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Abstract

We modified our established and clinically relevant ARDS model of smoke inhalation injury and
septic shock by administration of combined antibiotics (AB) such as piperacillin and ciprofloxacin,
to more closely mimic the clinical intensive care setting. Twenty-three sheep were subjected to the
injury, and allocated to 4 groups for a 96hrs study period: sham (n=5 non-injured); control (n=6:
injured); AB6h (n=6: injured, antibiotics started 6hrs post-injury); AB12h (n=6: injured, antibiotics
started 12hrs post-injury). All sham animals survived 96hrs. Control, AB6h, AB12h groups reached
criteria of septic shock within 12hrs post-injury. All controls died within 36hrs. Eighty three percent
of AB6h and fifty percent of AB12h survived 96hrs. Median survival times were significantly
improved in the treated groups compared with the control group: 24hrs in control vs. 80.5hrs in AB6h,
and 65hrs in AB12h animals. Combined Ciprofloxacin and Piperacillin therapy was effective,
reduced nitric oxide production and mortality, and will allow future long-term studies in this model.

Introduction

More than 30% of thermally-injured patients admitted to burn centers in the United States have
concomitant smoke inhalation injury[1]. Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) following smoke inhalation are frequently associated with pneumonia and
sepsis and are a major cause of morbidity and mortality in thermally-injured patients[2].
Appropriate and timely antimicrobial treatment is crucial to improve patients outcome and to
reduce mortality rate[3]. The development of pneumonia and sepsis is a common complication
in patients who require ventilator support after smoke inhalation injury. Pseudomonas
aeruginosa is an opportunistic pathogen that represents one of the most prevalent causes of
nosocomial infection in the world[4;5]. Our group developed a clinically relevant ovine model
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of septic shock that involves the insufflation of the cotton smoke followed by the instillation
of live Ps. aeruginosa into the lung. This model achieves AL associated with septic shock
[6]. In the present study, we investigated the administration of piperacillin and ciprofloxacin
as a treatment of Ps. aeruginosa pneumonia and septic shock. This combination is a
recommended initial antimicrobial therapy for severe pneumonia due to Ps. aeruginosa[7].
Both antibiotics are broad-spectrum and well-tolerated[8;9]. This model follows the
recommendations of E. A. Deitch, who suggests that animal models for sepsis studies receive
adequate fluid resuscitation and effective antibiotic therapy in order to mirror current clinical
practice[10]. We hypothesized that this modification of our model could be used as the basis
for investigating new strategies for treating septic patients with acute lung injury. A long-term
model will allow us to test different treatment modalities—not only the short term effects at
the shock stage, but also any long term effects that may present after recovery. In addition, it
will allow mortality studies for drug development.

Materials and methods

Animal Care

The Institutional Animal Care and Use Committee at the University of Texas Medical Branch
(UTMB) approved this study. The guidelines of the National Institutes of Health (NIH) for the
care and use of experimental animals were carefully followed. Animals were individually
housed in metabolic cages and, although the injury was accomplished under deep anesthesia,
sheep were studied in the awake state.

Surgical preparation and experimental protocol

Twenty-three female Merino sheep (34+1 kg) were included in this study. For the operative
procedures, sheep were anesthetized, and under aseptic conditions, the animals were
chronically instrumented for hemodynamic monitoring with a right femoral artery catheter, a
7-French Swan-Ganz™ thermodilution catheter, and a left atrial catheter, as previously
described[6;11]. Following the operative procedure, catheters were flushed with heparin, and
the animals were allowed to recover for seven days. During this time they had free access to
food and water. One day before the experiment was started; catheters were connected to
pressure transducers (Model PX3X3, Baxter Edwards Critical Care Division, Irvine, CA) with
continuous flushing devices. Electronically calculated mean pressures were recorded on a
monitor with graphic and digital displays, Cardiac output (CO), core body temperature, arterial
blood gases, and carboxyhemoglobin (COHb) was measured as reported elsewhere[12].
Cardiac index (Cl), and systemic vascular resistance index (SVRI) were calculated using
standard equations.

For microbial identification, Pseudomonas aeruginosa (Strain 12/4/4) that was isolated and
cultured from a male burn patient at Brooke Army Medical Center in San Antonio, Texas, and
evaluated for susceptibility to piperacillin and ciprofloxacin, was used as recently described
[13;14]. The microbiology report showed high susceptibility of the strain 12/4/4 to both
piperacillin and ciprofloxacin. Following a baseline measurement, sheep were randomly
allocated to one of the four groups: sham (n=5: uninjured, untreated), control (n=6: injured,
untreated), AB6h (n=6: injured, treated with combined antibiotics beginning from 6h post-
injury), and AB12h (n=6: injured, treated with combined antibiotics beginning from 12h post-
injury). A tracheotomy was performed under ketamine anesthesia (10 mg/kg), and a Foley
urinary retention catheter was placed in all animals. Anesthesia was then maintained using 1.5—
2.5% halothane (Vedco Inc., St. Joseph, MO) in O,. The control and treatment animals were
subjected to smoke inhalation injury (4+12 breaths of cotton smoke, <40°C), according to an
established protocol[15]. The sham group received 412 breaths of room air. Arterial COHb
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plasma concentrations were determined after each set of smoke or air inhalation and served as
an index of lung injury.

After smoke inhalation, an experimental bacterial solution was instilled into the lungs of control
and treatment animals using a bronchoscope (Model PF-P40, Olympus America Inc. Melville,
NY). Live Pseudomonas aeruginosa 3~5¢1011 CFU were suspended in 30ml of saline and
instilled into the right lower and middle lobes (10ml each) as well as the left lower lobe (10ml).
The sham group received only the vehicle (normal saline) administered in the same fashion.
Anesthesia was then discontinued and the sheep were allowed to awaken[11]. Combined
antibiotics (ciprofloxacin [0.4g, every 12hrs] plus piperacillin [3g, every 6hrs]) were
intravenously administered beginning 6 and 12 hrs post injury (Fig. 1A). All animals were
mechanically ventilated (Servo-Ventilator 900C, Siemens, Elema, Sweden) with a FiO, 1.0,
a tidal volume of 15 ml/kg and a respiration rate of 20/min. For the duration of the 96h study
period, ventilator settings were periodically adjusted to maintain arterial pCO5 ~10% below
baseline values, because this approach allows invasive ventilation in the awake state. The
ventilatory settings were adapted to the physiology of the sheep. Since the lungs of sheep have
a higher compliance than those of human’s, a tidal volume of 15ml/kg body weight was used
to prevent atelectasis. Such volume result in peak and plateau pressures of approximately 20
mmHg and is similar to an 8-10 ml/kg tidal volume in humans. Positive end-expiratory pressure
(PEEP) remained at a fixed level of 6 cmH,O to avoid ventilation-related differences in the
study groups. These ventilator settings were chosen in accordance with those originally
described for this model by Murakami et al[6]. All animals were fluid resuscitated with lactated
Ringer’s solution, started with an infusion rate of 2 mLekg1eh~1. The rate of fluid
administration was adjusted to maintain hematocrit + 10% of baseline. During the study period,
all animals had free access to food, but not to water to precisely control the fluid balance[14].
Avrterial blood samples were frequently taken. The animals were sacrificed if they matched any
one of the termination criteria mentioned below; all others were sacrificed at 96hrs post-injury
by intravenous injection of 60 mL saturated potassium chloride under ketamine anesthesia (10
mg/kg)[6]. The termination criteria were arterial oxygen partial pressure (PaO5) <50mmHg
with fraction of inspired oxygen (FiO,) =1.0, PaC0O,>100mmHg, or systolic arterial blood
pressure <50mmHg. The cardiopulmonary variables were continuously monitored during the
study.

The concentration of NOx (total amount of nitric oxide metabolites) in the plasma was
measured intermittently. Plasma samples were subjected to NOXx reduction using vanadium
(111) as a reducing agent in a commercial instrument (model 745, Antek Instruments, Houston,
TX). The resulting nitric oxide (NO) was measured with a chemiluminescent NO analyzer
(model 7020, Antek) and was recorded by dedicated software as the NO content (in uM)
[11].

Statistical analysis

For statistical analysis, GraphPad Prism 4 software (GraphPad Software Inc., San Diego CA)
was used. Paired and unpaired t-tests were used to detect differences between and within
groups. Furthermore, linear trends within the results were investigated using regression
analysis. A logrank test was used to detect differences for survival between control and treated
groups. P <0.05 was considered statistically significant. Data are presented as means * standard
errors of the mean.
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Results

Injury and survival

All sham sheep survived over 96hrs. All control sheep died or reached the termination criteria
before 36hrs post injury (Fig. 1B). Survival rate of the AB6h and AB12h groups were 83%
and 66% at 48hrs and 83% and 50% at 96hrs post-injury, respectively (Fig.1B). Median
survival time was significantly improved in treated groups compared to the control group
(24hrs in control group vs. 80.5hrs in AB6h group and 65hrs in AB12h group). There were
statistically significant differences for survival between control and AB6h (p=0.0015), and
control and AB12h groups (p=0.026) at 96hrs. All injured sheep reached the sepsis criteria
[16] as described by Bone et al. before 6hrs post injury.

Bacterial culture

Only one of 6 in AB6h and two of 6 in AB12h animals developed bacteremia. All control
animals developed bacteremia.

Changes in pulmonary gas exchange

PaO,/FiO;, ratio significantly decreased in control and treated groups compared to baseline
values. However, treatment prevented any further decrease in PaO,/FiO5 ratio and showed
signs of improvement (Fig. 1C). Results from the surviving sheep in the AB6h and AB12h
groups showed a statistically significant increase in the PaO,/FiO, ratio from 256 + 28 at 12
hrs to 429 £ 53 at 96 hrs (p<0.0001) and 169 * 29 at 12 hrs to 278 + 24 at 96 hrs (p=0.0009)
respectively. Pulmonary shunt fraction (Qs/Qt) significantly increased in both control and
treated groups compared to baseline value, but slightly attenuated in treated groups after 24hrs
post-injury. There were significant differences between control and treated groups at 30hrs
post-injury (Fig. 1D). Results from the surviving sheep in the AB6h and AB12h groups showed
a statistically significant decrease in the pulmonary shunt fraction from 0.35 £ 0.05 at 12 hrs
t00.16 + 0.02 at 96 hrs (p=0.0013) and 0.44 +0.06 at 12 hrs to 0.24 + 0.02 at 96 hrs (p<0.0001)
respectively.

Hemodynamic variables were stable in sham animals. Heart rate significantly increased and
reached criteria of sepsis in all injured groups at six hrs. However, this increase in heart rate
was reversed by treatment after 12hrs post treatment (18hrs for AB6h and 24hrs for AB12h)
(Fig. 2A). MAP significantly decreased in all injured groups before 12hrs. The treated groups
recovered from shock 12hrs post treatment (18hrs for AB6h and 24hrs for AB12h) (Fig. 2B).
Cl increased significantly in the control group, reflecting the typical hyperdynamic response
to septic shock after 24hrs (5.7 £ 0.2 at the baseline to 8.9 + 0.3 at 24hrs) (Fig. 2C). The treated
groups did not show a significant increase. CVP, MPAP, PAOP slightly increased in all groups
after tracheotomy and mechanical ventilation. There were no significant differences between
groups throughout the study (Table).

Accumulated fluid balance significantly increased in control groups after 18hrs. AB6h and
AB12h groups also showed trend of increase at 18hrs, but the increase was not significant.
There were no significant differences between groups throughout the study (Table).

Plasma nitrate/nitrite (NOx) levels increased significantly in both control and treated group.
High NOx in the treated groups attenuated after 24hrs and showing no significant difference
from baseline after 36hrs in AB6h group and 30hrs in AB12h group (Fig. 2D)

Temperature

All injured groups showed a significant increase in core body temperature in comparison with
baseline values. (Table)
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White Blood Cells dropped significantly and reached sepsis criteria in all injured groups at 6hrs
(Table), but slightly recovered in the treated groups. The WBC levels of the treated groups
reached the normal range (4-12 x 103 cells/mm?3) at 48hrs in the AB6h group (1.7 + 0.3 at 6hrs
to 4.2 + 1.3 at 48hrs) and at 60hrs in the AB12h group (1.4 = 0.1 at 6hrs to 4.8 £ 0.7 at 60hrs;
Table)

Discussion

Over the last three decades, many sepsis models were developed in order to mimic human
sepsis[17;18]. Most models were of limited use since they do not mimic the typical fall in
systemic vascular resistance. Our group investigated a septic model in sheep by intravenous
bacteria infusion[19]. Although animals developed septic shock in that model, the mean arterial
pressure and blood gas changes were not as severe as anticipated. In addition, when the bacterial
infusion was stopped, the animals rapidly recovered their cardiopulmonary status. E.A. Deitch
[10] clearly focused on the problems inherent with sepsis models created through intravenous
bacteria infusion, which are as follows: a) they do not correlate with clinical disease; b) they
typically produce a hypodynamic circulatory response; c) survival time is generally short and
therefore there is limited time for progression of disease; d) the serum cytokine response is
transient and much greater in magnitude than that observed in septic patients; and €) antisepsis
agents shown to be effective in these types of animal models have not been effective when
tested in clinical trials[20]. In order to mimic the clinical scenario as closely as possible, our
group developed an ovine ARDS model of smoke inhalation injury and pneumonia that solved
most of the problems[6]. However, some of our experimental therapeutics were not successful
because the animals would succumb to the ravages of the infection. The addition of antibiotics
to our model makes it possible to evaluate survival components of anticipated therapies. A
mortality of 50% in the AB12h group is comparable to what is seen in human septic shock
[21]. Thus, it is possible to determine if agents that affect inflammation or cardiopulmonary
function are effective in further decreasing mortality. In addition, it is possible that a therapeutic
agent that appeared to improve some aspects of cardiopulmonary function, i.e. myocardial
contractility, may even have an adverse effect on mortality. Similarly an anti-inflammatory
agent may have positive effects on cardiopulmonary function but stimulate bacterial growth.
Clinical studies support appropriate initial antibiotic treatment that covers all likely organisms
[22;23]. Ps. aeruginosa is, however, intrinsically resistant to many antimicrobial drugs. The
most active agents are carbapenems, piperacillin, cefepime, ceftazidime, ciprofloxacin,
amikacin, and tobramycin; nonetheless, resistance to available anti-pseudomonal agents is
increasing[24]. Traditionally, a combination therapy of two of the above mentioned antibiotics
is used for treatment of Ps. aeruginosa pneumonia. This regimen increases the chance of
effective initial therapy before receiving susceptibility results. Attributable mortality was
significantly higher in patients with inappropriate initial antibiotic therapy[25]. Inadequate
empirical therapy has been associated with mortality exceeding 30%, and delays in the
initiation of appropriate therapy contribute to increased length of hospital stay and persistence
of infection. Initial therapy needs to be a broad-spectrum, well-tolerated treatment with strong
therapeutic effects[5].

Patients suffering ALI/ARDS from smoke inhalation injury, frequently have concomitant burn
injuries to the skin. In those patients, massive fluid requirements and kidney failure are often
observed; pneumonia/sepsis itself causes vascular leakage and kidney failure. As a result,
management of the individual patient’s pharmacokinetics is very difficult. Because of its
relatively narrow margin of safety, the administration of aminoglycosides often results in side
effects, including nephrotoxicity[26]. In addition, the fluoroquinolones have better penetration
characteristics, and concentrations in bronchial secretions are between 0.8 and 2.0 times those
in serum. By comparison, aminoglycosides have ratios of 0.2 to 0.6[4]. Previously, we have
shown in our ovine model of acute lung injury associated with septic shock, that gentamicin
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improves hemodynamics when administered 6hrs post injury, but had no influence on the
pulmonary injury[13].

The production of free radicals plays a major role in the pathogenesis of smoke inhalation
injury and sepsis, leading to membrane damage caused by reactive oxygen radicals after
stimulation of polymorphonuclear neutrophils[27]. In addition, NO is known to be an
inflammatory mediator, especially when it binds to superoxide to form reactive nitrogen
species such as peroxynitrite. NO produced in the airway circulation plays a major role in the
pathogenesis of increased airway blood flow, which may contribute to the spread of injury
from injured airways to the lung parenchyma. NO also contributes to the loss of hypoxic
pulmonary vasoconstriction and plays an important role in lung oxidative tissue injury resulting
in ARDS[28].

In our previous study, gentamicin did not inhibit the increase in plasma NOXx levels, suggesting
that it does not affect the formation of NO and the consecutive development of vascular leakage
and lung edema. This was considered one reason why gentamicin did not improve the PaO2/
FiO2-ratio when administered 6hrs after ALI associated with bacterial challenge in this model
of sepsis. We anticipated that most of the lung tissue damage had manifested by 6hrs after the
insult, as indexed by a PaO,/FiO, -ratio <200 in both injured groups. Therefore, the reduction
of bacteria and toxins at this time point would have no effect on the course of ARDS because
tissue damage caused by reactive oxygen radicals had already been established. In the present
study, we can clearly show significant improvements in pulmonary gas exchange and global
hemodynamics, because of the 96hrs duration of the experiments, allowing a detailed
observation of the pathophysiology of the insult and efficiency of treatments.

A follow up study in the same model using ceftazidime one hour post-injury showed significant
improvements in oxygenation and reduction in lung-3- nitrotyrosine production[14]. The NO
production in this study had a similar course like in the gentamicin study and could also not
be reduced by ceftazidime, indicating that the effects of ceftazidime result from reduction of
superoxide release from neutrophils. However, these results may also depend on early bacterial
clearance and less lung injury, what made it difficult to differentiate the extent of injury between
both studies. In addition we anticipated that the 6hrs post injury time point better reflects the
clinical scenario, since it takes approximately 6hrs to evaluate patients, diagnose sepsis and
start adequate treatments. Therefore, in the present study, combined ciprofloxacin and
piperacillin therapy was started earliest 6hrs post injury. From a clinical standpoint, this might
still be considered an early treatment. However, given the symptoms of septic shock, the early
start of empiric antibiotics is reasonable and of clinical relevance, since it might reduce
mortality[29].

The treatment prevented any further decrease in PaO4/FiO5 ratio and did reverse the
deterioration of pulmonary function significantly over time. Most impressively, the NOXx levels
started to drop 24hrs post-injury in the treatment groups, what is a major finding of this study,
and the advantage of a long-term model, showing the acute phase and recovery compared to
the 24hrs gentamicin[13] and ceftazidime[14] studies. Our assumption from these previous
studies, that the antibiotic treatment had not shown any effect on NOx production was due to
the short observation period. In this new long-term model we can show evidence that the
improvements of global hemodynamics and gas exchange are related to the release of NO.

In conclusion, the present study shows evidence that the administration of piperacillin
combined with ciprofloxacin 6 and 12hrs after smoke inhalation injury and bacterial challenge
improved survival, as well as cardiac and pulmonary function in this model.

This modification of our sepsis model with antibiotic therapy mimics more closely the current
clinical practice compared to short term models of sepsis. In addition, this modification of our
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sepsis model is a useful new and clinically relevant approach for future studies of pneumonia
and septic shock resulting from smoke inhalation injury, especially for evaluation of the late
and recovery stage.
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Fig. 1.

A Time point of protocol. After 5 to 7 days of recovery from surgical preparation, injury was
induced. The injured group became septic before 6hrs post injury and septic shock before 12hrs
post injury. AB6h and AB12h groups started antibiotics at 6hrs and 12hrs, respectively. P+C
= Piperacillin + Ciprofloxacin, P = Piperacillin

B Survival in Sham, Control, and Treated animals. Kaplan-Meier curve of sham (n=5),
control (n=6), AB6h (n=6), and AB12h (n=6) animals is shown. Animal survival for 96hrs
(4days) were considered survivors and sacrificed. There were statistically significant
differences for survival between control and AB6h (p=0.0015), and control and AB12h groups
(p=0.026) at 96hrs.

C/D Changes in PaO,/FiO,-ratio and pulmonary shunt fraction (Qs/Qt). Data are
expressed as mean = SEM. Significance was assumed when p was less than 0.05; *vs. sham;
tvs. control.
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Changes in HR, MAP, CI, and PNOXx. HR, heart rate; MAP, mean arterial pressure; Cl,
cardiac index; PNOX, plasma nitrate-to-nitrite level. Data are expressed as mean + SEM.
Significance was assumed when p was less than 0.05; *vs. sham; fvs. control.
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