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Acute lung injury (ALI) leading to respiratory distress
is a common sequela of shock/trauma, however,
modeling this process in mice with a single shock or
septic event is inconsistent. One explanation is that
hemorrhage is often just a “priming insult,” thus,
secondary stimuli may be required to “trigger” ALI. To
test this we carried out studies in which we assessed
the capacity of hemorrhage alone or hemorrhage fol-
lowed by septic challenge (CLP) to induce ALI. Lung
edema, bronchoalveolar lavage interleukin (IL)-6, al-
veolar congestion, as well as lung IL-6, macrophage
inflammatory protein (MIP)-2, and myeloperoxidase
(MPO) activity were all increased in mice subjected to
CLP at 24 but not 72 hours following hemorrhage.
This was associated with a marked increase in the
susceptibility of these mice to septic mortality. Pe-
ripheral blood neutrophils derived from 24 hours
post-hemorrhage, but not Sham animals, exhibited
an ex vivo decrease in apoptotic frequency and an
increase in respiratory burst capacity, consistent with
in vivo “priming.” Subsequently, we observed that
adoptive transfer of neutrophils from hemorrhaged
but not sham-hemorrhage animals to neutropenic re-
cipients reproduce ALI when subsequently septically
challenged, implying that this priming was mediated

by neutrophils. We also found marked general in-
creases in lung IL-6, MIP-2, and MPO in mice deficient
for toll-like receptor (TLR-4) or the combined lack of
TLR-4/FasL. However, the TLR-4 defect markedly at-
tenuated neutrophil influx into the lung while not
altering the change in local cytokine/chemokine ex-
pression. Alternatively, the combined loss of FasL and
TLR-4 did not inhibit the increase in MPO and exac-
erbated lung IL-6/MIP-2 levels even further. (Am J
Pathol 2002, 161:2283–2294)

Reports indicate that upward of 50% of those trauma
victims that survive the initial period of shock following
severe injury develop some form of multiple organ failure
(MODS).1,2 A similar scenario of events is frequently en-
countered in patients in the intensive care unit where
acute lung injury is often the sequela of elective surgical
procedures.3–5 This occurs despite the provision of ap-
parently adequate fluid resuscitation, specific antibiotics,
aggressive operative intervention, nutritional support,
and recently, antibodies against endotoxin [lipopolysac-
charide (LPS)] as well as anti-cytokine therapies in these
patients.2,6,7 In this respect, acute lung injury, resulting
from hypotensive insult and/or sepsis, leading to adult
respiratory distress syndrome (ARDS) is reported to be
one of the most common forms of organ dysfunction
encountered in these critically ill trauma patients.4 Thus,
it is paramount to understand the pathophysiological
mechanisms and the contributions made by various im-
mune cell components to the development of acute lung
injury.

While our basic biological understanding of the neu-
trophil or monocyte/macrophage inflammatory/apoptotic
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response in vitro/ex vivo has broadened, it still remains
difficult to establish the contribution of the neutrophil/
monocyte/macrophage in vivo to the induction of acute
lung injury induced by the traumatic shock antecedent to
inflammatory or septic challenge. This is, in part, due to
the limitations inherent in the use of phagocytes typically
obtained from normal healthy human volunteers. Also,
while it is possible to design in vitro experiments which
begin to approach the in vivo pathological status associ-
ated with hypotensive shock or septic insult, these exper-
iments cannot replicate the complexity of the environ-
ment within the tissues of intact animals. Similarly, while
materials from traumatized human subjects offer some
insight into the changes induced in these cells, there is
marked heterogeneity in the extent and nature of the
injury, variation in the time from injury, significant differ-
ences in the medical treatments provided, and relatively
limited access to vital tissue types.8 Complications also
arise from the nature of the patient population, as they
can be heterogenous with respect to dietary status, sex,
genetic background/predisposition (heredity), or age.8,9

Thus, animal models offer a potentially useful, controll-
able, alternate scenario in which to address the pathobi-
ology of acute lung injury induced by hemorrhage shock
followed by subsequent septic challenge.10,11

There is a body of literature from ex vivo/in vitro studies
suggesting that prior injury can have a “priming” effect on
the phagocytic components of the immune system.12–16

Once this “primed” phagocytic system, eg, neutrophils/
macrophage/monocytes, is challenged (“triggered”) by
sepsis, the host would respond with an exaggerated
inflammatory mediator release, which would, in turn, in-
duce a scenario of events leading to septic shock, mul-
tiple organ dysfunction, and death. Immediately following
hemorrhagic shock (the first 24 hours),17,18 it is possible
to detect elevated systemic release of pro-inflammatory
mediators thought to play a role in the activation of mac-
rophages/neutrophils. However, a clear causal link be-
tween this early pro-inflammatory event and phagocyte
“priming” leading to organ injury and/or death has been
difficult to document in vivo. These difficulties may, in
part, reflect temporal differences between the develop-
ment of phagocyte “priming” versus the onset of immune
dysfunction. Phagocyte “priming” is thought to be tran-
sient in nature and most evident during the early period
following injury.16,19 In light of this, one would anticipate
that the phagocyte’s responsiveness as well as its ability
to contribute to acute lung injury might change over time
after the initial trauma. However, to our knowledge, only a
few other groups14,20–22 have assessed phagocyte re-
sponses and their contributions to acute lung injury (ALI)
in mice (an important genetic model system), let alone
examined acute lung injury in mice subjected to a salient
two-hit model of hemorrhagic shock (as a priming event)
followed by septic challenge (triggering). Thus, this study
sets out to test the hypothesis that hypotensive shock
produces transient priming of the phagocytic arm of the
innate immune response, which consequently leaves the
mouse more susceptible to acute lung injury as a result of
subsequent infectious challenge. Further, that such
“priming” for acute lung injury would be effected by cog-

nate genes involved in the regulation of the response to
microbes and cell survival.

The aim of this study was, first, to determine whether
hemorrhage alone (“priming”) or hemorrhage followed by
secondary septic challenge (as a “trigger”) can induce
evidence of ALI in mice. The second was to determine to
what extent does this hemorrhage-induced priming in-
crease the animal’s susceptibility to the lethal effects of
septic challenge. Third, we wished to establish the de-
gree to which induction of ALI in this model is mediated
by the neutrophil. Fourth, we examined whether the loss
of endotoxin sensitivity/signaling via toll-like receptor
(TLR)-4 and/or Fas ligand (FasL) death receptor-driven
apoptotic processes have an effect on the hemorrhage-
induced changes in the lungs of septically challenged
mice.

Materials and Methods

Animals

Male inbred C3H/HeN mice (endotoxin-sensitive)
(Charles River, Wilmington, MA), C3H/HeOuJ (endotoxin-
sensitive), C3H/HeJ (endotoxin-tolerant; TLR-4 �/�) or
C3H/HeJ-FasLgld mice (endotoxin-tolerant; TLR-4 �/�,
FasL �/�) (Jackson Laboratory, Bar Harbor, ME), 6 to 8
weeks of age, which had been acclimated in our animal
facility no less than 7 to 10 days, were used for the study
described here. All of the experiments performed here
were carried out in accordance with the National Insti-
tutes of Health Guidelines on Laboratory Animals and
were approved by the Rhode Island Hospital Committee
on Animal Use and Care.

Mouse Model of Hemorrhagic Shock and
Resuscitation

For these studies we used a mouse model of non-lethal
hemorrhagic shock and resuscitation which we previ-
ously described.10,23,24 Briefly, following overnight fast-
ing (12 to 14 hours) the animals were lightly anesthetized
with methoxyflurane, restrained in a supine position, and
both femoral arteries were catheterized under aseptic
conditions with polyethylene no. 10 tubing. The mice
were allowed to awaken, blood pressure (BP) was mon-
itored continuously by attaching one of the catheters to a
strain gauge pressure transducer/polygraph, while the
other catheter was used for bleeding. The mice were bled
to a mean BP of 30 � 5 mm Hg (pre-hemorrhage BP of
�95 mm Hg) and maintained at that level for 90 minutes.
Ringer’s lactate, equivalent to four times the volume of
shed blood, was provided as fluid resuscitation. The
catheters were then removed, the vessels ligated, the
groin incisions closed, and the mice returned to their
cages. The sham animals were anesthetized, restrained
in a supine position for the same duration, and blood
vessels were catheterized, but not bled.

2284 Ayala et al
AJP December 2002, Vol. 161, No. 6



Mouse Model of Polymicrobial Sepsis

To produce subsequent septic insult in these mice, ani-
mals were anesthetized a second time (24 or 72 hours
post-hemorrhage) with methoxyflurane, and following a
1-cm midline incision, the cecum was exposed, ligated
with 4–0 silk so as to prevent intestinal obstruction, and
punctured twice with a 22-gauge needle.25 The cecum
was then returned to the peritoneal cavity and the ab-
dominal incision was closed in two layers (all incisions
were bathed in xylocaine). Saline (4 ml/100 � g body
weight (BW)) was given subcutaneously to resuscitate
the animal. The mice were then returned to their cages
and provided food and water ad libitum.26,27

Blood and Tissue Samples

Heparinized blood samples were obtained by cardiac
puncture and processed for plasma at 24 hours post-
CLP. The lungs were then lavaged (the fluids clarified
and retained) and/or lung tissue harvested (snap-frozen).

It should be noted for some studies in which whole
blood was processed using Coulter’s Lysis reagent
(Coulter Immunol. Corp., Hialeah, FL) whole blood lysis
procedure to remove contaminating red blood cells as
previously described.28 The percentage of viable cells
was determined by Trypan blue exclusion. The number of
neutrophils and the extent of ex vivo apoptosis induced
24 hours following Sham-Hem or Hem, but before CLP,
was determined flow cytometrically using combined Grl
(anti-mouse-neutrophil marker clone RB6–8C5, rat
IgG2b, BD Pharmingen Inc., San Diego, CA) and the
terminal transfer of fluorescein deoxyuridine diphosphate
to end terminal site (TUNEL) staining, as previously de-
scribed in our laboratory.28

Granulocyte Myeloperoxidase Assessment

Myeloperoxidase (MPO) activity was determined using a
method described by Koike et al.29 Typically, lung tissue
was removed from the metofane-euthanized animal,
snap-frozen in liquid nitrogen and stored at �70°C until
assay. The frozen tissue samples were then thawed,
homogenized in 0.2 mmol/L potassium phosphate buffer
(PPB, pH 7.4) with a Wheaton Teflon homogenizer
(�3400 rpm on ice) (Wheaton Sci. Prod., Millville, NJ),
and centrifuged at 4,000 � g for 30 minutes at 4°C.
Pellets were resuspended in 10 volumes of 50 mmol/L
PPB (pH 6.0) containing 0.5% hexadecyltrimethyl ammo-
nium bromide and sonicated for 90 seconds. Samples
were then centrifuged at 12,000 � g for 10 minutes at
4°C. The supernatants (5 �l/well) and reaction buffer (195
�l), 50 mmol/L PPB (pH 6.0) containing 530 nmol/L o-
dianisidine and 150 nmol/L H2O2 were added to a 96-well
plate. The plates were read spectrophotometrically at
460 nm for 3 minutes on CERES UV900C Microplate
reader (BioTek Inst. Inc., Winoski, VT). MPO activity (U/
g) � A460 � 13.5/g, where A460 � rate of change in
absorbance between 1 and 3 minutes.

Assessment of Lung Water Content (Edema)

In some animals following exsanguination, the lungs were
harvested, rinsed in saline, and weighed immediately (g,
wet weight) then dried at 80°C in a Thelco Lab oven and
re-weighed until the weight became constant (g, dry
weight). The change in the ratio of wet weight to dry
weight (Wet wt./Dry wt.) was taken as indicator of organ
edema.30

Assessment of Cytokine Production

IL-6 and MIP-2 levels present in lung tissue homogenates
were determined by using the “sandwich ELISA” tech-
nique described previously in our laboratory.31,32 Anti-
body pairs and cytokine standards for IL-6 and MIP-2
were obtained from BD Pharmingen and R & D Systems
(Minneapolis, MN), respectively. Minimum detectable cy-
tokine (sensitivity) was �0.03 ng IL-6/ml or �0.008 ng
MIP-2/ml.

Assessment of Lung Morphology

The left lobe of the mouse lung was inflated at �15 mm
Hg and fixed with 4% formalin. In some cases, the spec-
imens were then processed, stained with hematoxylin
and eosin, and examined by light microscopy. Alterna-
tively, neutrophil tissue infiltration and their in situ mor-
phology was assessed using the Leder stain for granu-
locyte-specific naphthol AS-D chloroacetate esterase
using a kit from Sigma Chemical Company.33 For some
studies alveolar septal thickening was also morphometri-
cally quantitated as an index of tissue injury using
MOCHA Image Analysis software (Jandel Sci., San
Rafael, CA). In brief, slides were screened in a blinded
fashion by the operator and 12 images (magnification, �
200; �500:m2/image) were acquired per lung section
exclusive of terminal bronchi or major pulmonary vascu-
lature. The percentage of each image that was open alve-
olar space was determined following thresholding-out the
open (bright area) alveolar space and then establishing the
pixel number filled by the tissue (septae) using “flood-object
measurements” command. This value was, in turn, sub-
tracted from the total pixel number per field, and multiplied
by 100 to give the % alveolar space/field.

Neutrophil Depletion

Mice were depleted of neutrophils/polymorphonuclear
leukocytes (PMN) by i.v. tail injection of 500 �g of rat
anti-mouse PMN antibody (clone RB6–8C5, rat IgG2b)
48 hours before CLP.28 To the extent that these animals
were neutropenic, we observed that circulating blood
neutrophil number (which is typically �36% PMN in this
C3H strain [or �4.0 � 106 PMN/2 ml mouse blood]-
Hematology/Mouse Phenome Database, Jackson Labo-
ratories, Bar Harbor, ME) was decreased to less than 5%
(�0.57 � 106 total blood PMN) that of untreated mice at
48 hours following antibody administration.
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Mouse Blood Neutrophil Isolation

For experiments where purified mouse neutrophils (donor
cells) were needed, blood PMN isolation was performed
as per manufacturer’s protocol using the NIM�2 Neutro-
phil Isolation Medium kit (Cardinal Associates, Inc., Santa
Fe, NM). Fresh heparinized blood was collected via car-
diac puncture and layered over a two-component density
gradient system and centrifuged 45 minutes at 900 � g at
20°C. The band formed at the interface of the two-gradi-
ent steps containing neutrophils was collected and
washed. In our experience, this yields �3 to 5 � 106

PMN/ml of blood (�95% PMN by morphology and 98%
viable by Tryphan blue exclusion). To the extent that this
protocol leads to overt activation of these cells we found,
in preliminary studies,34 that ex vivo culture of these iso-
lated cells induced no chemokine (MIP-2) release in the
absence of a stimulant, such as tumor necrosis factor
(TNF)-�. However, the inclusion of TNF-� with PMN- in-
duced release of MIP-2, further implies preservation of
the functional capacity of these isolated cells.

Neutrophil Adoptive Transfer Experiments

One � 106 total donor blood PMN isolated from either
mice subjected to hemorrhage 24 hours earlier (primed),
sham-hemorrhage (unprimed), or naive mice were in-
jected into the tail vein of anesthetized syngeneic C3H/
HeN mouse with a 27-gauge needle (0.1 ml) immediately
before undergoing CLP. Twenty-four hours later the re-
cipient animals were euthanized and the extent of neu-
trophil influx (lung MPO and lung morphology) and lung
cytokine content was assessed.

Neutrophil Respiratory Burst Capacity

To assess the capacity of isolated mouse blood PMNs to
produce a respiratory burst, cells were stimulated using a
bovine serum albumin (BSA) immune complex (IC) ac-
cording to the methods of Jones et al.35 Briefly, a high
binding polystyrene microtiter plate was coated with 100
�l of 10 mg/ml BSA in phosphate-buffered saline (PBS)
and incubated one hour at 37°C. The plate was washed
three times with PBS, coated with 100 �l rabbit anti-BSA
antibody at 10 �g/ml (Sigma Diagnostics, St. Louis, MO)
in PBS and incubated 1 hour at 37°C. The plate was
again washed three times with PBS. PMN from 3 mice/
group, 3 � 105 cells/well in triplicate were mixed with a
2X concentration of Cytochrome C (Sigma Diagnostics,
St. Louis, MO) solution in RPMI without phenol red
(0.0199 � g cytochrome C/10 ml RPMI plus 10 �l MOPS).
The plate was covered with plastic film and placed in a
Microplate Bio Kinetics reader (BIOTEK Instruments, Wi-
nooski, VT) at 37°C. Optical density readings at dual
wavelengths of 550/630 nm were made every 10 minutes
for a total of 90 minutes using BIOTEK DeltaSoft3 soft-
ware. Superoxide production was calculated using the ab-
sorbance at (90 minutes-zero) � 15.238 (a predetermined
absorbance constant) � nmol superoxide/3 � 105 PMN.

Statistical Analysis

The data are presented as a mean � SE for each group
(n � 4 to 6/group). Differences for cytokine yields and
MPO were considered to be significant if P � 0.05, as
determined by analysis of variance and a Tukey’s test.
Significant changes (at P � 0.05) in percentile or ratio
data were established by a Mann-Whitney U-test. Signif-
icant difference (P � 0.05) in survival rates were estab-
lished by a Fisher exact test (n � 18/group).

Results

Hemorrhage Induces Transient Priming for ALI
in Septic Mice

In our initial series of studies, we set out to determine
whether hemorrhage by itself, sepsis (CLP) alone, or the
combination of hemorrhage followed by subsequent sep-
tic challenge were sufficient to produce marked evidence
of acute lung injury (ALI) as well as pulmonary inflamma-
tion. Figure 1 illustrates that the inflammatory indices
such as tissue levels of the pro-inflammatory cytokine
IL-6, the chemokine MIP-2, and MPO activity (an index of
PMN tissue infiltration) were all increased only in the
lungs of mice subjected to both hemorrhage and CLP (24
hours post-hem) (Figure 1), but not sham-hemorrhage/
sham-CLP, sham-hemorrhage/CLP, or hemorrhage/
sham-CLP. Interestingly, this effect on the lungs was lost
(or markedly reduced in the case of MIP-2) when sepsis
(CLP) was induced 72 hours after hemorrhage as op-
posed to 24 hours (Figure 1).

To the extent this transient period of susceptibility to
lung neutrophil influx and local tissue cytokine/chemo-
kine increase was associated with lung injury, we found,
as shown in Figure 2, that there was a marked increase in
both bronchoalveolar lavage fluid IL-6 levels and lung
water content (edema) when animals subjected to hem-
orrhage 24 hours earlier were subsequently exposed to
CLP. Concordant histological examination of caudal lobe
lung section(s) of mice subjected to both hemorrhage
and sepsis (Figure 3C) illustrated a consistent increase in
alveolar septal thickening, associated with marked cellu-
lar infiltrates and alveolar congestion/collapse that was
not observed in sham (Figure 3A) or hemorrhage alone
(Figure 3B).

Having seen this, a question arises as to whether this
transient increase in acute lung injury seen in these mice
subjected to combined insults of hemorrhage following
septic challenge 24 hours after is associated with a
change in the animals’ ability to survive the septic chal-
lenge. To assess this, we determined the mortality rates
of animals subjected to either sham-hemorrhage or hem-
orrhage followed at 24 hours by CLP. The animals sub-
jected to both hypotensive and septic insult showed a
much greater decline in survival than that observed with
sham-hemorrhage plus CLP (Figure 4).
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Hemorrhage Induces Ex Vivo Suppression of
Peripheral Blood Neutrophil Apoptosis and
Priming for Enhanced Respiratory Capacity

Having observed that hemorrhage induced an early tran-
sient period of priming for increased lung injury on sub-
sequent septic challenge, we attempted to assess the
extent to which neutrophils in circulation of hemorrhaged
animal exhibit changes indicative of functional priming
and/or change in constitutive apoptotic rate. Figure 5
indicates that ex vivo assessment of peripheral blood
from 24 hours post-hemorrhage (but not subjected to
CLP) mice while exhibiting a trend toward an increase in
the number of leukocytes (WBC), showed a significant
increase in the % of leukocytes that were neutrophils,
however, the extent of neutrophils that were apoptotic,
while low in overall frequency, was markedly decreased.
Repeated in vitro assessment of the capacity of purified
peripheral blood PMN from these hemorrhaged mice to
produce a respiratory burst in response to immune com-

plex stimulation, was consistently greater than that seen
from sham-hemorrhaged animals’ cells (Figure 6).

Neutrophils Serve as the Effector/Mediator
of ALI

Having documented that hemorrhage produces a tran-
sient period of priming for acute lung injury which ap-
pears to be associated with phenotypic and functional
changes in the hemorrhage mouse neutrophil population,
we asked if this lung injury was the result of a neutrophil
mediated process. To address the question, we carried
out a series of experiments in which we adoptively trans-
ferred blood neutrophils isolated from normal untreated
mice, or animals subjected 24 hours earlier to either
hemorrhage or sham-hemorrhage, to neutropenic (anti-
Gr1 antibody-treated mice) syngeneic recipient mice
which were immediately subjected to CLP. When the
lungs were harvested 24 hours post-CLP, there was a
significant increase in the lung MPO, as well as the tissue
IL-6 and MIP-2 levels, in animals having received neutro-
phils from hemorrhaged donor mice compared to all
other groups (Figure 7). Morphological examination of
representative sections derived from the recipient ani-
mals illustrated that only the animals that had received
blood neutrophils from a hemorrhaged donor mouse ex-

Figure 1. IL-6 (A), MIP-2 (B) and MPO (C) activity in the lung homogenates
of C3H/HeN mice subjected to CLP 24 hours following hemorrhage (Hem) as
compared to animals simply subjected to Hem alone/Sham-CLP, Sham-Hem/
CLP, or Sham/Sham. All 72 hours post-Hem/CLP levels were markedly lower
than those seen at 24 hours post-Hem. *, P � 0.05 vs. equivalent Hem alone
group; #, P � 0.05 vs. 72 hours Hem before CLP group; n � 4 to 6/group.

Figure 2. A: IL-6 levels in bronchoalveolar lavages are significantly elevated
when compared to Hem/Sham-CLP, Sham-hem/CLP, or Sham-hem/Sham-
CLP. B: Lung edema (Wet wt./Dry wt. [g/g]) as an index of organ injury is
markedly increased in C3H/HeN mice subjected to CLP 24 hours following
hemorrhage (Hem/CLP) as compared to animals simply subjected to Hem/
Sham-CLP (Hem), Sham-Hem/CLP (CLP), and Sham-Hem/Sham-CLP
(Sham). *, P � 0.05 vs. all other groups; n � 4/group.
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hibited marked cellular infiltration and alveolar conges-
tion/collapse following septic challenge (see Figure 8).
This was morphometrically confirmed by the observation
that the alveolar space occupied in the images of septic
recipient mouse lungs section that received hemorrhage
mouse donor neutrophils was only 53.1 � 1.36% of the
field, compared to either septic animals receiving sham-

hemorrhage donor cells (63.8 � 2.16), sham-septic mice
that received hemorrhaged donor animal cells (62.5 �
1.83%), or a sham-septic mouse that received sham-
hemorrhaged donor mouse cells (72.7 � 1.63%).

Inability to Signal through TLR-4 and/or FasL
Deficiency Has Diverse Effects on Hemorrhage-
Induced Priming

Since it has been documented in vitro that the priming of
neutrophil function is affected by endotoxin, directly or in-
directly, through a number of inflammatory agents,14,19,36

as well as by death receptor family of proteins (Fas/
FasL),36–38 we wanted to assess the contribution of FasL
and/or endotoxin signaling through TLR-4 to the changes
in lung inflammatory indices seen here. Figure 9 illus-
trates that while the levels of lung IL-6, MIP-2, and MPO
were markedly increased in all animals compared to
hemorrhage alone, FasL gene deficiency and TLR-4 �/�
had a divergent effect on lung cytokine/chemokine ex-
pression and lung MPO. FasL deficiency augmented the
expression of MIP-2 and IL-6 compared to either the
C3H/HeOuJ or C3H/HeJ mice. Alternatively, deficiency of
a functional TLR-4 gene in the C3H/HeJ mouse markedly
attenuated the influx of neutrophils to the lung as indi-

Figure 3. Hematoxylin and eosin stain of representative sections of the
caudal lobe of the lung of C3H/HeN mice subjected to Sham-Hem/Sham-CLP
(A), Hem/Sham-CLP (B), or Hem/CLP (C) (magnification, �200). Note:
Hemorrhage followed 24 hours later by CLP produced an increase in lung
cellularity, septal thickening, and alveolar congestion (C). Such changes are
less evident in the Hem/Sham-CLP mouse sections (B) and are largely absent
in the Sham-Hem/Sham-CLP animals lung (A).

Figure 4. Survival of C3H/HeN mice subjected to hemorrhage (Hem) or
Sham-Hem 24 hours before CLP. *, P � 0.05 vs. Sham-Hem group; n �
18/group.
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cated by the reduction in MPO when compared to the
C3H/HeJ FasLgld, FasL �/�/TLR-4 �/� mouse or the
HeOuJ background control animal. Histological examina-
tion suggested that while cellularity and the extent of

alveolar congestion/collapse was greatest in the C3H/
HeOuJ mouse lungs following combined insults, this was
partially attenuated in both the C3H/HeJ and C3H/HeJ-
FasLgld mouse lungs (Figure 10).

Discussion and Conclusions

Most experimental models trying to address the pathobi-
ology of organ injury start with a healthy animal which is
either subjected to septic challenge, eg, microbe/micro-
bial product, or to shock alone, eg, hemorrhage, burn,
etc. However, typically the patient in the intensive care
unit, besides being subjected to their initial trauma, faces
an array of potential secondary stimuli, ie, microbial chal-
lenge, hypoxic events, toxic stimuli, repetitive surgical
trauma, etc, which are suggested to serve as a trigger for
acute lung injury precipitating ARDS and/or MODS.16,39

Figure 5. While total leukocyte (WBC) number/ml blood (A) did not signif-
icantly change 24 hours post-Hem, there was a marked increase in the % of
cells that were neutrophils (PMN; based on Gr1� staining) (B), however, the
frequency of apoptotic (Ao) PMNs markedly declined (C). *, P � 0.05 vs. all
other groups; n � 4/group.

Figure 6. Respiratory burst capacity of C3H/HeN mouse blood neutrophils
isolated 24 hours post-Hem was consistently lower than that observed from
Sham-Hem animals’ cells. A typical result of four independent experiments is
provided.

Figure 7. Changes in IL-6 (A), MIP-2 (B), and MPO (C) seen following
adoptive transfer of peripheral blood neutrophils isolated from C3H/HeN
donor mice which had been hemorrhaged (Hem) (24 hours earlier), Sham-
Hem, or were untreated (normal) to neutropenic recipient, C3H/HeN mice
that were subsequently subjected to CLP. Values are mean � SE, n � 4
mice/group. *, P � 0.05 vs. equivalent group not subjected to CLP, while #,
P � 0.05 vs. all other groups. ND, not detected.

Mouse PMN Priming: Lung Injury 2289
AJP December 2002, Vol. 161, No. 6



There is a body of literature suggesting that prior injury
can have a “priming” effect on the phagocytic compo-
nents of the immune system as well as non-immune cells
such as epithelia, endothelia, etc.12–14,39–41 This
“primed” phagocytic system, eg, neutrophils/macro-
phage/monocytes and/or the surrounding pulmonary en-
dothelia/epithelia, etc, when challenged (“triggered”) by
sepsis, is thought to respond with an exaggerated inflam-
matory mediator release, which would, in turn, induce the
scenario described earlier leading to septic shock, mul-
tiple organ dysfunction, and death. In this regard, imme-
diately following hemorrhagic shock (the first 24 hours)
we have shown that it is possible to detect elevated
systemic as well as local tissue release of pro-inflamma-
tory mediators associated with activation of macro-
phages/neutrophils during the subsequent response to
septic challenge.17,18 Phagocyte “priming” is also sug-
gested to be transient in nature and most evident during
this early period following injury.12,42,43 Thus, one would
anticipate that the phagocyte’s responsiveness as well as

its ability to contribute to acute lung injury might change
over time after the initial trauma. Here we document that
this does indeed appear to be the case as the priming
response evident at 24 hours following the initial hypo-
tensive insult, as evidenced by marked increase in lung
IL-6, MIP-2, and MPO, are lost (or markedly reduced for
MIP-2) by 72 hours post-shock. It is worth noting that
while a number of cytokines could have been chosen as
our indices of local inflammation, due to limitations in
available material/sample sizes/volumes, we chose to as-
sess the pleotropic pro-inflammatory cytokine IL-6, as it is
one of the most consistently detected cytokines associ-
ated with shock/traumatic injury.6 We also chose to ex-
amine the mouse chemokine MIP-2 (one of the homo-
logues of human IL-8) as it is thought to be a critical
mediator of neutrophil recruitment/activation.44 With re-
spect to changes in neutrophil influx in the lung and
associated injury, the small size of the mouse as a model
restricted our primary examination to changes in tissue
MPO, morphological assessment of lung specimen,

Figure 8. Hematoxylin and eosin stain of representative sections of the left lobe of the lung of recipient neutropenic mice 24 hours post-CLP (A, C) or Sham-CLP
(B, D) that had received either hemorrhage (Hem; A, B) or Sham-hemorrhage (Sham-Hem; C, D) donor mouse blood neutrophils (magnification, �200). Inset,
represents the cumulative morphometric determination of % alveolar space present per field from 12 images taken per lung tissue section. Values given as mean �
SEM, n � 3/group. *, P � 0.05 vs. CLP neutropenic mouse receiving PMN from Hem mouse. #, P � 0.05 vs. Sham-CLP neutropenic mouse receiving
Sham-hemorrhage mouse donor PMN.
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bronchoalveolar lavage cytokine level IL-6, and change
in lung tissue wet to dry weight ratio as an index of
edema. The observation of priming in this mouse model is
also in keeping with the studies of Fan et al14 who dem-
onstrated that hemorrhage in a rat can produce priming
for lung injury following subsequent intratracheal expo-
sure to endotoxin. This increase in susceptibility to lung
injury 24 hours following hemorrhage is also associated
with an increase in mortality resultant from sepsis. This
suggests that the lung injury produced here, along with
other organ dysfunction/damage, contributes to reducing
the host’s ability to ward off the lethal effects of the septic

challenge. In this respect, while it was not our objective to
examine other organ systems in this study, we previously
demonstrated that, in response to CLP alone, there is a
marked decrease in cardiac output and an increase in
liver damage,45 on which prior hemorrhage, as produced
here, would appear to add the further complication of
lung injury.

Numerous studies looking at various inflammatory me-
diators have suggested that neutrophils are a primary
mediator/effector cell involved in producing ALI. How-
ever, often one of the more difficult hurdles to overcome
with human materials has been the ability to verify in vivo
that inflammatory agents or conditions that produce what
appears to be “priming” in vitro exhibit such a potential/
capacity in intact animals. Similarly, while neutrophils
derived from patients’ systemic blood appear to have
augmented inflammatory/cytotoxic capacity, we typically
only are able to extrapolate on the ability of such “prim-
ing” of these cells to actually contribute to tissue injury in
the patient.

In animal models, we can begin to address issues
such as the capacity of neutrophils from animals primed
by hemorrhagic shock to mediate changes in the lungs of
these animals following septic insult. However, as the
effect of hemorrhage on mouse blood PMN has not been
examined, we initially set out to determine whether hypo-
tensive shock could induce changes in mouse neutrophil
apoptosis (ex vivo) and respiratory capacity (in vitro) that
were consistent with functional priming seen in injured
patient’s cells.12,39,46 Similar to the types of observations
that have been made in patients,12,39,46 we found there
was a marked decline in ex vivo peripheral blood mouse
neutrophil apoptosis in hemorrhaged mice. In vitro as-
sessment of these isolated blood neutrophils from hem-
orrhaged mice consistently exhibited a higher respiratory
burst capacity.

To the extent that these cells, present in circulation 24
hours post-hemorrhage (just before CLP), retain an en-
hanced ability to induce subsequent lung inflammation/
injury, we chose to compare the capacity of isolated
hemorrhage mouse blood neutrophils (donor) to those
from Sham protocol or unmanipulated mice to produce
ALI. To assess this potential, we adoptively transferred
the donor mouse neutrophils to recipients depleted of
neutrophils (48 hours prior with anti-Gr1 [mouse PMN]
Ab). Following this, mice were challenged with CLP. Neu-
trophils from hemorrhaged animals produced a marked
increase in CLP-induced lung MIP-2 and MPO levels
indicating that priming is transferable by transfer of neu-
trophils. This observation is supported, in part, by the
recent findings of Moxley et al47 in rats, in which they
showed that cells isolated from bronchoalveolar lavage
fluids of endotoxin-challenged animals could produce
ALI when re-instilled into a donor rat’s lungs. However,
their model differs significantly from the model used here.
First, their model was essentially a single high dose lethal
endotoxin insult model. Second, the cells used for trans-
fer represent a mixed population that includes a large
percentage of macrophages, lymphocytes, and neutro-
phils. Third, the transferred cells do not transmigrate from
circulation as they are instilled intratracheally into the

Figure 9. IL-6 (A), MIP-2 (B), and MPO (C) levels in the lung homogenates
of C3H/HeOuJ mice hemorrhaged (Hem) 24 hours before CLP compared
Hem/Sham-CLP or compared to Hem/CLP, C3H/HeJ (TLR-4 �/�) or Hem/
CLP C3H/HeJ-FasLgld (TLR-4 �/�, FasL �/�). Values given as mean � SE,
n � 5 to 6 mice/group. *, P � 0.05 vs. Hem/Sham-CLP, C3H/HeOuJ (HeOuJ),
#, P � 0.05 vs. Hem/CLP C3H/HeOuJ or C3H/HeJ (HeJ). @, P � 0.05 vs.
Hem/CLP C3H/HeOuJ or C3H/HeJ-FasLgld (gld). ‡, P � 0.05 vs. the equiva-
lent Hem/CLP group.
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lungs (and thus, are not naturally recruited from the
blood). Fourth, the presence of a normal functional recip-
ient neutrophil pool is a potential confounding effect.
Here we have used sub-lethal hypotensive shock (hem-
orrhage) as opposed to lethal endotoxic shock to prime
the donors’ cells. The neutrophil population was purified
(98%) from blood and then transferred, intravenously to a
recipient whose own neutrophils had been previously
depleted, so as to minimize the recipient granulocyte
contributions. Thus, unlike the study of Moxley et al,47

these results indicate that purified donor neutrophils, as
opposed to other possible contaminant populations,
serve as the effector/mediator of hemorrhage induce
priming for ALI. However, we realize our results do not
address the nature of the processes, the mediators
and/or the type of cell-cell interactions (autocrine and/or
paracrine) which are induced initially by hemorrhage in
the donor which then produce this functional change
(priming) in the peripheral blood neutrophil pool.

It has been reported that exposure to endotoxin can
induce the release of a variety of inflammatory agents,
such as IL-1�, TNF�, IL-6, IL-8, MIP-2, soluble FasL, etc,
which are thought to induce in vitro priming in granulo-
cytes.14,19,36 It has also been shown that the constitutive

process of neutrophil apoptosis is altered by priming
stimuli.48–51 Neutrophils, as well as other phagocytes,
and endothelial and epithelial cells in the lung all possess
death receptors for the Fas pathway. This pathway has
also been implicated as a contributor to pathology of lung
injury both in animal models of acute lung injury and
ARDS patients.36–38 In light of this, we attempted to as-
sess whether deficiency in the capacity to respond to
endotoxin due to gene deficiency in the toll-like receptor
(TLR-4)52 and/or the loss of the death receptor gene
product for FasL53 would alter the extent of lung injury
produced in mice by the combined insult of hemorrhage
and CLP.

Interestingly, we found that irrespective of the inability
to respond to endotoxin via TLR-4 alone or the combined
TLR-4 deficiency and the lack of a functional FasL gene
product, a marked increase in lung IL-6, MIP-2, and MPO
levels were still seen when compared to hemorrhage
alone. This indicates that all these animals are suscepti-
ble to hemorrhage-induced priming. However, the extent
of local inflammation observed was divergent in these
animals. While deficiency of the TLR-4 gene product in
the HeJ markedly suppressed neutrophil influx, as indi-
cated by the drop in MPO levels, lung neutrophil number

Figure 10. Hematoxylin stain of representative sections of the lung of Hem/Sham-CLP (A); Hem/CLP, C3H/HeOuJ mouse (B); Hem/CLP, C3H/HeJ (C); or
Hem/CLP, C3H/HeJ-FasLgld (D) mouse (magnification, �400). Note: Hemorrhage followed 24 hours later by CLP produced an increase in lung cellularity, septal
thickening, and alveolar congestion in all mouse strains, however, the extent of these changes was typically greater in endotoxin-sensitive (TLR�/�)/FasL�/�
mice (A, B) then either the C3H/HeJ (C) or C3H/HeJ-FasLgld (D). Inset, represents cumulative determination of the % PMN (napthol AS-D chloroacetate esterase�

cells) per total number cells counted in 7 to 8 field, 25:m2; magnification, �400. Values given as mean � SEM, n � 3/group. *, P � 0.05 vs. Hem/Sham-CLP and
@, P � 0.05 vs. HeOuJ:Hem/CLP or Hej-Faslgld:Hem/CLP.
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(%), and reduced alveolar collapse, it did not alter the
extent of local cytokine/chemokine expression. This sug-
gests that signaling through TLR-4 is a necessary com-
ponent in maximizing neutrophil recruitment and/or mi-
gration to the lung but does not markedly effect priming
for the cytokine response to sepsis.

Such an observation is in keeping with the finding that
neutrophils, unlike other granulocyte populations, but
similar to macrophage/monocytes, express functional
TLR-4 and TLR-2 receptors.54 How TLR-4 loss might alter
mouse neutrophil function remains to be established in
this setting. These divergent findings also suggest that
suppression in neutrophil recruitment is not related to a
lack of chemokine expression. This finding of reduced
neutrophil recruitment also differs from the work of Hazoit
et al55 who indicate that neutrophil recruitment increased
in animals subjected to gram-negative microbial chal-
lenge alone which were deficient in either CD14 or TLR-4
gene products. One possible explanation is that the two-
hit process in which hemorrhage-induced priming when
followed by polymicrobial septic challenge is distinct
from those changes seen with simple mono-specific bac-
terial/toxin challenge.

Stimulation of Fas/FasL pathway is primarily thought to
be involved with the induction of apoptotic cell death.
With respect to most immune cells, beside the suggested
developmental role of apoptosis, the induction of such
FasL-mediated cell death is thought to be an important
component in controlling the extent of the inflammatory
process.56,57 This is based on the observation that acti-
vated immune cells typically increase their sensitivity to
Fas-mediated cell death through increase of Fas on these
cells. Thus, FasL serves as an anti-inflammatory agent
involved in the resolution of an immune response. Alter-
natively, a number of recent studies58,59 have also doc-
umented that ligation of the Fas receptor can also signal
the increased release of various inflammatory mediators,
implying that the Fas/FasL system can serve as a pro-
inflammatory mechanism in certain cell types or tissues.
The observation made here of increased lung cytokine/
chemokine levels and the inability to alter neutrophil influx
(as indicated by MPO) implies that the loss of FasL has
removed a potential anti-inflammatory pathway in these
animals. We would speculate that this is due to the in-
ability to delete, via apoptosis, activated macrophages,
neutrophils, or other immune and possibly non-immune
cells that are contributing to the release of these cyto-
kines and the neutrophil influx. Further studies with pos-
sible targeted depletion of some of these cell populations
would be needed to establish this.
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