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Abstract
Background—Hyperbaric oxygen (HBO) decreases ischemia-reperfusion (IR) induced
neutrophil-ICAM adhesion by blocking CD18 polarization. The purpose of this study was to
evaluate whether this HBO effect is nitric oxide (NO) dependent and to determine if NO synthase
(NOS) is required.

Methods—A gracilis muscle flap was raised in 9 groups of male Wistar rats. Global ischemic
injury was induced by clamping the gracilis muscle pedicle artery and vein for 4 hours. The HBO
treatment consisted of 100% O2 at 2.5 ATA during the last 90 minutes of ischemia. Groups were
repeated with and without various NOS inhibitors and C-PTIO, a NO scavenger. Normal
neutrophils (PMNs) were exposed to activated plasma on ICAM coated coverslips (% adherent)
and labeled with FITC-anti-rat-CD11b for confocal microscopy (% polarized). The percent of
adherent and polarized cells was reported as mean ± SEM. Statistical Analysis was by ANOVA. A
p ≤ 0.05 was considered significant.

Results—C-PTIO treated IR-HBO plasma showed a significant increase in the percent
polarization of CD18 compared to IR-HBO untreated plasma from 4.1±2.5 to 33.7±7.7 (p ≤ 0.05).
The NO scavenger, C-PTIO, also increased the percent of adherent cells from 1.6±0.4 to 20.3±5.9
(p ≤ 0.05). Administration of LNAME and other NOS inhibitors prior to HBO treatment restored
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neutrophil adhesion and CD18 polarization to IR control values, significantly greater than IR-
HBO alone.

Conclusions—These results suggest that the HBO reduction of IR induced neutrophil
polarization of CD18 and adherence to ICAM is mediated through a nitric oxide mechanism that
requires NOS.

Ischemia reperfusion (IR) injury can be a serious consequence of diseases and procedures
where blood flow is interrupted, including myocardial infarction, cerebral ischemic stroke,
transplantation, replantation, and free tissue transfer. Restoration of blood flow to ischemic
tissue initiates the inflammatory cascade which increases the injury. The prevention,
diagnosis and treatment of IR injury are important in order to improve survival and function
of affected tissues. Hyperbaric oxygen (HBO) treatment in myocardial infarction,1,2
ischemic stroke 3 and skeletal muscle ischemia 4 have shown a positive effect on tissue
survival, however, the absence of an elaborated mechanism of action has hindered wide
acceptance of HBO treatment for IR injury.

Ischemia and reperfusion lead to injury of the microvasculature resulting in cell damage and
death.5,6 Early efforts to explain this injury, based theories on the deleterious effects of
oxygen free radicals produced by xanthine oxidase.7,8 Later experiments demonstrated the
pathophysiologic role of free radicals produced from activated neutrophils.9,10

A morphologic analysis of skeletal muscle during IR showed an increase in the number of
rolling and adherent neutrophils to the endothelium of the postcapillary venules compared
with nonischemic controls.6 These adherent neutrophils release free radicals that damage the
endothelium and provide a nidus for platelet aggregation.

Attachment of the neutrophil to venular endothelium is dependent upon the CD18 protein
complex. This complex needs to be functionally present for neutrophil attachment to the
intercellular adhesion molecule-1 (ICAM-1) found on endothelial cells.11 Larson, et. al.12

reported that neutrophils exposed to IR tissue show an up-regulation of CD18 protein on the
neutrophil surface. 12 More importantly, IR induced CD18 molecule aggregates become
polar by concentrating the surface protein to one area of the neutrophil making the cell more
apt to attach to the venular endothelium.13 It has been reported that clustering of the
adhesion molecules is closely associated with firm adhesion of leukocytes through the
surface membrane CD18 integrin.14–16

Hyperbaric oxygen (HBO) treatment has been shown to decrease edema and necrosis in
ischemic skeletal muscle.17–19 With microcirculation studies, researchers found a reduction
in the number of leukocytes adherent to venular endothelium in groups treated with HBO
during and immediately following the ischemic event.6 Further studies showed that HBO
treatment prevented the neutrophil CD18 surface protein polarization and, therefore, the
neutrophil attachment to the venular endothelium.20

Important molecules in cell signal transduction during IR include nitric oxide synthase
(NOS), cGMP, and guanyl cyclase. Nitric oxide (NO) has been shown to decrease
neutrophil-endothelial adhesion and improve survival rate when L-Arginine (L-Arg), a NO
precursor, was infused into ischemic rectus femoris and gracilis muscles.21 Conversely,
when ischemic rectus femoris was infused with L-nitro-aminomethylamine (L-NAME), a
nitric oxide synthase inhibitor, the percent necrosis was unchanged from ischemic
conditions.21,22 Studies by Elayan23 showed an increase in NO formation in the brain with
HBO treatment. Hyperbaric oxygen has also been shown to decrease PMN cGMP24, and
may interfere with guanylate cyclase interference of CD18 function.25 Nitric oxide, cGMP
and guanylate cyclase have all been implicated in cytoskeleton rearrangement.24–26
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Integrating the progression of the HBO and NO studies led to the purpose of this study
which is to evaluate the role of nitric oxide in HBO mediated inhibition of CD18 surface
polarity, and neutrophil adhesion, in vitro. The in vitro polarization and adhesion assays,
with activated plasma from in vivo HBO treated animals, were used with and without
carboxy-PTIO, a NO scavenger, to evaluate the role of nitric oxide in HBO mediated
inhibition of CD18 surface polarity and neutrophil adhesion. Nitric Oxide synthase
inhibitors (L-NAME, 7-NI, 1400W), were infused into HBO treated animals to assess the
involvement of NOS isoforms in the HBO effect on CD18 polarization and adhesion.

Methods
This animal model and protocol were approved by the University Institutional Animal Care
and Use Committee.

Rat Gracilis Muscle Model
Male Wistar rats weighing 250g ±17 were anesthetized with pentobarbital (50mg/kg, ip.)
and remained anesthetized for the entire experiment, with pentobarbital supplementation
(10mg/kg) as required. The right thigh musculature and femoral vasculature were exposed,
and the gracilis muscle was dissected free on its vascular pedicle, using standard
microsurgical technique. To raise this axial pattern flap, the epigastric and popliteal vessels
and several gracilis muscle penetrators, as well as the obturator nerve, were divided.

Global ischemic injury was induced by clamping the pedicle (femoral artery and vein) for 4
hours. To simulate reperfusion the clamp was removed. The animals were randomly
assigned to one of nine plasma groups: 1) non-ischemic control, 2) IR (4 hrs of ischemia, 15
min of reperfusion), 3) IR-HBO (100% O2 at 2.5 ATA during the last 90 min of ischemia),
4) IR-LNAME, 5) IR-HBO-LNAME, 6) IR-1400W, 7) IR-HBO-1400W, 8) IR-7NI, 9) IR-
HBO-7NI. Plasma groups 1 and 3 were analyzed with (2 × 10−4 M) and without C-PTIO, a
nitric oxide (NO) scavenger,27–29 by FITC MAB CD11b labeling and confocal microscopy.
The plasma groups with C-PTIO were compared to plasma groups without C-PTIO using
ANOVA. Groups 4–9 were treated with NOS inhibitors during the last 45 min of ischemia
at the following doses; L-NAME and 1400W; 10mg/kg min, iv and 7-NI; 25mg/kg, ip. One
cubic centimeter of blood was collected from each flap in a time-controlled manner, using a
25-gauge angiocatheter. The blood was centrifuged and the plasma was separated for the
adhesion and polarization assays.

Figure 1 is a schematic diagram of the study design including methods and experimental
groups.

Hyperbaric Oxygen Treatment
Hyperbaric oxygen treatment consisted of 100% O2 at 2.5 ATA during the last 90 minutes
of ischemia. (Model 1300, Sechrist Industries, Inc., Anaheim, CA)

Neutrophil separation13

Briefly, heparinized whole blood was withdrawn from normal Wistar rats (no surgical
intervention). The neutrophils were separated by a Ficoll-hypaque density gradient (Sigma
Chemical, Inc., St Louis, MO) and centrifugation. The neutrophil layer was centrifuged at
1500 rpm for 10 min to pellet the cells. The pellet was resuspended in 300 μl PBS with 2%
goat serum (PBS+). These cells were counted by hemacytometer and used in the adhesion
and polarization assays.
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Adhesion Assay13

The adhesion assay was performed using normal neutrophils isolated from a neutrophil
donor and plasma isolated from the gracilis muscle flap of the animals in each plasma group.
The nonischemic control and the IR-HBO plasma were analyzed with and without C-PTIO.

The collected plasma from all the respective groups was placed with neutrophils from the
neutrophil donor. This neutrophil/plasma mixture was incubated for 30 minutes at 37°C on
ICAM-coated coverslips. The coverslips were gently washed with PBS+ to remove
nonadherent cells. The coverslips were then placed under a light microscope and the
adherent neutrophils were manually counted (400x). The number of adherent cells was
divided by the total number of cells placed on the slide × 100 to get the percent adherence.

Polarization 13

The CD18 polarization assay was performed with the nonischemic control and the IR-HBO
plasma groups with and without C-PTIO treatment and the six plasma groups with the NOS
inhibitors. The neutrophils were incubated with the plasma in the presence of sICAM at
37°C for 30 minutes, centrifuged for 10 min at 1500 rpm, and washed with PBS+. The cells
were labeled with FITC anti-rat CD11b protein for 30 minutes at 37°C. The neutrophils
were washed 3 times with PBS+ and fixed with 1% paraformaldehyde in PBS. The
neutrophils were then placed on a microscope slide and visualized under a Zeiss confocal
microscope (Carl Zeiss, Inc, New York). Twenty consecutive isolated cells per assay were
analyzed for mean fluorescent intensity.

Microscope analysis 13

The Z-stack analysis (LSM 510) was used to visualize 10 cross section views of the
neutrophil. The outside surface of the neutrophil was divided into 3 equal areas and mean
fluorescence intensity (I) of each area was recorded. Polarization of CD18 was calculated
using the following formula: I Area 1/(I Area 2 + I Area 3) where Area 1 is the area with
the highest intensity of fluorescence. Polarization is defined as two times the fluorescent
intensity in one area compared to the sum of the remaining areas.13

Statistics
The results are reported as mean ± SEM of the raw data. Analysis of variance for repeated
measures was used to evaluate the statistical difference between the groups and a Dunnett’s
Post Hoc analysis was performed to determine between group differences. Arc sine
transformations of the raw data were performed to meet the assumptions of ANOVA. A p ≤
0.05 was considered significant.

Results
Polarization

The pretreatment of plasma with the NO scavenger, C-PTIO, did not change the percent of
polarized cells in the control plasma group. Conversely, C-PTIO treatment significantly
reversed the effects of the HBO treatment in the IR-HBO treated group (33.7 ± 7.7 vs. 4.1 ±
2.5, p ≤0.05) (Figure 2). The isoform-selective inhibitors of NOS (Figure 3), L-NAME
(ecNOS)38,39, 7-NI(nNOS),38,40,41 and 1400W(iNOS),38,42,43 used in conjunction with
HBO treatment significantly increased (p < 0.01) polarization of CD18 compared to HBO
treatment alone (5.5 ± 2.9 vs. 38.8 ± 7.5, 35.0 ± 8.2, 32 ± 6.6).
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Adhesion assay
Ischemia reperfusion plasma caused a statistically significant increase in the percent of
adherent neutrophils compared to non-ischemic control (16.7 ± 2.2 vs. 0.8 ± 0.09, p ≤ 0.05).
The plasma from the IR-HBO flap showed a statistically similar percent of adherent
neutrophils to the non-ischemic control (1.64 ± 0.35 vs. 0.8 ± 0.09). C-PTIO treatment of the
plasma from the IR flap with HBO treatment reversed the effects of the relative
nonadherence seen in the IR-HBO group (20.3 ± 5.9 vs. 1.64 ± 0.35, p ≤ 0.05) (Figure 4).

Isoform-selective inhibitors of NOS, LNAME (eNOS),38,39 7NI(nNOS) 38,40,41

and1400W(iNOS) 38,39, 42,43 used in conjunction with HBO treatment significantly (p
<0.01) increased adhesion of PMNs to ICAM coated coverslips (Figure 5).

Discussion
The results from this study show that the beneficial HBO effect on neutrophil CD18
polarization and resultant endothelial adhesion is dependent on nitric oxide signaling and
involves nitric oxide synthase.

The polarization and adhesion assays were designed to allow for treatment manipulation in
vivo and in vitro. In vivo, the whole animal was exposed to IR from the gracilis skeletal
muscle flap and HBO treatment. Plasma obtained from these subjects (activated plasma) was
then exposed in vitro to normal neutrophils (from an animal with no intervention) and s-
ICAM (either coated on coverslips or in solution). These assays allowed us to treat the
animals in vivo and separate out the components of CD18 polarization and adhesion
eliminating in vivo effects such as direct neutrophil exposure to HBO and differences in
endothelial ICAM-1 expression.

To evaluate whether the HBO effect on neutrophil CD18 polarization and adhesion is NO
dependent, carboxy-2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl 3 oxide (C-PTIO),28 a
NO scavenger, was used in the in vitro polarization and adhesion experiments.13 Activated
plasma was scavenged free of NO with C-PTIO before reaction with ICAM and normal
neutrophils. This stable, radical NO scavenger inhibits NO dependent events without
affecting NO synthase.29,30 Figure 2 shows that when NO was scavenged from the IR-HBO
plasma, the percent of polarized cells was equivalent to that in IR plasma. The beneficial
HBO-induced decrease in neutrophil-ICAM adherence was also reversed in the absence of
NO (Figure 4). Note that C-PTIO did not have an independent effect on neutrophils when
administered to non-activated (nonischemic) plasma (Figure 2).

In order to evaluate if NOS is required for the HBO effect on neutrophils, isoform directed
NOS inhibitors were used in the polarization and adhesion assays (Figures 3 and 5). Nitric
oxide synthase inhibitors used were: NG-nitro-L-arginine methyl ester (L-NAME),31,32 7-
nitroindazole (7-NI), 33,34 and N-(3-aminomethyl)benzyl)acetamidine (1400 W).35,36 Nitric
oxide synthase inhibitors have been evaluated by investigators for their affinity for specific
isoforms of NOS. The inhibitor L-NAME showed selectivity toward eNOS, 31,32 7-NI was
shown as a potent inhibitor of nNOS, 31,33,34 and 1400W has been reported as a highly
selective inhibitor of iNOS.35,36

Figures 3 and 5 show the results of isoform directed NOS inhibitors on in vitro polarization
and adherence. The NOS inhibitors analyzed all reversed the beneficial HBO reduction in
CD18 polarization and cell adhesion. It appears from this data that while the HBO-NO effect
on polarization is NOS dependent, it is not isoform specific. It should be pointed out,
however, that while some NOS inhibitors are preferentially selective for a particular NOS
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isoform, they are not completely specific, allowing for the possibility of crossover
inhibition.

In this experiment we showed that removal of nitric oxide from the plasma using a nitric
oxide scavenger reversed the effects of HBO treatment on neutrophil CD18 polarization and
adhesion. The concentration of PTIO used here was reported by Janssen, et. al.28 showing
cell cycle alterations with the depletion of nitric oxide. Certain structural rearrangements of
cells are mediated by nitric oxide signal transduction. The Rho protein, as well as cGMP,
has been implicated in nitric oxide involvement of pseudopodia and filopodia formation.24–
26 Loitto, et al. reported a reduced amount of F-actin in PMNs exposed to NO.27 Though the
exact mechanisms are not known, these studies recognize the nitric oxide dependent
reorganization of the actin cytoskeleton.

The above reports suggest that HBO may increase NO concentration, but there is a
mechanistic gap linking HBO and NO to neutrophil adhesion function. Polarization of
expressed CD18 molecules is directly related to the actin cytoskeleton and actin binding
proteins. Cytoskeletal linkages enable integrins (CD18) to mediate cell adhesion and
regulate cell shape.37 Several reports implicate NO in the disruption of the actin
cytoskeleton.38–40 Specifically, Saltzman, et al., have reported that NO may protect the GI
mucosa from IR injury by maintaining perfusion, and inhibiting PMN adhesion.38 These
authors also found that high NO concentrations disrupt the actin cytoskeleton.38

Because polarization of the CD18 molecules is required for firm adhesion to occur, nitric
oxide could be interfering with CD18 function possibly through disruption of the actin
cytoskeleton. The nitric oxide mediated inhibition of PMN c-GMP, inhibition of membrane
guanylate cyclase, or a reduction in f-actin could all contribute to disruption of the actin
cytoskeleton preventing CD18 polarization.24–27 Recently, Thom, et al., showed that
neutrophils subjected to HBO treatment, release NO leading to an increase in nitrosylated
actin that perturbs the intracellular F-actin assembly which regulates integrin function.42

This data corroborates other reports that the HBO inhibition of PMN-endothelial adhesion is
dependent on NO and involves NOS.26, 43 The early upregulation of eNOS in IR 44 was
blocked by the nonspecific NOS inhibitors, however, the late increase in iNOS was not
tested in this protocol. 44 The increase in NO could be interfering with the cGMP, guanylate
cyclase, or the cytoskeletal network (g-proteins and/or actin) to inhibit the polarization of
CD18 surface protein molecules necessary for PMN-endothelial adhesion.

There is strong rationale for involvement of nitric oxide (NO) in IR and the effect of HBO
on neutrophil CD18. Several investigators have shown interrelationships between IR injury,
HBO and NO. We implicated nitric oxide as a step in the signaling pathway of hyperbaric
oxygen inhibition of CD18 polarization and the resultant neutrophil-endothelial adhesion,
however, a specific isoform was not identified. Further studies are needed to define the
signaling complex initiated by hyperbaric oxygen.

Replants following long ischemia times, or replants or free tissue transfers complicated by
thrombosis and a secondary ischemia time may benefit from hyperbaric oxygen therapy.
Recently published data on the mechanism of IR injury suggest that increasing NO to the
hypoxic tissue could greatly enhance the survival and function of a replanted tissue.
Delivery of NO could be through hyperbaric oxygen treatment, infusion of a NO precursor
or other method to facilitate the NO cell signaling cascade that improves outcomes
following any ischemic event.
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Figure 1.
A schematic diagram of the study design including methods and experimental groups.
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Figure 2.
Percent polarized cells from Nonischemic Control, IR, and IR-HBO plasma groups (blue
bars) and plasma groups repeated with C-PTIO (red bars). N = 6 animals and 100 cells/
group.
= p < 0.05 versus IR-HBO plasma alone.
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Figure 3.
Percent polarized cells from Nonischemic Control13, IR13, and IR-HBO20 plasma groups,
compared to IR and IR-HBO with L-NAME, with 7-NI and with 1400W. n = 6 animals and
100 cells/group. All the NOS inhibitors reversed the beneficial HBO effect.
* = p < 0.01 versus IR-HBO plasma alone.
^ The data for Nonischemic Control and IR plasma alone was published in PRS 114:1846–
1850, 2004. # The data for IR-HBO plasma alone was published in J Surg Res 150:11–16,
2008. This Control Data is presented here for clarity and statistical comparison with the new
experimental data.
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Figure 4.
Percent adherent neutrophils on coverslips coated with sICAM in 3 plasma groups:
Nonischemic Control, IR13, IR-HBO20 (blue bars) and IR and IR-HBO repeated with C-
PTIO (red bars). n =10/group. * = p < 0.05 versus IR-HBO plasma alone.
^ The data for IR plasma alone was published in PRS 114:1846–1850, 2004. # The data for
IR-HBO plasma alone was published in J Surg Res 150:11–16, 2008. This Control Data is
presented here for clarity and statistical comparison with the new experimental data.
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Figure 5.
Percent adherent neutrophils on coverslips coated with sICAM in Nonischemic Control13,
IR13, and IR-HBO20 plasma groups, compared to IR-HBO with L-NAME, with 7-NI and
with 1400W. n =10/group. The NOS inhibitors had no significant affect on the IR plasma
alone, data not shown.
* = p < 0.05 versus IR-HBO plasma alone.
^ The data for Nonischemic Control and IR plasma alone was published in PRS 114:1846–
1850, 2004. # The data for IR-HBO plasma alone was published in J Surg Res 150:11–16,
2008. This Control Data is presented here for clarity and statistical comparison with the new
experimental data.
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