Meier
assay as indicated. Differences between groups were considered statistically significant at p
values < 0.05.

HS treatment induces rapid accumulation of extracellular adenosine

We have previously shown with purified human PMN that HS regulates PMN functions by
the release of cellular ATP and formation of extracellular adenosine that regulates PMN
responses though autocrine feedback mechanisms involving A2a and A3 adenosine
receptors 21: 23 Under physiological conditions, adenosine can be generated from ATP
released by PMN but also by neighboring cells that respond to HS and that can therefore
indirectly regulate PMN responses in a paracrine fashion. We investigated the kinetics of
extracellular adenosine formation in human whole blood in response to addition of clinically
relevant level of HS. HS at a hypertonicity level of 40 mM beyond isotonicity induced rapid
accumulation of extracellular adenosine (Fig. 1). Adenosine concentrations rose within 5
min and gradually increased to ~70 nM, which is nearly 3-fold higher than the baseline
concentrations measured under isotonic conditions. Adenosine at these concentrations has
profound effects on PMN responses 4 21: 23, These findings suggest that HS infusion leads
to elevated adenosine concentrations that have strong modulatory effects on PMN function
in circulating blood.

Inhibition of A3 adenosine receptors reduces the enhancing effect of HS

We have previously reported that HS treatment prior to or at the time of cell stimulation
blocks PMN activation, while addition of HS after fMLP stimulation enhances PMN
responses 8. Our subsequent work has shown that these enhancing effects of HS may be due
to A3R receptor activation. A3R receptors rapidly translocate to the cell surface upon PMN
stimulation and thus HS can enhance PMN responses via A3R 4: 20, In the current study, we
found that treatment of purified human PMN with a combination of HS (40 mM) and the
A3R antagonist MRS-1191 (0.01, 0.1, and 1 nM) dose-dependently abolishes these
enhancing effects of HS (Fig. 2). However, MRS-1191 treatment did not change the
suppressive effect of HS that was observed when PMN were pre-treated with 40 mM HS
prior to stimulation with fMLP (Fig. 2). These findings suggest that A3R can be modulated
with MRS-1191 only after PMN are stimulated with fMLP. Moreover, our findings suggest
that pre-treatment with 40 mM HS can block A3 receptor translocation to the cell surface,
which corresponds to our findings published in a previous report 20,

While MRS-1191 did not further suppress cells pre-treated with 40 mM HS, MRS-1191
significantly reduced the suppressive effect of lower concentrations of HS (Fig. 3, left
panel). In addition, we found that MRS-1191 treatment also diminished the response of
PMN to fMLP in the absence of HS. These findings suggest that A3 receptors may play a
role in fMLP-induced PMN responses under isotonic or weakly hypertonic conditions.
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Treatment of PMN with MRS-1191 (1 nM) after prior cell stimulation with fMLP
significantly reduced the enhancing effect of HS on PMN function (Fig. 3, right panel).
These findings indicate that inhibition of A3 receptors is able to diminish the enhancing
effects of delayed HS treatment.

Inhibition of A3 adenosine receptors reduces PMN recruitment to the lungs

Based on the in vitro findings described above, we tested if combined treatment with A3R
antagonists and HS reduces PMN recruitment to the lungs in a mouse model of CLP-
induced sepsis.

Initially, we determined the most suitable dose of MRS-1191 as shown in Fig. 4. Mice were
subjected to CLP allowed to develop sepsis for 60 min and then the animals were treated
with 4 ml/kg HS containing either no or 1, 10, 100, or 1,000 nM MRS-1191. These
MRS-1191 amounts correspond to doses of 0, 2, 20, 200, or 2,000 ng/kg body weight.
MRS-1191 even at the lowest dose tested significantly reduced PMN accumulation in the
lungs. Based on these results, we decided to use MRS-1191 at a dose of 2 ng/kg body weight
for all subsequent experiments.

Next, we tested whether MRS-1191 treatment affects PMN accumulation in the lungs of
animals that were either pre-treated with HS or the received HS treatment after CLP.
Animals that received CLP 60 min before HS treatment showed significantly more
pronounced accumulation of PMN in their lungs compared to animals that were pre-treated
with HS for 10 min and then subjected to CLP (p<0.05; Fig. 5). However, we found that
combined treatment of animals with HS (4 ml/kg body weight) and MRS-1191 (2 ng/kg
body weight) completely abrogates the increase in PMN accumulation that was observed in
response to delayed HS treatment (p<0.05).

MRS-1191 reduces acute lung injury and mortality after CLP

We evaluated signs of lung tissue damage by histological examination of the lungs 24 h after
CLP. Histological sections from untreated CLP mice and from animals subjected to CLP
and treated with 4 ml/kg HS after 60 min showed characteristic abnormalities such as focal
atelectases, hyperemia with congestion, infiltration of PMN into widened alveolar septae,
and alveolar spaces containing fluid, debris, and inflammatory cells (Fig. 6). These
characteristics of tissue damage were less prominent when animals were treated with a
combination of HS and MRS-1191(2 ng/kg), suggesting that inhibition of A3 receptors may
improve clinical outcome parameters.

Finally, we studied whether MRS-1191 treatment can improve survival in our CLP mouse
model. Mice were treated with 4 ml/kg HS either 10 min before or 60 min after CLP.
Delayed HS treatment was provided either with or without MRS-1191 (2 ng/kg). As
controls, one group of mice received CLP but no treatment and a second group received
only MRS-1191(2 ng/kg) 10 min before CLP, but not HS. Each group consisted of 11
animals and survival was monitored for 48 h after CLP. The 24-h survival rates of animals
that received MRS-1191 alone or delayed HS treatment were similar to that of animals
without treatment (Fig. 7). By contrast, survival rates 24 h after CLP were significantly
higher in the groups that received pre-treatment with HS or that were subjected to delayed
HS treatment in combination with MRS-1191 (30% vs. 70%; p<0.05). These results suggest
that inhibition of A3 receptors improves the protective efficacy of HS and ameliorates
outcome even under adverse clinical circumstances that would otherwise result in
exaggerated PMN activation and aggravated host organ damage. The finding that
MRS-1191 alone did not improve outcome after sepsis suggests that A3 receptor are not
activated in the absence of HS.
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DISCUSSION

Because of their hemodynamic and many other beneficial properties, hypertonic
resuscitation fluids have gained increased attention as potential new therapeutic agents to
treat hemorrhagic shock. Our previous work has shown that HS can modulate the immune
response after trauma 811 14-16_gSpecifically, we found that HS can control PMN activation
through autocrine mechanisms that involve ATP release and activation of A2a and A3
adenosine receptors 21:23, These two adenosine receptor subtypes elicit opposing effects on
PMN responses: A2aR suppress cell activation, while A3R enhance PMN responses. We
found that HS exposure triggers accumulation of adenosine in the extracellular space
surrounding PMN, thus providing the ligand for both adenosine receptor subtypes.
Therefore, the availability and relative distribution of these two receptor subtypes on the cell
surface is a key factor that determines whether HS treatment suppresses or enhances PMN
responses.

The expression of A3R on the cell surface is a highly dynamic process that seems to depend
on the activation state of PMN. Stimulation of PMN with formyl peptide induces the rapid
translocation of A3R from the cytosol to the cell surface, which makes this stimulatory
receptor available to for activation by adenosine that is generated in response to HS 4: 20,
Our current results with MRS-1191 indicate that pre-treatment of PMN with high doses of
HS (40 mM) blocks A3R translocation to the cell surface, which is reflected by our finding
that MAR-1191 did not alter the response of cells that were pre-treated with HS (Fig. 2).
However, the data shown in Fig. 3 (left panel) suggest that at least a limited number of A3R
are present on the surface of resting PMN under isotonic or slightly hypertonic conditions.
Future studies will be necessary to determine more directly (for example with flow
cytometry) how cell stimulation and HS influence the dynamics of A3R translocation and
the presence of other important purinergic receptors such as A2aR on the cell surface of
PMN.

Our current findings and previous studies have shown that the timing of HS treatment
relative to PMN activation or initiation of inflammation determines whether HS
resuscitation prevents or enhances PMN responses in vitro 10: 11 and tissue damage in vivo
15,16 Based on such experimental data, it was assumed that HS resuscitation would be most
efficacious in clinical settings where HS treatment is provided during the initial resuscitation
of trauma patients 1119, as this treatment modality would reduce the risk of exacerbating
host tissue damage by inadvertently exacerbating PMN-induced post-traumatic
inflammatory complications. Unfortunately, unlike with in vitro studies and animal models
where the timing of HS treatment can be freely chosen, this is impossible in clinical settings.
It is virtually impossible to predict the inflammatory state of trauma patients prior to
resuscitation and therefore, although initial HS resuscitation may be beneficial for most
trauma patients, it may still exacerbate inflammatory processes in subsets of patients with
previously activated PMN. Our current study suggests that A3R activation could be involved
in such undesirable side effects of HS resuscitation.

We found that inhibition of A3R increases the anti-inflammatory efficacy of HS, particularly
under conditions that would otherwise result in aggravated PMN activation and host tissue
injury. This effect was observed with low concentrations of MRS-1191. Thus, adequate
antagonist delivery could be achieved by administering MRS-1191 along with HS
resuscitation fluids. MRS-1191 at similar concentrations has been shown to reduce various
inflammatory processes in several animal models 28-33, Further studies will be needed to test
different types of A3R antagonist and to develop appropriate treatment strategies to optimize
the beneficial effects of these A3R antagonists for use in conjunction with HS resuscitation.
Interestingly, MRS-1191 treatment alone did not improve survival in our mouse model,
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which suggests that HS must be present to activate A3R and that sepsis itself does not
generate sufficient adenosine concentrations induce A3R activation. This conclusion is
supported by preliminary results of our ongoing studies, which indicate that plasma
adenosine concentrations do not accumulate in our mouse sepsis model despite the fact that
we find high plasma levels of ATP.

Acute lung injury and multiple organ failure are among the most crucial complications that
contribute to the high mortality after sepsis and severe traumatic injuries 1-3. PMN play an
important role in the development of these post-traumatic complications 34-3, Based on our
present findings, we conclude that HS in combination with A3R antagonists may represent a
novel therapeutic approach to reduce PMN activation and thereby protect critically ill
patients from secondary organ damage.
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Fig. 1. HS induces adenosine accumulation in human whole blood
Heparinized human whole blood was treated with 40 mM HS for the indicated times and
adenosine accumulation in the extracellular space was determined by HPLC analysis.
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Fig. 2. Inhibition of A3 receptors diminishes the enhancing effect of HS

Purified human PMN were treated with the indicated concentrations of MRS-1191 and 40
mM HS either 5 min before (open circles) or 5 min after (solid circles) cell stimulation with
100 nM fMLP. PMN activation was determined by assessing degranulation based on
elastase release. Data expressed as means + SD are representative of 3 individual
experiments with PMN from different donors. Statistical analysis: ANOVA, Bonferroni;
*p<0.01.
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Fig. 3. Inhibition of A3 receptors increases the suppressive effect of HS on PMN

Purified human PMN were treated with the indicated concentrations of HS either with
(circles) or without (diamonds) MRS-1191 at a final concentration of 1 nM. HS +/—
MRS-1191 was added either 5 min before (open symbols; left panel) or 5 min after cell
stimulation (solid symbols; right panel) with fMLP (100 nM). PMN activation was
determined by assessing degranulation by measuring elastase release. Data expressed as
mean + SD are representative of at least 3 individual experiments with PMN from different
donors. Statistical analysis: ANOVA, Bonferroni; *p<0.01.
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Fig. 4. Dose response curve of MRS-1191 on PMN recruitment

Mice were subjected to CLP and after 60 min treated with HS (4 ml/kg) in combination with
the indicated doses of MRS-1191. Neutrophil recruitment to the lungs was evaluated as
described in Fig. 4. Data are expressed as mean + SD and represent results with 4 animals
for each data point. Statistical analysis was done with ANOVA, *p<0.05.
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Fig. 5. MRS-1191 reduces PMN recruitment to the lungs of septic mice

Mice were subjected to sepsis by cecal ligation and puncture (CLP) and treated either with
HS alone (4 ml 7.5% NaCl per kg body weight) or with HS in combination with MRS-1191
(2 ng/kg), which was administered either 10 min before (empty bars) or 60 min after CLP
(filled bars). PMN accumulation in the lungs was assessed by measuring neutrophil elastase
activity in lung tissue homogenates. Data are shown as percent of values measured in
untreated normal control animals. Date are expressed as mean + SD; (n = 6-8 animals per
group; ANOVA, #p<0.01, *p<0.05).
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Fig. 6. MRS-1191 reduces acute lung injury

Animals were subjected to CLP and treated with HS +/— MRS-1191 (2 ng/kg) 60 min after
CLP. Control animals were subjected to CLP and remained untreated. Lung tissue samples
were obtained 24 h after CLP and evaluated by histological examination of paraffin sections
stained with hematoxylin and eosin (HE); magnification x200.
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Fig. 7. Combined treatment with HS and MRS-1191 improves survival after sepsis

Mice subjected to CLP were treated with HS (4 ml/kg) with or without MRS-1191 (2 ng/
kg), either 10 min before or 60 min after CLP and survival was monitored. At the 24-h time
point, survival rates in the HS pretreatment group and the delayed HS treatment group with
MRS-1191 differed significantly from all other group (Kaplan-Meier, n=11, *p<0.05).
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