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Objective
To determine whether alteration in wound exudate cell im-
mune function occurs after trauma-hemorrhage.

Background

Although clinical and experimental studies indicate that the
rate of wound infection is increased after trauma and hemor-
rhagic shock, the underlying mechanism for this increased
susceptibility remains unknown.

Methods

Male C3H/HeN mice were subjected to a midline laparotomy
and polyvinyl alcohol sponges were implanted subcutane-
ously in the abdominal wound before hemorrhage (35 + 5
mm Hg for 90 minutes and resuscitation) or sham operation.
The wound exudate cells from the sponges were harvested
on the first, third, and fifth postoperative day and cultured for
24 hours in the presence of lipopolysaccharide (10 wg/ml) or
heat-killed Staphylococcus aureus. Interleukin (IL)-18, IL-6,
monocyte chemotactic protein 1, macrophage inflammatory
protein 2, and nitrite levels were determined in the superna-
tants. The distribution of macrophages and polymorphonu-
clear leukocytes was assessed in the sponge with and with-
out in vivo injection of S. aureus. The phagocytic activity of

isolated wound exudate cells was determined using fluores-
cent S. aureus.

Results

The composition of exudate cells was unaltered by hemor-
rhagic shock; however, in vivo injection of S. aureus signifi-
cantly decreased the percentage of macrophages under such
conditions. Wound exudate cell phagocytic activity and the
release of IL-1, IL-6, monocyte chemotactic protein 1, and
macrophage inflammatory protein 2 was decreased on the
first postoperative day. The release of IL-18 and IL-6 was also
decreased on the third postoperative day in hemorrhaged
mice. On the fifth postoperative day, wound exudate cell cy-
tokine production was comparable to that in shams.

Conclusions

Because most wound infections occur early after severe
trauma, these results suggest that the dysfunction of wound
exudate cells after hemorrhage might contribute to the in-
creased incidence of wound infections. Therefore, attempts to
enhance or restore wound cell immune function might be
helpful for decreasing the incidence of wound infections in
trauma victims.

Several studies have indicated that cell-mediated immune
responses are markedly depressed in male patients after
ﬁiauma and hemorrhagic shock, and that these changes
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In addition to an increased susceptibility to polymicrobial ville, NJ). Polyvinyl alcohol sponges (0.8 0.5 X 0.5 cm)
sepsis, an increased rate of wound infection has also beemere then aseptically implanted subcutaneously (four per
reported in clinical and experimental studies after sever@animal) next to the incision site, avoiding contamination or
trauma and blood loss.2 In trauma patients, blood loss, infection of the wound site. The skin incision was then
shock, and the duration of hypotension have been identifiedlosed using 9-mm surgical clips (MikRon Autoclip, Clay
as significant risk factors for the development of woundAdams, Parsippany, NJ).
infection®*° Similarly, a significantly higher number of
wound complications have been documented after surgeny,
for bleeding peptic ulceratiowersusnonbleeding ulcer-
ation!* Livingston and Malangorinoted an increased sus-  After the midline laparotomy and sponge implantation,
ceptibility to wound infection after hemorrhagic shock in both femoral arteries were aseptically cannulated with poly-
rats, as evidenced by an increased presence of gross pumthylene 10 tubing (Clay Adams) using a minimal dissec-
lence at the wound site aft&taphylococcus aureusjec-  tion technique. Blood pressure was constantly monitored by
tion. Moreover, antibiotic prophylactics failed to reduce theattaching one of the catheters to a blood-pressure analyzer
incidence of wound infection Further, hypovolemic shock (Digi-Med, Louisville, KY). On awakening, the animals
and the local administration of epinephrine have beerwere bled rapidly through the other catheter to a mean
shown to increase the virulence of a dermal staphylococcarterial blood pressure of 35 5 mm Hg (prehemorrhage
infection® pressure was 9% 5 mm Hg), which was maintained for 90

The above studies suggest that defense mechanisms at tiénutes. At the end of that period, the animals were resus-
wound site may be compromised after hemorrhagic shoclkeitated with lactated Ringer’s solution (four times the shed
We hypothesize that hemorrhagic shock might depress thielood volume over 30 minutes) to provide adequate fluid
function of wound immune cells, thereby increasing the rateesuscitation. Lidocaine was applied to the groin incision
of wound infections. The aim of this study, therefore, was tosites, the catheters were removed, the vessels were ligated,
determine whether hemorrhagic shock produces any alteand the groin incisions were closed.
ations in wound exudate cell function. Sham-operated animals underwent the same groin dissec-
tion, which included ligation of both femoral arteries; how-
MATERIALS AND METHODS g\l:ir, neither hemorrhage nor fluid resuscitation was carried
Animals No deaths were observed in this trauma-hemorrhage

model.
Inbred male C3H/HeN mice (Charles River Laboratories,

Wilmington, MA), 7 weeks old and weighing 24 to 27 g, .

were used in this study. All procedures were carried out ifPreparation of Wound Exudate Cells

accordance with the guidelines set forth in the AnimalFrom the Sponges

Welfare Act andThe Guide for the Care and Use of Lab-  The animals were killed by methoxyflurane overdose on

oratory Animalsby the National Institutes of Health. This e first, third, or fifth postoperative day after hemorrhage
project was approved by the Institutional Animal Care andyng resuscitation or sham operation. The sponges were
Use Committee of Rhode Island Hospital and Brown Uni-gjissected free from the surrounding connective tissue using
versity. sterile surgical methods. Wound exudate from the sponges
was harvested as previously descriBéd® In brief, the
sponges from each animal were combined in ice-cold phos-
phate-buffered saline solution in a plastic bag and then
Male mice were randomized into two groups (six to eightplaced in a Stomacher (Tekmar Company, Cincinnati, OH)
per group). The mice in group 1 underwent trauma alongor 30 seconds; this provides repeated compression of the
(sham animals). The mice in group 2 were subjected to theponges. The resultant cell suspension was centrifuged at
trauma-hemorrhage procedure (hemorrhage animals). 300y for 15 minutes at 4°C. The cell pellet of wound
exudate cells was diluted to 1.8 10° cells/ml in RPMI
media containing 10% fetal calf serum. One milliliter of this
cell suspension was cultured on a 24-well plate for 24 hours
at 37°C, 5% CQand 90% humidity, in the presence of 10
Mice were lightly anesthetized with methoxyflurane wg/ml of LPS W. In addition to LPS stimulation, separate
(Metofane, Pitman-Moore, Mundelein, IL) and restrained inwells containing 1.5 10° wound exudate cells per milli-
a supine position, and the skin was disinfected using 75%ter in RPMI media harvested on the first postoperative day
ethanol. A 2.5-cm midline laparotomié., trauma induced) were cultured in the presence of heat-kill&l aureus
was performed and the muscular layer was then close(D.001% w/v or 0.01% w/v; Calbiochem, San Diego, CA).
aseptically using 6-0 Ethilon sutures (Ethicon, Inc., SomerAfter incubation, the cell suspension was centrifuged at

emorrhage Procedure

Experimental Groups

Trauma Procedure and Sponge
Implantation
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300y for 15 minutes and the supernatants were harvestedssay diluent and 50l of standard and sample were added
and stored at-80°C until assayed for interleukin (IL)8L  to 96-well plates precoated with a polyclonal antibody spe-
IL-6, monocyte chemotactic protein 1 (MCP-1), and mac-cific for mouse MIP-2 and incubated for 2 hours at room
rophage inflammatory protein 2 (MIP-2) levels. temperature. After washing, 10@l of a enzyme-linked
polyclonal antibody specific for mouse MIP-2 was added to
all wells and incubated for 2 hours at room temperature.
After washing, 10Qul of substrate solution was added, and
IL-18 levels in the wound exudate cell supernatants werghe color development was stopped after 30 minutes by the
determined using the sandwich enzyme-linked immunoasaddition of 100ul of stop solution. The optical density at
say technique (ELISA) described by us previoudyin 450 nm was then determined on a microplate reader, and the
brief, 96-well plates (Inter-Med/Nunc VWR Scientific, concentration of MIP-2 present in the samples was deter-
Batavia, IL) were coated overnight (4°C) with 2u@/ml  mined by interpolation against the standard curve.
monoclonal hamster antimouse lI31Genzyme Diagnos-
tics, Cambridge, MA). After repeated washings, the sample
and the standard (1000 pg/ml recombinant mouse gl.-1 issessment of MCP-1 Release
Genzyme Diagnostics) were added and then incubated over- MCP-1 levels in the wound exudate cell supernatants
night at 4°C. After repeated washings, the plates weravere determined using a mouse MCP-1 ELISA kit (Pharm-
incubated at 37°C for 1 hour with a biotinylated polyclonal ingen, San Diego, CA) as described by the manufacturer. In
rabbit antimouse IL-® (Genzyme Diagnostics) at a con- brief, 96-well plates (Inter-Med/Nunc VWR Scientific)
centration of 0.8ug/ml. The plates were washed and thenwere coated overnight (4°C) with antimouse MCP-1 mono-
incubated with horseradish peroxidase for 15 minutes atlonal antibody. After washing, 10@l of samples or stan-
37°C. After washing, 10Qul of tetramethylbenzidine (Sig- dard was added and incubated for 2 hours at room temper-
ma Chemical, St. Louis, MO) was added to initiate colorature. After washing, antimouse MCP-1 monoclonal
development. After 15 minutes, 1Q0 of stop solution (2N  antibody conjugated to horseradish peroxidase was added
H,S0O,) was added, and the optical density at 450 nm forand incubated for 1 hour at room temperature. After 15
each well was then measured on a microplate reader (ELminutes, 100ul stop solution (2N HSO,) was added, and
311, Bio-Tek Instruments Inc., Winooski, VT). The concen-the optical density at 450 nm for each well was then deter-
tration of IL-18 present in the samples was determined bymined on a microplate reader. The concentration of MCP-1
interpolation against the standard curve. present in the samples was determined by interpolation
against the standard curve.

Assessment of IL-13 Release

Assessment of IL-6 Release

IL-6 activity in culture supernatant was determined by theAssessment of Nitrite Release

degree of proliferation of the murine B-cell hybridoma cell The concentration of nitrite (N9), a stable degradation
line 7TD1, which grows only in the presence of IL*6The  product of nitric oxide, was measured in the supernatants of
IL-6—sensitive murine B-cell hybridoma (7TD1) (a gift wound exudate cells by a microplate method based on the
from Dr. Jacques Van Snick) was maintained as previouslyormation of chromophore after reaction with Griess reagent
described? Serial dilutions of Mp supernatants were added (1% sulfanilamide, 0.1% naphthylethylene diamine dihy-
to 4 X 10* 7TD1 cells/ml, and the cells were incubated for drochloride, 2.5% phosphoric acid), as previously de-
72 hours at 37°C in 5% CO For the last 4 hours of scribed!’ Fifty microliters of Griess reagent and %0 of
incubation, 20wl of a 3-(4,5-dimethythiazol-2-L)-2,5-di- supernatants were added to a 96-well plate and incubated at
phenyltetrazolium-bromide solution (MTT; 5 mg/ml in room temperature for 10 minutes. Absorbance was mea-
RPMI-1640, Sigma) was added to each well (only viablesured at 550 nm, and the concentration of N@ the
cells incorporate MTT). The assay was stopped by aspirasamples was determined by interpolation against the stan-
tion of 150 ul supernatant from each well, with subsequentdard curve.
replacement by 10Qul of 10% sodium dodecyl sulfate
solu.tlon in phosphate-buffered saline (lauryl sulf_ate, Slgmabetermination of the Phagocytic Activity
to dissolve the dark-blue formazan crystals. Using an auto(—)f Wound Exudate Cells
mated microplate reader (EL-311, Bio-Tek Instruments),
the light absorbance was measured at 570 nm. Before the experimen§. aureudBioParticles (Molecular
Probes, Eugene, OR) were suspended in mouse plasma and
incubated for 1 hour at 37°C for opsonization. To determine
the phagocytic activity of wound exudate cells on the first
MIP-2 levels in the Mp supernatants were determined postoperative day, 0.5 ml of ¥ 10°/ml wound cells were
using a Quantikine ELISA kit (R&D Systems, Minneapolis, cultured for 1 hour at 37°C, 5% Cand 90% humidity, in
MN) as described by the manufacturer. In brief, B0of  the absence or presence of 4@/ml of LPS. After this, 500

Assessment of MIP-2 Release



654 Angele and Others Ann. Surg. * May 1999

Table 1. CELLS HARVESTED FROM SPONGES AFTER HEMORRHAGE OR
SHAM OPERATION

Postoperative Postoperative Postoperative 24 hr After S. aureus
Day 1 Day 3 Day 5 Injection
Sham 10.0+1.8 6.3 = 0.8* 16.7 £ 3.2 52+0.9
Hemorrhage 140 =18 4.0 = 0.4* 104 1.8 3.6+0.6

Values are presented as means *+ SEM. Data were analyzed by analysis of variance. *p < 0.05 vs. sham or hemorrhaged animals on the first postoperative day,
respectively.

ul of a suspension containing X 10°/ml opsonized fluo-  stained (Fisher Scientific, Pittsburgh, PA) cytospins (°
rescentS. aureusBioParticles were added to the cell sus- cells per slide) (Shandon, Pittsburgh, PA).

pension and incubated in a shaking water bath for 30 min-

utes. The cells were washed twice with ice-cold phosphate-

buffered saline to remove nonphagocytosed bacteriaStatistical Analysis

Analysis of fluorescein isothiocyanate (FITC)-positive cells
was performed using a FACS Vantage flow cytometer (Bec- The.results are presented as meanSEM. One-way
ton Dickinson Inc., San Jose, CA). DAPI was excited with analysis of variance followed by the Student-Newman-
a Coherent ANOVA-70S Spectrum laser (Spectrum Produclt<eUIS test as @(.)St hoctegt fF’T multiple comparisons was
Division, Palo Alto, CA) set to 360 nm, and fluorescent used to detgrmlne the S|gn|f|(.:an.c'e of the differences be-
emission was detected with a 42422 nm blue reflecting tween gxpenmental means. $|gn|f|cgnce between Ehe colo-
dichroic filter. Cells were excited with an argon laser set tony-formlng units was determm.ed. using .the. Students ttest
488 nm, using a 53@- 15-nm-wide band pass filter. No P < 0.05 was considered statistically significant.

fewer than 10,000 gated granular cells were assessed per

sample. Using PC-Lysis 1.0 software (Becton-Dickinson,RESUL.I.S

Inc., San Jose, CA), the percentage of FITC-positive stain-

ing cells and the mean channel fluorescence of the positivgistribution of M¢ and Polymorphonuclear

staining cells were determined for each sample. Leukocytes at the Wound Site

The number of wound exudate cells (Table 1) and the
Injection of Heat-Killed S. Aureus in the percentage of M and polymorphonuclear leukocytes
Wound Site (PMNs) was similar in hemorrhaged and sham-operated

animals (Table 2). The percentage oféMcontinuously

To assess th vivo effect of a microbial challenge at the increased from the first to the fifth postoperative day in both
wound site, 100ul of a 0.01% (w/v) solution containing groups.
1 X 10° heat-killed S. aureusper milliliter (Calbiochem) After the injection ofS. aureus in vivothe number of
was injected in the sponges on the first postoperative dayound exudate cells was found to be lower in hemorrhaged
On the second postoperative day, the animals were killednimals (30% vs. sham animals, p> 0.05; Table 1).
and wound exudate cells harvested. Absolute and relativBloreover, the percentage of ¢and the total number
numbers of wound exudate cells isolated from each animadf M¢ in the wound exudate cells were significantly de-
were calculated from hemocytometer counts (total woundreased (p< 0.05) after hemorrhage (Fig. 1). In contrast,
cells per animal) and from differential counts on LeukoStat-the percentage of PMNs in the wound exudate cells was

Table 2. PERCENTAGE OF M¢ AND PMN IN WOUND EXUDATE CELLS

Postoperative Day 1 Postoperative Day 2 Postoperative Day 5
Mo (%) PMN (%) Mdo (%) PMN (%) Mo (%) PMN (%)
Sham 11.6 £ 0.9 88.3 £+ 0.9 223+ 19 77.7 =19 37.3+0.7 62.7 £ 0.7
Hemorrhage 9.0+ 0.6 91.0 £ 0.6 205 2.7 79527 38.3 +48 61.7 = 4.8

Values are presented as means = SEM. M¢, macrophages; PMN, polymorphonuclear leukocytes.
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100 ¥ A Release of Chemokines by Wound
e == PVN Exudate Cells
Tn‘ 801 /1 Macrophage . _
3 The release of the chemokines MIP-2 and MCP-1 (Fig. 3)
o was significantly depressed on the first postoperative day
S 607 after trauma-hemorrhage-88.8% for MIP-2 and—-71.6%
g for MCP-1vs. sham animals, p< 0.05). On days 3 and 5
-.‘=5 401 after hemorrhage, the release of MIP-2 and MCP-1 was
2 . restored to sham levels.
£
& 201 t
Nitrite Production by Wound Exudate
0 Cells
= 5 B The concentration of NO, a stable degradation product
= of nitric oxide, in the supernatants of wound exudate cells
X 4] was significantly decreased on the first postoperative day
Y after hemorrhage<{88.9%vs.sham animals, p< 0.05; Fig.
3 3 4). On the third and fifth postoperative days, no difference
.ff was evident in the concentration of N(between sham and
g 2 hemorrhaged animals.
a
£ T
= 4
z 1 t
[ 1 sham A
0 ’—g 300 | N hemorrhage
sham hemorrhage ?Q,_, ’j- l
Figure 1. Differential count of wound exudate cells (percentage ;’ 2001
[A] and absolute number [B]) harvested on the second postopera- g
tive day from animals that were subjected to a subcutaneous o t
injection with heat-killed S. aureus on the first postoperative o
day. Cytospins of the wound exudate cells were obtained and 2 100 %
300 cells were counted for differential counts. Analysis of variance, 3
*p < 0.05 vs. PMNs from sham mice, tp < 0.05 vs. Mdé from sham -
mice.
0
120
not significantly altered after hemorrhage verslgams B
(Table 2). = i i
= 90 1
2 T
Q
Proinflammatory Cytokine Release by § 60 -
Wound Exudate Cells ° {
There was a significant decrease in the LPS-stimuIatedz 30+ *
release of IL-B from wound exudate cells on the first and
third postoperative days—29.6% and—52.8% vs. sham
animals, respectively, f 0.05) after hemorrhage (Fig. 2A). ]
On the fifth postoperative day, the capacity of wound exu- 1 3 5
date cells to release ILRLwas not different between sham postoperative days

and hemorrha.ge animals. Figure 2. Release of IL-18 (A) and IL-6 (B) by wound exudate cells
The LPS-stimulated release of IL-6 was markedly de-harvested from subcutaneous sponges on the first, third, and fifth post-

pressed on the first and third postoperative days after heneperative days after hemorrhage or sham operation. The cells were
orrhagic shock {-67.2% and—57.0% vs. sham animals, cultured for 24 hours in the presence of 10 ug/ml lipopolysaccharide A.
respectively p< 0.05: Fig ZB) On the fifth postoperative The release of IL-18 was determined by ELISA, the release of IL-6 by a

T D ) ) . specific bioassay (7TD1). Analysis of variance, *p < 0.05 vs. sham mice
day, similar to IL-13, the release of IL-6 was not different

: on the first postoperative day, tp < 0.05 vs. sham mice on the third
between sham and hemorrhage animals. postoperative day.
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Figure 3. Release of MIP-2 (A) and MCP-1 (B) by wound exudate cells
harvested from subcutaneous sponges on the first, third, and fifth post-
operative days after hemorrhage or sham operation. The cells were
cultured for 24 hours in the presence of 10 ug/ml lipopolysaccharide A.
The release of MIP-2 and MCP-1 was determined by ELISA. Analysis of
variance, “p < 0.05 vs. sham mice on the first postoperative day.

Cytokine Production in Response to S.
aureus

Ann. Surg. « May 1999

out stimulation on the first postoperative day (Fig. 6A).
After LPS stimulation, the percentage of wound exudate
cells staining positive for FITC significantly increased in
sham animals+{57%yvs.nonstimulated cells, pc 0.05) but
not in hemorrhaged mice (Fig. 6A).

Bacterial phagocytosis, as determined by mean channel
fluorescence (a measure of total phagocytic activity), how-
ever, was decreased in nonstimulated wound exudate cells
harvested from hemorrhaged animals compared with shams
(—24.8% vs. shams, p< 0.05; Fig. 6B). Although LPS
stimulation increased the percentage of FITC-positive cells
harvested from sham animals, the total phagocytic activity
of the cell population decreased under those conditions
(—36.4vs. nonstimulated cells harvested from shams; p
0.05; Fig. 6B). Stimulation of wound exudate cells har-
vested from hemorrhaged animals also further reduced the
phagocytic activity {24.5% vs. shams stimulated with
LPS, p< 0.05; Fig. 6B).

DISCUSSION

Wound infection remains one of the most frequent com-
plications after severe traundaaccounting for approxi-
mately 25% of the total number of nosocomial infectiéns.
Further, surgical wound infections continue to consume a
considerable portion of health care financ®sn this re-
spect, Olson and Lee reported that the reduction of the
overall wound infection rate from 4.2% to 2.5% at one
medical center saved approximately $3 million in hospital
room costs during a 10-year peribdMoreover, the wound
can become a potential cause of considerable morbidity and
mortality as a result of subsequent tissue inflammation and
infection; the latter is especially common given the com-
promised immune function seen in the critically ill pa-

In addition to culturing wound exudate cells in the pres-

ence of LPS, cells harvested on the first postoperative day
were stimulated with either 0.001% (w/v) or 0.01% (w/v)
heat-killedS. aureusWound cells from shams and hemor-
rhaged mice did not release different amounts of IL-6 when
stimulated with 0.001%S. aureus.However, stimulation
with 0.01% S. aureuscaused an approximately fourfold
increase in IL-6 release by cells from shams but not from=
hemorrhaged animals (Fig. 5A).
The release of the chemokine MCP-1 by wound cellsZ
from hemorrhaged animals in responseStoaureusstimu-
lation was significantly depressed compared with sham lev-
els (—48.0% when stimulated with 0.001%. aureusand
—46.6% when stimulated with 0.01%. aureus vsshams,
p < 0.05; Fig. 5B).

1.2
(1 sham
Il hemorrhage
0.9
E
5 1
= 0.6
o
o
0.3
*
0.0

3

postoperative days

Phagocytic Activity of Wound Exudate
Cells

Figure 4. Concentration of nitrite in supermnatants of wound exudate
cells harvested from subcutaneous sponges on the first, third, and fifth
postoperative days after hemorrhage or sham operation and cultured
for 24 hours in the presence of 10 ug/ml lipopolysaccharide A. The

There was no significant difference in the percentage ofoncentration was determined by Griess reagent. Analysis of variance,

phagocytic wound exudate cellsg(, FITC-positive) with-

*p < 0.05 vs. sham mice on the first postoperative day.
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50 PMNSs and Mp. This was done in an attempt to simulate the
[ sham % A in vivo setting of wound exudate cells and their immune
= 40 B hemorrhage T response to a second shmulur;wtro. In'future studies,
E however, targeted cell population depletion should be con-
2 sidered to elucidate which cell population specifically con-
b 301 tributes to the observed alterations in the immune response
8 1 at the wound site after hemorrhagic shock.
® 20 The results indicate that the release of the proinflamma-
© tory cytokines IL-BB and IL-6 in response to LPS was
= 10+ - significantly decreased on the first and third postoperative
days but returned to normal on the fifth postoperative day.
Because the percentage of wound exudate cells that were
g macrophages or PMNs was not significantly affected by
hemorrhage, the observed differences in the cytokine pat-
=E‘ 25 T = B tern do not appear to be attributable to variations in the
B distribution of wound exudate cells. ILgland IL-6 have
£ 2 been shown to be involved in the wound-healing process in
b4 #1 both experimental models using sponges and in surgical
& 1.5l % patientst>?3|L-1 and IL-6 stimulate leukocyte chemotaxis,
[ T- and B-cell activity, and PMN bactericidal activif:2°
< 17 A decreased release of proinflammatory cytokines in glu-
?5 cocorticoid-treated as well as diabetic mice has been re-
s 0.5 ported to be associated with alterations in wound heal-
0
70
[ [ L1 sham i(
0.001 % wiv 0.01% wiv O~ &0l W hemorhage T A
Figure 5. Release of IL-6 (A) and MCP-1 (B) by wound exudate cells E s
harvested from subcutaneous sponges on the first postoperative day w— O 501
after hemorrhage or sham operation. The cells were cultured for 24 g E 401
hours in the presence of O..OO1 % or 0.01 % hegt—killed S. aureus. The g o
release of IL-6 was determined by a specific bioassay (7TD1), the re- b E 301
lease of MCP-1 by ELISA. Analysis of variance, *p < 0.05 vs. sham mice 2w
stimulated with 0.001% S. aureus, tp < 0.05 vs. sham mice stimulated 58 20
with 0.01% S. aureus. o
107
tient?°~22 Studies by Livingston and Malangoni suggested 0
an increased susceptibility of hemorrhaged animals to , 350
wound infection, as defined by the presence of gross puru- £ B
. . ® 300
lence and bacterial growth in culture, 7 days after hemor- @ T
rhage> Moreover, antibiotics failed to decrease the rate of § 2501
wound infection in hemorrhaged animals, suggesting alter- 2 *
. . . . 2001
ations in the host defense mechanisms after hemorrhagicg *
shock® The aim of the present study, therefore, was to £ 150 %t
determine whether a dysfunction of immune cells at the & |
wound site occurs after severe blood loss. ‘:_.’ 100
Polyvinyl alcohol sponges were implanted subcutane- 507
ously adjacent to the laparotomy wound incision site, and =
wound exudate cells were harvested on the first, third, or 0
fifth postoperative day to determine whether immune cell without LPS with LPS

dysfunction occurs at the wound site. Sponges were Useflgure 6. Percentage of FITC-positive staining wound exudate cells (A)
because wound exudate cells cannot be readily harvesteéd the mean channel fluorescence of positive-staining cells (B) har-
directly from the wound site. Further, implantation of vested on the first postoperative day and stimulated with or without 10
sponges is a commonly used and well-described experime#g/ml lipopolysaccharide A for 1 hour. FITC-positive cells represent

tal technique for obtaining wound exudate céfis3 The

cells that have incorporated fluorescent S. aureus BioParticles that had
been incubated together with the wound exudate cells for 30 minutes.

Wounq.eXUthe cells assessed in this study reprgsent @Ralysis of variance, *p < 0.05 vs. sham mice without stimulation, tp <
unpurified (mixed) cellular sample composed of primarily 0.05 vs. sham mice with stimulation.
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ing.2”8In addition, the capacity of wound exudate cells to D’Amico®? indicate that a decline in the phagocytic activity
release proinflammatory cytokines in response to LPS wasf PMNs in response to hypoxia was associated with a
used as a marker to determine the responsiveness of wounécreased bactericidal activity. Although the bactericidal
exudate cells to a second stimulus after hemorrhagic shockctivity of wound exudate cells was not determined in the
or sham operation. In this regard, a decreased release pfesent study, the above findings would suggest that the
proinflammatory cytokines by splenic and peritoneap M decreased phagocytic activity of wound exudate cells after
response to subsequent stimulation has been demonstrateemorrhage might be associated with a decreased bacteri-
after hemorrhagic shock.This hyporesponsiveness of cidal activity.
splenic and peritoneal ¥ after hemorrhage has been On the first postoperative day, the release of the chemo-
shown to be associated with dysfunction of these cells (  kines MIP-2 and MCP-1 by wound exudate cells harvested
impaired antigen presentation and cytotoxictyf° The  from hemorrhaged animals was decreased in response to
present study indicates that the phagocytic capacity oEPS. MIP-2, which is similar to human IL-8, exhibits potent
wound exudate cells subjected to LPS stimulation was alseMN and T-lymphocyte chemotactic activity.>> Al-
diminished in hemorrhaged animalsrsusshams. Whether though the release of MIP-th vitro was decreased in
other functional capacities of wound exudate celle.,( hemorrhaged animals in response to stimulation, the num-
bactericidal activity) are compromised after severe bloocber of PMNsin vivo was unchanged afte3. aureusnjec-
loss remains to be determined. Comparable to LPS stimuion. Recent studies suggest that PMN apoptosis is delayed
lation, the capacity of wound exudate cells to release IL-@n septic patientgersushealthy volunteers® indicating that
was also diminished in response to stimulation with heatthe unchanged number of PMNs in the wound after hem-
killed S. aureus Thus, the dysfunction of wound exudate orrhagic shock might result from decreased apoptosis. IL-8
cells does not appear to be restricted to stimulation throughas been shown to increase the bactericidal activity of
the CD14 receptor by LPS. Because wound exudate cellactivated PMNs agains$. aureusand Escherichia colf®
were not separated in the present study, it can only b&hus, it is possible that the decreased release of MIP-2 by
speculated which cell type is responsible for the release oftimulated wound exudate cells might lead to altered PMN
proinflammatory cytokines by wound exudate cells in re-functionin vivo, thereby increasing the susceptibility of the
sponse to LPS. In this regard, a number of investigatorsvound to infection. However, further studies are required to
have shown that proinflammatory cytokine production carverify this hypothesis. MCP-1 belongs to the CC family of
be induced in both PMNs and dby LPS stimulation:>#3!  chemotactic cytokines, which stimulate the migration of
Thus, it is plausible that PMNs might be a major contributormonocytic cells’ We found a decreased number of\24
to the release of proinflammatory cytokine seen on the firshours afterS. aureusnjection in the wound site of hemor-
postoperative day. Alternatively, on the third and fifth post-rhaged animals, suggesting that a decreased release of
operative days, M are likely to be the predominant con- MCP-1 after stimulation results in an impaireddMnflux.
tributor to the released proinflammatory cytokines, becausg&/hether decreased release of other chemokines or media-
the percentage of Mincreased at these times after surgery.tors also contributes to the lowerd/number at the wound
This hypothesis, however, remains to be verified in addisite after severe blood loss is unknown.
tional studies using purified PMN andd/populations from The results of the present study also indicate that the
wound exudate cells. release of nitric oxide is decreased on the first postoper-
An increased rate of wound infection has been previoushative day after trauma-hemorrhage. Although the precise
demonstrated on the first and third postoperative days afteole of nitric oxide in the wound is unclear, studies
hemorrhagic shock; however, by the fifth postoperative dayindicate that depletion of nitric oxide by the inhibition of
the susceptibility to this infection was comparable to that ininducible nitric oxide synthase activity or genetically in
sham animalS. Moreover, Mile§ demonstrated increased inducible nitric oxide synthase—deficient mice impairs
virulence of a derma$. aureusnjection after hypovolemic  wound repair?®3°
shock. Although the susceptibility of hemorrhaged animals The precise mechanisms responsible for inducing the
to subsequent wound infection was not determined in thdyporesponsiveness of wound cells after hemorrhagic shock
present study, these earlier reports suggest that the hyporeeen in the present study remains unknown. Hemorrhage
sponsiveness of wound exudate cells after hemorrhageas been shown to cause a decrease in blood flow, which
might contribute to an increased susceptibility to woundresults in regional hypoxi& Decreased subcutaneous
infection. This hypothesis is further supported by the find-wound oxygen tension is associated with an increased rate
ing in the present study that the restored cytokine release aof wound infectioft* and impaired wound healing in surgi-
the fifth postoperative day after hemorrhage is associatedal patients'? Similarly, the resistance to infection of mus-
with an unaltered rate of wound infection in the studies ofculocutaneous flaps in dogs was decreased in animals
Livingston and Malangorii.In addition to alterations in the housed in 12% oxygewersusnormoxic conditiong? Thus,
cytokine production, decreased phagocytic activity ofattempts to increase tissue perfusion after trauma and hem-
wound exudate cells after trauma-hemorrhage was evidemtrrhagic shock with agents such asrgininé* might im-
on the first postoperative day. Recent studies by Simms angrove or restore the depressed immune response of cells at
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the wound site. Studies have also shown that plasma glu9.
cocorticoid levels increase after hemorrhagic shoékir-

ther, a decreased release of proinflammatory cytokines T
glucocorticoid-treated mice has been repoftett.is thus — ;;
possible that the increased plasma glucocorticoid levels in
hemorrhaged animals contribute to the altered cytokine2.
release in those mice.

Only male animals were used in the present study. In thi$3:
respect, several studies from our laboratory indicate that
females in the proestrus state of the estrus cycle showef;
enhanced cell-mediated immune responses as opposed to
depressed immune functions in males after hemorrhagic
shock?® It is therefore tempting to speculate that exudate
cells present at the wound site might also exhibit gender-l ‘
specific immune responses. This, however, needs to be
determined.

In summary, the present study demonstrates that wountb.
exudate cells harvested on the first and third postoperative
days from hemorrhaged animals exhibit an impaired release
of proinflammatory cytokines and chemokines in responsée
to a second stimulus vitro. This dysfunction of wound
exudate cells could provide a possible mechanism by whichs.
it contributes to the imbalance of host resistance to patho-
gens in the wounds of trauma patients, leading to an in1®-
creased rate of wound infection. Therefore, improvements
in or restoration of immune cell function at the wound site
might be helpful in decreasing the incidence of wound

infection in trauma victims. 21.
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| have several questions or comments for the authors:
What, in your opinion, is the stimulus for this depression? You
mention tissue hypoxia and wound perfusion as a potential etio-
Discussion logic factor in your manuscript, but is that the overriding stimulus
for the systemic depression?

Dr. Basit A. PruitT, JR. (San Antonio, Texas): | rise to com- Secondly, it seems that the surgical wound simply reflects the
pliment Dr. Cioffi and Dr. Bland and their colleagues on another insystemic depression. Are there differences in depression seen
their series of studies identifying factors that increase the risk obetween organ systems such as the lung, intestine, or wounded soft
infection and sepsis following injury. To help us evaluate thetissue?
importance of their finding of decreased production of inflamma- Thirdly, in the majority of your experiments, dating for over 10
tory cytokines and chemokines by the cells that enter a foreigryears now, you resuscitate with four volumes of crystalloid solu-
body and implanted near a surgical wound in animals with supertion and no blood or colloid, clearly, an artificial resuscitating
imposed hemorrhage, we need additional information. To that endegimen from what we do clinically. Does this severe acute he-
| ask the following questions: modilution play a factor in your findings? | suspect that such an

Since the implanted sponges represent foreign bodies whichcute hemodilution leads to a significant degree of cellular and
may alter cell functionper se have you assayed cytokine and tissue edema. Can you account for this as a variable in your
chemokine production from cells harvested from the incisions offindings?
the woundper s& And do they show the same dysfunction? Finally, do any of the previously reported therapeutic agents that

Were any of the sponges infected or show bacterial growth? you have studied, such as chloroquine or pentoxifylline, when

Could the differential response to heat-killed staphylococci beadded to the resuscitation regimen, have an effect on the inflam-
due to exotoxin content? matory wound infiltrate in this model?

The constant suppression of MCP-1 response, regardless of the
number of organisms, is consistent with a toxic effect. Are the DRr. JoHN A. ManNick (Boston, Massachusetts): | do think that
temporal changes in inflammatory cytokine levels merely a reflecthe authors have very clearly shown that after hemorrhage and
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wounding, there is certainly something going wrong with cytokine ulus for observed findings. Dr. Pruitt mentioned the possibility of
production in the local environment of the wound, as well asglucocorticoids being the driving force and did mention that glu-
systemically. cocorticoids and their effect on both CINC and kappa B. In our
One of the problems with the data, it seems to me, is that whileopinion, it is probably not glucocorticoids. A more likely stimulus
the production of both IL-6 and ILA was clearly down for for this might well be the presence of IL-10 in wounds. Hauser
several days after hemorrhage and wounding, and the chemokineported over the past 5 to 6 years a marked increase in IL-10 and
production was definitely decreased in the first postwounding ofracture hematomas from patients, and they went on to describe the
posthemorrhage day, when you look at the environment of theffect of the presence of IL-10 in these fracture hematomas on cell
wound as reflected in the cells coming out of the polyvinyl function and found some things that were quite similar to what we
sponges, not a whole lot was going on. The same cell numbergund. The stimulus for the IL-10 release in these fracture hema-
were there. Pretty much the same cell types were there. There wagmas was thought by some authors to be related to the stress
in fact, some diminution in the ability to phagocytize bacteria, butyesponse in epinephrine. And, indeed, in the Surgical Forum in
it wasn't great. And | guess | am wondering whether or not the1995, one author reported that epinephrine is capable of increasing
authors are convinced that they have found the significant factor i .10 release by monocytes.
the wound that might allow the wound to be more susceptible 10 pr. pryitt asked several other questions about foreign body and
infection. o was there infection present. We did culture the sponges; there was
It seems to me that what they really need to do now is to find oufy infection. We need to use sponges or we can't get enough cells,
whether, in their hands, the prior experiments of Livingstone andy; gther authors like Hauser have used fracture hematomas, and

Malangoni, which they referred to, actually hold true. In other oyher neople have tried to use blister fluid and have found similar
words, in this model, are these wounds in fact more susceptible tPasults

infection with Staphylococcus aurepsor example, in the first Is it an exotoxin result? | don't think so, but we did use LPS and

? -

posthemorrhage daY orare they.no.t. . staph and we could, of course, use other bacteria to prove that.
So fa_r, the data IS very convincing as far as the d|m|n|shed The question of malesersusfemales: we have not looked at

producthn of cytokines and chemoklngs,_but .l am v_vom:_ienngthat in this study population, but we have in other kinds of

whether it all a_dds up_to _somethlng that is biologically Slgnlflcant'infectious challenges, and we have noted that females are better

And I wonder if Dr: Cloffi has.furth_er data about the effect of al able to handle infection posttrauma hemorrhage, and we need to do

of this on true resistance to infection or whether he plans to dc{he same in this set of experiments

such experiments. Dr. Garrison asked is this a systemic effect or a local effect. We

Dr. Grecory B. Buikiey (Baltimore, Maryland): There were are most interested in the wound, although we have found similar
) . ' y ’ findings in other compartmental analyses of splenocyte function,

two points that | thought were worth perhaps elaborating on a bit. I h heard h And o 1 think ¢
The first was related to the fact that we know, back from evenas well as, [ have .ea.r ’ neomacr.op ages. And so INk some o
‘H\e changes are similar, depending on the compartment we are

the studies of Jack Burke quite a few years ago, that patients i K W . din th d and wh d
shock don’t heal wounds as well. And Jack’s interpretation of tha ooking at. We were most interested in the wound and what wou

25 years ago when he did those studies was that it was related t’gfect. the ability of the cells to migrate into the wound and fight
decreased perfusion in the wound at the time because of th'é'feCt'or" )
sympathetic discharge and the vasoconstriction that takes place in 1€ did ask about crystalloid only, and that has been a long

the wound during that time. And | am just wondering. The authorsdrgument with this model. We have resuscitated animals in the past

were looking at the cells that actually collected within this little With blood that did not contain heparin, and we don't see any
sponge. Were the cells in the animals different or were they jus§|gnlflcant phy5|olog!c dlfferencgs between those resuscitated Wlth
different cells getting collected in the sponge? In other words, walood versusthose with crystalloid only, so we choose crystalloid
there a difference in the fundamental immune system or a differfor & cleaner experimental model.
ence in delivery? We have not performed any experiments with chloroquine or
My second point is just a little bit of an elaboration on what Dr. pentoxifylline, but other investigators in the lab have looked at the
Mannick said. The most common logical fallacy in the medical effect of betaglucon given to the wound, and that might be a better
literature is what Avristotle called theost hoc igitur propter hoc ~Way to go as a topical rather than a systemic therapy.
fallacy—the jumping from association to cause and effect. Dr. In closing, I'd just like to respond to Dr. Bulkley's comments,
Cioffi is very careful, | think, in stating his conclusions, but | just are these cause or effect? Is this just something that we happen to
wonder if he would elaborate. Does he believe that these specifigee in the wounds?
cytokine defects in these cells are actually the cause of the prob- Livingstone’s group did use a model very similar to ours. It was
lem? And, if so, is he going to do experiments where he perturb@ murine hemorrhage model, and they noticed an increased sus-
the system by adding them back or stimulating them? Or is heseptibility to infection. We need to do the same.
suggesting that this is merely one of the many manifestations of Will we add or subtract cytokines? | don't think we would add
this? or subtract the cytokines or chemokines that we measured; how-
ever, | think it would be wise to start at possible etiologic things
Dr. WiLLiam G. Gorri (Closing Discussion): One of the pivotal like glucocorticoids, IL-10, and that, to see if we can abrogate the
questions by three of the discussants dealt with what is the stimehanges that we found in our model.



