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ABSTRACT 
 

Supraphysiologic concentrations of oxygen are used in the management of critically ill 

patients across the lifespan.  However, hyperoxia (HO) results in alveolar- capillary 

membrane destruction, pulmonary edema, pleural effusions, infiltration and activation of 

inflammatory cells, altered pulmonary mechanics and gas exchange prompting increased 

loading of the respiratory muscle. These abnormalities of pulmonary structure and 

function increase the work of breathing necessitating increased respiratory muscle force 

production to maintain alveolar ventilation. When the load placed on the respiratory 

muscle pump exceeds its capacity, respiratory failure develops and is ultimately fatal 

unless therapeutic interventions are able to reduce the ventilatory load.   

 The use of perfluorochemical (PFC) liquids as a respiratory medium has been 

effective in the treatment of respiratory distress syndrome and acute lung injury (ALI) 

requiring mechanical ventilation.  Mechanistically, by eliminating the air-liquid interface, 

PFC liquids reduce surface tension enabling lung volume recruitment at low inspiratory 

pressures and have high respiratory gas solubility which supports gas exchange. 

Additionally, through mechanical as well as cytoprotective mechanisms, intrapulmonary 

PFC liquids reduce inflammatory cell activation and recruitment. Cell culture, animal and 

human studies have suggested that acute and chronic lung injury secondary to prolonged 

HO may be ameliorated by administration of antioxidant enzymes (AOE), with 

superoxide dismutases (SOD) having significant protective effects. Because the lung is 

exposed to the highest O2 concentrations, a logical strategy to reduce HO-induced 

damage is to specifically target antioxidant enzymes to the lungs. However, intratracheal 
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delivery of AOE by vehicles like normal saline may transiently impair lung function and 

be poorly distributed.  PFC fluids have previously been shown to be effective respiratory 

media for pulmonary administration of various drugs.   

 The premise of the proposed studies are to to characterize hyperoxic lung injury 

in a spontaneously breathing animal model and to develop therapeutic strategies to reduce 

oxidatative stress and supplement endogenous AOE.  With respect to the diaphragm, we 

reason that HO-induced lung damage and  oxidative stress will increase contractile 

demand of the diaphragm.  If AOE activity could be increased in the lungs and 

respiratory muscles with AOE proteins or the genes encoding these enzymes, then cell 

damage, inflammatory changes, damage to the lung and respiratory “pump” might be 

ameliorated or prevented. The results show that PFC and SOD can attenuate the HO- 

induced decline in lung mechanics and gas exchange, ameliorate the inflammatory and 

oxidative stress profiles, and promote lung and muscle structural integrity resulting in a 

survival benefit. These findings support the novel application of PFC liquids in a 

spontaneously breathing model and support the concept that PFC preconditioning and 

AOE supplementation play a protective role by reducing mortality and morbidity in 

hyperoxic lung injury.
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CHAPTER 1 

INTRODUCTION 

OVERVIEW OF ACUTE LUNG INJURY, OXIDATIVE STRESS AND 

RESPIRATORY MUSCLE ALTERATIONS 

  

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are 

frequent complications in critically ill patients. These catastrophic disorders are 

responsible for significant morbidity and mortality rates ranging from 10- 70% with 

annual incidence of  approximately 190,000 cases in the U.S with fatalities ranging from 

25- 40% (26; 125; 145).  Approximately 85% of those patients who survive the acute 

illness are alive 2 years later(25).  However, several studies addressing outcomes other 

than mortality have demonstrated impaired lung function, specifically restrictive 

pulmonary defects and gas exchanging abnormalities, respiratory muscle weakness, 

increased complaints of respiratory symptoms, reduced exercise capacity, and impaired 

health related quality of life in survivors of ALI(1; 50; 86; 116; 150).  Patients with 

ARDS consume significant health care resources with the mean health care costs for a 

survivor from intensive care unit (ICU) admission to 2 years post-ICU being 

approximately $130,000(25).  ICU expenses consume the largest portion of the total 

hospital charges, accounting for approximately 76% of the total cost ranging from 

approximately $48,000 – $98,000(3; 25). 

A pathologic mechanism underlying lung injury development is oxidative 

stress(26; 145).  Normally, a delicate balance exists between the production of reactive  
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oxygen species (ROS) and protective antioxidant enzyme (AOE) defense systems. Under 

basal conditions potentially toxic oxygen metabolites are generated at a low level in lung 

cells.  However, when the lung and its extensive surface area is subjected to 

supraphysiologic oxygen tensions, ROS production is increased, overwhelming or 

inactivating the antioxidant defense system, leading to lung injury and potentiating 

respiratory failure(30; 45).  More than 90% of all oxygen (O2) we breath undergoes a 

concerted reduction in the mitochrondrial electron transport chain producing water.  

However, hyperoxia introduces a large influx of O2, which is converted to superoxide 

anion (O2
-) via the electron transport chain in mitochondria or by microsomal respiratory 

chains resulting in oxidation of macromolecules(26; 45; 77).  Biologically important ROS 

include the superoxide anion (O2
-), hydrogen peroxide (H2O2), hydroxyl radical (OH-), 

and hypochlorous acids such as HOCl(26).  ROS are toxic to cells and leads to alterations 

in cell function due to damage of major cellular components including membrane lipids, 

proteins and nucleic acids.  Oxygen- induced lung injury is characterized by alveolar- 

capillary membrane destruction leading to pulmonary edema and pleural effusions, 

infiltration of inflammatory cells and altered pulmonary mechanics and gas exchange 

prompting increased loading of the respiratory muscle(101; 112).  Enhanced load 

promotes respiratory muscle alterations contributing to respiratory insufficiency and 

failure(60; 90; 100).  
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Respiratory Muscle and Oxidative Stress: 

Muscle injury, inflammation and impaired force development are known effects 

of intense exercise, especially exercise involving eccentric muscle contraction and 

oxidative stress induced by prolonged, intense contractile performance has been 

associated with impaired muscle performance(27; 66; 104).  In these models of muscle 

overload, it is hypothesized that that the initial mechanical injury triggers a delayed 

secondary inflammatory response promoting the degeneration of injured muscle fibers or 

portions of muscle fibers(59; 89).  Evidence for mechanical injury includes altered force 

production(81; 82; 136; 164) and muscle fiber damage(10; 59; 89; 99).  The diaphragm is 

a unique muscle with a primary role in inspiration accounting for 60 to 70% of lung 

volume changes during quiet respiration (83; 100). When the inspiratory muscles contract 

against a high load, they are able to maintain the target level of contraction for a limited 

period of time i.e., until "task failure," after which the load cannot be sustained any longer 

(71; 100).  The integrity of skeletal muscle fibers, specifically the integrity of the 

diaphragm is essential for development of muscle tension and maintenance of alveolar 

ventilation (165).  Abnormalities of pulmonary structure and function increase the work 

of breathing necessitating increased respiratory muscle force production to maintain 

alveolar ventilation (60; 162). When the load placed on the respiratory muscle pump 

exceeds its capacity, respiratory failure develops and is ultimately fatal unless therapeutic 

interventions are able to reduce the load (70; 71; 100; 162). 

An increased work of breathing is encountered in disease processes that increase 

airway resistance or reduce the compliance of the lung.  Increased airway resistance is a 



 

 4

manifestation of multiple chronic lung diseases including asthma and chronic obstructive 

pulmonary disease (COPD), while lung compliance is reduced in restrictive lung diseases 

including ALI and ARDS, pneumonia and pulmonary fibrosis. A common model of 

prolonged, intense exercise relating to respiratory pathology is inspiratory resistive 

loading (IRL).  Studies looking at short-term (i.e.:  45 min- 90 minutes) and long-term 

resistive breathing (i.e.: 6, 8, 12 days) has shown increased production of ROS as 

evidenced through lipid peroxidation and protein carbonyl formation(14; 58; 130), 

impaired muscle functional performance as measured by tension development and fatigue 

resistance(4; 5; 58; 90), influx of inflammatory cells, and damage and necrosis of muscle 

fibers(10; 59; 89; 99). IRL studies have demonstrated increased serum and muscle 

concentrations of proinflammatory cytokines including IL-1β, IL-6, and TNF-α(138; 

139; 141). Various antioxidant proteins administered by oral (N-acetylcysteine), 

intravenous (PEG-SOD; N-acetylcysteine), or subcutaneous (lidocaine) routes have been 

shown to attenuate the contractile dysfunction and reduce markers of oxidative stress, 

cytokine production and inflammatory cell infiltration(58; 130; 138; 139).   

 The “Overexertion Theory of Musculoskeletal Disorder Development” is a 

conceptual model where biologic-tissue tolerance is sufficient until a “threshold” is 

exceeded(69).  Below this threshold, resolution of inflammation and adaptive remodeling 

proceeds allowing maintenance of tissue integrity.  However, muscular activity 

characteristics that breach the tissue integrity threshold result in persistent inflammation, 

injury and maladaptive remodeling(10; 12; 69).  Injury and maladaptive remodeling is 

characterized by the increased presence of inflammatory cells, enhanced production of 
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proinflammatory cytokines, myofiber tears, and necrosis, and altered composition of the 

extracellular matrix with collagen deposition following intense repetitive muscle 

contraction(10; 12; 68; 76; 126).  In this dissertation, the overexertion model is applied to 

chronic hyperoxia induced lung injury where ongoing load accumulation is manifested as 

progressive reduction in pulmonary compliance and gas exchange due to alveolar-

capillary barrier dysfunction, pulmonary edema and surfactant dysfunction.  These 

alterations in normal pulmonary structure and function increase the resistive and elastic 

forces within the lung, increasing the work of breathing necessitating increased 

respiratory muscle force production to maintain alveolar ventilation. As stated previously, 

when the load placed on the respiratory muscle pump exceeds its capacity, ventilatory 

failure ensues and is ultimately fatal unless therapeutic interventions are able to reduce 

the load(100). 

 Cell culture, animal and human studies have suggested that acute and chronic 

lung injury secondary to prolonged hyperoxia may be ameliorated by administration of 

AOE, with superoxide dismutases (SOD) having significant protective effects(23; 152).  

The function of SOD is to convert extremely toxic superoxide radicals to hydrogen 

peroxide and water(63; 79). Three forms of SOD have been identified in mammals. The 

first is a copper/ zinc (Cu/Zn SOD) containing protein present in the cytoplasm of all 

mammalian cells. The second form is a manganese (Mn- SOD) containing protein which 

is located in the mitochondria. The third form is located in extracellular spaces (EC-SOD) 

and also contain Cu/Zn(63).  Studies have shown that transgenic pulmonary epithelial 

cells and mice that overexpress AOE (e.g.:  Mn- SOD) demonstrate improved survival to 
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hyperoxia while AOE knock-outs demonstrate earlier mortality(23; 67; 152).  A 

multicenter collaborative trial using prophylactic, intratracheal recombinant human 

recominant human CuZnSOD (5 ml/ kg of rhSOD in 2ml saline) in 302 premature infants 

at high-risk for developing chronic injury was recently completed. At 1 yr corrected age, 

premature infants (birth weight 600 – 1,200 g) receiving rhSOD at birth had significantly 

(44%) less episodes of respiratory illness severe enough to requiring pharmacological 

interventions;  emergency room visits (55%) and hospital re-admissions (44%) were also 

reduced dramatically in rhSOD-treated infants, especially the most critically ill infants 

<27 weeks gestation at birth.(36) Additionally, recent studies show that intravenous 

administration of PEG-SOD (2000 IU/kg) and N-acetylcysteine (150 mg/kg/day) in a 

mouse model of acute IRL and oral administration of N-acetylcysteine (3mmol/ kg/ day) 

in a dog model of chronic, intermittent IRL reduced the oxidative stress, proteolysis, and 

attenuate contractile dysfunction in the diaphragm(14; 58).  These studies demonstrate 

that AOE supplementation, including  SOD, is critical in preventing lung injury from 

prolonged hyperoxia and muscle injury from IRL. 

 Because the injured or immature lung is relatively collapsed and the pulmonary 

circulation is compromised, pulmonary delivery of intravenously administered 

antioxidants may be significantly impaired. An alternative approach is direct instillation 

of intrapulmonary therapeutics. However, effective delivery by current vehicles such as 

normal saline may be limited due to inactivation or washing out of surfactant, impaired 

gas exchange, and stimulation of an inflammatory response(52).  The use of 

perfluorochemical (PFC) liquids as a respiratory medium has been shown to be effective 
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in the treatment of severe respiratory disease(2; 48; 72; 120; 153; 156).  PFC liquids have 

high respiratory gas solubility that support gas exchange.  PFC in the lung recruits lung 

volume, reduces surface tension, improves lung mechanics, and lowers insufflation 

pressures in mechanically ventilated animal models and patients(95; 123; 153).  

Additionally, PFC liquids may be cytoprotective, reducing the biotrauma of pulmonary 

inflammation associated with ventilation by indirect mechanisms such as providing a 

mechanical barrier against neutrophil and macrophage infiltration and activation or by 

directly modifying cellular responses(7; 123; 131). While the exact mechanisms which 

lend PFC liquids a cytoprotective role have yet to be definitively elucidated, a number of 

mechanisms are possible including alterations in the diffusion and action of inflammatory 

mediators within PFC liquids, the actions of lipid-soluble PFC liquids within the cell 

membrane, and the distribution and sustained presence of PFC liquid within injured lung.  

The same properties that enable respiratory support allow PFC liquids to be ideal 

vehicles for the delivery of pharmacologic agents to the lung.  Neat PFC liquids reduce 

surface tension, improve lung mechanics, have high respiratory gas solubility, and the 

inert nature of PFC precludes adverse vehicle-agent interaction (21; 33; 154).   Our 

laboratory has shown that PFC liquid delivery of vasoactive substances (acetylcholine, 

epinephrine, priscoline), antibiotics (gentamicin) and AOE (rhSOD) when combined with 

mechanical ventilation supported gas exchange and promoted homogenous delivery 

throughout the lung (21; 154).  Therefore, PFC liquids may enhance aleolar recruitment, 

support gas exchange and facilitate the convective transport of biologically active agents 

homogenously throughout the lung in a spontaneously breathing model (120). 
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Project Objectives: 

 The premise of the proposed studies is to to characterize hyperoxic lung injury in 

a spontaneously breathing animal model and to develop pulmonary therapeutic strategies 

to supplement endogenous AOE activities in order to scavenge excess ROS.  This 

represents a rational approach to minimizing lung injury and respiratory muscle 

alterations due to oxidant stress. Hyperoxic lung injury is a confirmed model of ALI/ 

ARDS resulting in structural changes, oxidative stress as well as the inflammation 

cascade leading to respiratory failure(6; 49; 113; 122; 146). Hyperoxia induces oxidative 

stress directly to the lung by alveolar and hyperoxemic circulatory exposure. With respect 

to the diaphragm, it is reasoned that hyperoxia may induce oxidative stress not only by 

hyperoxemia but also through increased ROS production associated with increased 

contractile demand of the diaphragm muscle secondary to hyperoxia-induced alterations 

in lung structure and function.  Methods to prevent lung and respiratory muscle 

dysfunction secondary to these modalities are limited.  If lung structure and function and 

AOE activity could be improved in the lungs and respiratory muscles with AOE proteins 

or the genes encoding these enzymes, then cell damage, inflammatory changes, damage 

to the lung and respiratory “pump” might be ameliorated or prevented.  

  

Hypotheses and Research Design: 

The purpose of the proposed studies are to determine if intratracheal PFC will 

augment the protective effects of SOD in ameliorating HO-induced lung injury, thereby 

protecting the respiratory muscle pump.   
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Hypothesis #1:  

Preconditioning the lungs with intratracheal administration of perfluorochemical 

liquids (PFC) will have protective effects on the lung in the setting of hyperoxic lung 

injury.  

 

Specific Aims 

Aim 1a:  Characterize the impact of normoxia (NO) and hyperoxia (HO) exposure in a 

spontaneously breathing animal model (Sham) on outcome parameters including survival, 

lung physiology, cytokine and oxidative stress profiles and histomorphometry.  

 

Aim 1b:  Examine the impact of intratracheal delivery vehicles including normal saline 

(NS) versus perfluorochemical (PFC) liquids alone in NO and a HO-lung injury model on 

outcome parameters including survival, lung physiology, cytokine and oxidative stress 

profiles and histomorphometry.   

 

Hypothesis #2:  

Perfluorochemical (PFC) liquid instillation will reduce the hyperoxia- induced 

impairments in lung structure and function, thus reducing biomarkers of the contractile 

load of respiratory muscles. 
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Specific Aims: 

Aim 2a:  Characterize the impact of normoxia (NO) and hyperoxia (HO) exposure in a 

spontaneously breathing animal model (Control) on outcome parameters including 

survival, lung physiology and oxidative stress profiles and histomorphometry.   

 

Aim 2b:  Examine the impact of intratracheal perfluorochemical (PFC) liquids in NO and 

a HO-lung injury models on outcome parameters including survival, lung physiology and 

oxidative stress profiles and histomorphometry.   

 

Aim 2c:  Differentiate the impact of NO and HO exposure and the impact of intratracheal 

PFC liquids on respiratory muscle outcome parameters including diaphragm cytokine and 

oxidative stress profiles and histomorphometry.   

 

Hypothesis #3:  

Intratracheal delivery of the antioxidant enzymes (AOE’s), recombinant human SOD 

(rhSOD) protein, and replication deficient recombinant adenovirus encoding the gene 

construct for manganese SOD (rAD-MnSOD) by PFC liquids in a model of hyperoxic 

lung injury will reduce oxidative stress lessening lung and respiratory muscle alterations 

and enhance survival as compared to no intervention (ie.: control), PFC alone or normal 

saline (NS) delivery of AOE’s. 
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Specific Aims 

Aim 3a:  Compare the efficacy of PFC or NS to deliver recombinant human SOD 

(rhSOD) protein against replication deficient recombinant adenovirus encoding the gene 

construct for manganese SOD (rAD-MnSOD) in spontaneously breathing mice. 

  

Aim #3b:  Compare the HO- induced lung and muscle alterations in spontaneously 

breathing mice as a function of delivery method (PFC versus NS) of recombinant human 

SOD (rhSOD) protein against replication deficient recombinant adenovirus encoding the 

gene construct for manganese SOD (rAD-MnSOD). 

 

The research design evaluates the efficacy of instillation of perfluorochemicals 

(PFC) liquids, recombinant human SOD (rhSOD) protein and replication deficient 

recombinant adenovirus encoding the gene construct for manganese SOD (rAD-MnSOD) 

in a normoxic and hyperoxic spontaneously breathing mouse model.  Comparisons are 

made for normal saline (NS) and perfluorochemical (PFC) liquids alone and as 

intrapulmonary delivery vehicles of rhSOD protein and rAD-MnSOD.   

 

Evaluation Criteria 

Markers of lung injury  include 1) survival analysis, 2) pulmonary mechanics by 

quasi-static pressure-volume curves to calculate lung compliance, 3) gas exchange by 

pulse oximetry, 4) indices of capillary leak including wet: dry weight ratio and protein 

content of bronchoalveolar lavage fluid (BALF), 4) lung histomorphometric measures 
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including alveolar wall thickness and calculation of the expansion index, 5) leukocyte 

activation by myeloperoxidase content in lung homogenates, 6) cytokine & chemokine 

profiles in lung homogenates, 7) oxidative stress profile including SOD activity, protein 

carbonyls and lipid peroxidation in lung homogenates.  Gene expression via lacZ gene 

coding for beta galactosidase and luciferase bioluminescence is used to compare 

distribution of gene constructs by NS and PFC within the lung.  Analysis of the 

diaphragm muscle  include:  1) muscle histomorphometric measures including muscle 

damage and fiber size, 2) inflammation profile including cytokine/ chemokine profile, 

and 3) oxidative profile including protein carbonyl formation and SOD activity.    

 

Endpoint 

 The endpoint goal of this project is to determine that PFC liquids will attenuate 

oxidative stress induced damage of the lung parenchyma and diaphragm by 1) limiting 

hyperoxia- induced impairment in lung function, thus reducing ventilatory requirements 

and the contractile load of respiratory muscles and 2) enhance the distribution of anti-

oxidant biological agents throughout the lung. Current clinical management of respiratory 

complications use modalities including high levels of oxygen and elevated ventilatory 

pressures. Methods to prevent lung and respiratory muscle dysfunction secondary to these 

modalities are limited. The proposed research will identify how antioxidant delivery with 

a perfluorochemical liquid will ameliorate or prevent cell damage, inflammatory changes, 

and damage to the lung and respiratory muscle "pump" due to hyperoxia. 
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 The hypotheses of this dissertation project are based on the premise that 

respiratory muscle demand is predicated on the loading conditions presented by the lungs 

and interventions that protect the hyperoxia-exposed lung will unload the diaphragm.  To 

this end, the sequence of this dissertation is aligned to  present chapters focused on the 

loading conditions and responses of the lung followed by chapters focused on responses 

of respiratory muscle. Detailed methodologies are found in the appendix.  
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CHAPTER 2 

INTRAPULMONARY PERFLUOROCHEMICAL LIQUIDS ATTENUATE 
HYPEROXIC LUNG INJURY DURING SPONTANEOUS BREATHING 

 
Hypothesis #1: 

1. Preconditioning the lungs with intratracheal administration of perfluorochemical 

liquids (PFC) will have protective effects on the lung in the setting of hyperoxic 

lung injury.  

 

Specific Aims 

 Aim 1a:  Characterize the impact of normoxia (NO) and hyperoxia (HO) exposure 

in a spontaneously breathing animal model (Sham) on outcome parameters including 

survival, lung physiology, cytokine and oxidative stress profiles and 

histomorphometry.   

Aim 1b:  Examine the impact of intratracheal delivery vehicles including normal 

saline (NS) versus perfluorochemical (PFC) liquids alone in NO and a HO-lung 

injury model on outcome parameters including survival, lung physiology, cytokine 

and oxidative stress profiles and histomorphometry.   

 

Introduction: 

Supraphysiologic concentrations of oxygen (O2) are used in the management of 

critically ill patients across the lifespan to correct hypoxemia. While supporting 

oxygenation, hyperoxia (HO) has been linked to the development of acute and chronic 

lung pathologies.  The adverse effects of O2 are heightened due to the direct exposure of 



 

 15

elevated oxygen tensions across the lungs' extensive cross sectional area (63).  Functional 

consequences of HO include alterations in the alveolar capillary membrane, pulmonary 

edema and pleural effusions, changes in pulmonary mechanics and gas exchange, and 

infiltration of inflammatory cells(49; 113; 146).  Additionally, HO triggers the release of 

proinflammatory cytokines and chemokines leading to activation and release of oxidants 

from resident leukocytes as well as those attracted to the site of injury(47; 124).  The 

combination of these events augments lung injury and potentiates respiratory 

failure(122).       

The use of PFC liquids as a respiratory medium is effective in the treatment of 

severe respiratory disease when combined with mechanical ventilation. PFC liquids have 

high respiratory gas solubility that support gas exchange.  PFC in the lung recruits lung 

volume, reduces surface tension, improves lung mechanics, and lowers insufflation 

pressures in mechanically ventilated animal models of lung disease and in patients with 

respiratory compromise(48; 72; 95; 153).  Pulmonary inflammation in ventilated animal 

models of respiratory distress syndrome (RDS) is attenuated by intrapulmonary PFC 

liquids(120; 155).  Apart from the impact of reducing pulmonary mechanotrauma and 

thus inflammation,  there is evidence suggesting that PFC liquids alone  may be 

cytoprotective.  Although the exact mechanisms that lend PFC liquids a cytoprotective 

role have yet to be elucidated, a number of processes have been proposed including 

alterations in the diffusion and action of inflammatory mediators within the PFC liquids, 

the impact of lipid- soluble PFC liquids within the cell membrane, and the distribution 

and sustained presence of PFC liquids within the injured lung(85; 91; 158).  PFC liquids 
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may reduce the biotrauma of pulmonary inflammation associated with mechanical 

ventilation and hyperoxia by indirect mechanisms, such as providing a mechanical barrier 

against neutrophil and macrophage infiltration and activation or by directly modifying 

cellular responses including ROS (123) and inflammatory cytokine production(7; 88; 

131), cell adhesion molecule expression (88) and release of vasoactive substances (87).  

Clinical management of respiratory complications use modalities including  

supplemental oxygen and ventilatory pressures.  These modalities are often initiated in 

series, then used togther and to various degrees.  Methods to prevent lung injury 

secondary to these modalities are limited. Most studies have explored the impact of the 

combinational modality, hyperoxia (HO) and mechanical ventilation, as an intervention 

to manage acute or chronic lung disease. The current study will use HO in a 

spontaneously breathing animal model to initiate lung injury.  It is hypothesized that the 

use of  perfluorochemical liquids as a prophylactic therapeutic strategy will ameliorate 

cellular damage and inflammation associated with HO, resulting in improvements in lung 

structure and function, thus enhancing survival.  The objective of this study is to 

determine if preconditioning the lung with intratracheal administration of PFC has 

protective effects on the lung in the setting of HO lung injury using biomarkers of 

pulmonary injury and survival as outcome measures. 
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Methods: 

Animal Preparation/ Instrumentation: 

All animal management was consistent with Temple University institutional 

guidelines in compliance with the PHS “Guide for Care and Use of Laboratory Animals”.  

Spontaneously breathing C57BL/ 6 mice (n = 285, 6-8 wks; 15 – 20 gm) were 

anesthetized with intraperitoneal ketamine (40 mg/kg) and xylazine (8 mg/kg), randomly 

assigned to receive room air (RA = Sham), 2ml/ kg of normal saline (NS) or 10 ml/ kg 

instillation of PFC (25% PP2/ 75% PP9, F2, Ltd.) via tracheal puncture and studied in 

subgroups to evaluate lung biomarkers and survival as outcomes (see below). In this 

study, the sham groups serve as normoxic (NO) and hyperoxic (HO) controls for 

comparison of NS and PFC groups.  Normal saline and PFC are used as intratracheal 

delivery vehicles of antioxidant enzymes in studies presented in subsequent chapters.  

Therefore, the impact on the outcome measures of the delivery vehicles alone will be 

determined in the current study.  If Sham and NS results are comparable, these groups 

will be combined for normoxic and hyperoxic controls in the studies designed to evaluate 

the impact of hyperoxia-induced lung injury on respiratory muscle.      

Following local anesthesia, the trachea was isolated through a superficial incision 

and intratracheal instillation proceeded using a 0.50-mL syringe with 29-G needle, 

approximately 2 cartilaginous rings below the cricoid.  Animals were provided 

supplemental oxygen throughout the instillation procedure to prevent anesthesia-induced 

hypoxemia.  Following instillation, animals were rotated consistently to augment 
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homogenous distribution of NS and PFC until the mice demonstrated normal motor 

activity and grooming (i.e.: within 30 minutes).   

The experimental model employed environmentally controlled (temperature/ 

humidity) chambers for room air (RA) or hyperoxia (HO) exposures.  HO exposure was 

created by a constant oxygen flow into a sealed plexiglass chamber to maintain FIO2 > 

0.95 for up to 7 days. Carbon dioxide was removed by soda lime absorption. 

Environmental gas concentration (i.e. oxygen and carbon dioxide: Datex Normocap 200, 

Datex Instrumentation Corp., Finland) and humidity (Fisher Scientific* Traceable* 

Digital Hygrometer/Thermometer, Thermo Fisher Scientific, Inc.) were monitored 

continuously and animals were provided food and water ad libitum.  

 

Survival:  Animals were maintained in the defined oxygen environment for a 7 day 

period.  Kaplan- Meier survival curves were constructed and the median survival time, 

expressed as the lethal time at which 50% of the animals were unable to survive (LT50), 

were calculated.   

 

In Vivo and Ex Vivo Measurements:  In vivo assessments of gas exchange and lung 

compliance were performed in subgroups of mice on Day 1 and prior to the earliest LT50, 

(day 3 as presented in Results), across groups, for time-matched comparison of outcome 

parameters.  Similarly, subgroups of mice were studied for ex vivo assessments of lung 

wet:dry (W:D) weight ratio, bronchoalveolar lavage fluid (BALF) protein content, lung 
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parenchymal inflammatory and oxidative stress profiles, and lung histomorphometric 

profiles. 

 

Gas exchange: Room air (RA) oxygen challenge was accomplished by placing a lightly 

anesthetized mouse (20 mg/kg ketamine; 4 mg/kg xylazine) within a hollow plexiglass 

cylinder that restricted animal movement, but allowed normal respiration.  This level of 

anesthesia did not compromise respiratory efforts and maintained heart rate within the 

operating range of the pulse oximeter  (SurgiVet V3304 Oximeter, SurgiVet, Inc., 

Waukesha, WI.), a pulse oximeter designed specifically for veterinary applications.   The 

pulse oximeter probe was placed on the mouse’s tail to measure oxygen saturation (SpO2) 

as a non- invasive measure of gas exchange under the experimental condition (room air 

(RA) or HO chambers) and following 5 minutes RA exposure. 

 

Pulmonary Mechanics: Lung Compliance:  Following surgical anesthesia (20 mg/ kg 

ketamine; 4 mg/ kg xylazine) a polyethylene tracheostomy tube (I.D. = 0.58 mm) was 

sutured in place to ensure an adequate seal. Pressure changes in response to 0.05-ml step 

changes in volume were recorded on a polygraph recording system (Gould-Stratham P23 

ID pressure transducer, Gould Instruments, Puerto Rico; Grass polygraph recording 

system, Model 79D, Grass Medical Instruments, Quincy, Mass.), with maximal 

insufflation pressure limited to 30 cm H2O to avoid lung rupture.  Pressure- volume (P-V) 

curves were constructed and the slopes calculated to determine pulmonary compliance. 
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Lung Weight: A median sternotomy was performed following measurements of 

pulmonary mechanics and the apical and cardiac lobes of the right lung were isolated, 

removed and weighed (wet weight (W)).  Lobes were weighed daily until no further 

weight change (dry weight (D)) was noted. The wet: dry ratio (W/ D) was calculated and 

used as an index of pulmonary edema reflecting pulmonary vascular permeability(113). 

 

Bronchoalveolar Lavage Fluid (BALF) Protein Concentration: Following removal of 

the right apical and cardiac lobes, 0. 5 ml of cold normal saline was introduced through 

the tracheostomy tube for lavage and repeated in triplicate. The bronchoalveolar lavage 

fluid (BALF) samples for individual animals were pooled, inventoried, and then frozen at 

-80oC for subsequent analysis of  total protein based on the method described by 

Bradford(19).  Linear standard curves were obtained with sensitivities ranging from 0.05 

to 0.044 mg/ml; inter-assay and intra-assay coefficients of variance were <10% and < 

6%, respectively.  All standards and samples were run in duplicate and data is expressed 

as mg/ml. 

 

Biochemical and Histologic Analysis:  Following the defined study period, mice were 

deeply anesthetized, the chest was opened via a median sternotomy and the main 

pulmonary artery was perfused with cold Millinog’s buffer to remove blood elements 

from the pulmonary vasculature.  The lungs from mouse subgroups were then 1) perfused 

with 10% formalin, sectioned, and prepared for light microscropy and 

immunohistochemistry to quantitatively evaluate histomorphometry and qualitatively 
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assess cytokine expression, respectively; or; 2) sectioned, snap frozen in liquid nitrogen 

and stored at -80oC for subsequent analysis of lung inflammation (myeloperoxidase, 

cytokines/ chemokines) and oxidative stress profiles (protein oxidation by protein 

carbonyls formation; antioxidant activity by SOD activity) as described below.  Tissues 

were homogenized on ice in Tris-HCL buffer (pH 7.2) with protease inhibitors and 

centrifuged at 14,000 x g for 10 minutes at 4°C.   The supernatant of lung homogenates 

was aliquoted into separate eppendorf tubes to prevent repeat freeze- thawing and stored 

at -80oC until time of analysis.  

 

Myeloperoxidase (MPO):  The myeloperoxidase assay was used to assess the level of 

activated neutrophils and monocoytes in lung homogenates as previously described(117).  

Following homogenization, duplicate  aliquots of standard or sample were incubated in a 

96-well plate with 100 µl of substrate buffer (0.1 M sodium citrate, 0.1% o-dianisidine, 1 

mM hydrogen peroxide, pH = 5.5) for 1 min. The plate was read immediately at 560 nm 

in an automated plate reader. Human leukocyte MPO (ICN Biomedicals, Costa Mesa, 

CA) serial dilutions were used as standards. Linear standard curves were obtained with 

sensitivities ranging from 0.03125 to 1.44 U/ml; inter-assay and intra-assay coefficients 

of variance were <10% and < 6%, respectively.  All standards and samples were run in 

duplicate and data is expressed as U/mg total protein. 

 

Protein Carbonyl Analyses:  Proteins were extracted from lung homogenates and yield 

determined using the Biorad assay(19). An aliquot of each sample was derivatized with 
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2.4-dinitrophenylhydrazine (DNP).  Samples containing equal protein concentrations of 

non-derived and DNP-derived serial dilutions were dot blotted on to nylon membranes 

and incubated with an anti-DNP polyclonal antibody followed by a HRP-conjugated 

secondary antibody per manufacturer’s instructions (Intergen Co., Norcross, GA.).   

Antibody complexes were detected by chemiluminescence and visualized on X-Ray film. 

Films were scanned and densitometry determined using the Sigmagel program. Values 

were normalized to non-derived protein. Data is expressed as RLU/ mg total protein. 

 

Antioxidant Methods:  
 
Lung Superoxide Dismutase (SOD) Enzymatic Assay:  Both MnSOD and CuZnSOD 

proteins were measured spectrophotometrically(31).  Proteins were incubated with 

cytochrome c and its substrates, xanthine oxidase.  Xanthine oxidase is a superoxide 

anion, O2
- generator, and oxidized cytochrome c is used as a superoxide-trapping 

scavenger.   The reduction rate of cytochrome c by O2
- is monitored 

spectrophotometrically at 550nm.  The reduction of cytochrome c is inhibited when the 

SOD-containing sample is added by enzymatic dismutation of O2
-.  One unit of SOD is 

defined as the amount of SOD required to inhibit the reduction of cytochrome c at 25º C, 

pH 7.8 by 50% providing the value for total SOD activity.  CuZnSOD activity is 

determined by running the reaction in the presence of potassium cyanide (KCN) which 

inhibits CuZnSOD activity.  MnSOD activity =Total SOD – CuZnSOD(31).  Enzymatic 

activity was normalized to total protein concentration and the data is expressed as 

RLU/mg protein. 
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Cytokine/Chemokine Analyses:  Frozen tissues were homogenized and samples of 

supernatant were assayed for cytokine concentration using an enzyme linked 

immunoassay (ELISA) screening array where multiple high-affinity capture antibodies 

were absorbed to individual wells of a 96-well plate (Q-PlexTM Mouse Cytokine Array, 

BioLegends, Inc.; San Diego, CA)(11). Following addition of samples, biotin-labeled 

detection antibodies were added followed by incubation with a streptavidin-horseradish 

peroxidase.  A chemiluminescent substrate was added and the luminescent response was 

captured by a cooled charge coupled device (CCD) camera and analyzed using 

manufacturer supplied software.  Linear standard curves were obtained with sensitivities 

as noted in the following table: 

Cytokine/ chemokine Range (pg/ml) 
TNF-α 26.9 to 430 
IL-1α 7.8 to 125 
IL-1β 30.6 to 490 
IL-2 5.6 to 90 
IL-4 7.2 to 115 
IL-6 8.8 to 144 
IL-10 30 to 480 
IL-12 0.7 to 11 
MCP-1 31.3 to 500 
GM-CSF 5.6 to 90 
 

Inter-assay and intra-assay coefficients of variance were <10% and < 6%, respectively.   

All standards and samples were run in duplicate and data are presented normalized to mg 

of total protein.  Data is expressed as pg/mg total protein. 
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Histological Analyses:  Tissues were fixed in 10% buffered formalin for 24 to 48 hours 

prior to washing in phosphate buffered saline (PBS), paraffin embedding, step-sectioning 

and slide preparation.  Thin sections (5 μm) were stained with hematoxylin (H) and eosin 

(E), and examined by light microscopy.  Histomorphometric assessment was performed 

using computerized software (Image Pro Plus, Silver Spring, MD) to measure alveolar 

septal wall thickness (μm) and differentiate the proportion of lung parenchyma area (Vp) 

from the proportion of gas exchange space (Vg) for calculation of the expansion index 

(EI= [Vg/Vp] x 100) (120; 153; 156).  Immunohistochemstry was performed on matched 

sections as described below. 

 

Immunohistochemistry (IL - 6; MCP - 1):  Tissue sections were treated with 3% H2O2 

to inactivate endogenous peroxidase activity followed by 0.05% pepsin in 0.01 N HCl for 

antigen retrieval and then blocked with serum to diminish non-specific background 

staining. Sections were incubated overnight at room temperature with anti-rat MCP-1 

antibody (1: 250, Chemicon, Temeculah, CA) or anti-mouse IL-6 antibody (1:10, AbD 

Serotec, Raleigh, NC). Sections were incubated in the appropriate secondary antibodies 

conjugated to HRP (1:50, AbD Serotec, Raleigh, NC), visualized using enzymatic FAST 

Sigma di-aminobenzidene (DAB) with cobalt enhancement and counterstained using 

Nuclear Fast Red (Vector Laboratories, Burlingame, CA).  Slides serving as negative 

controls received phosphate buffered saline (PBS) instead of the primary antibody. 
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Statistical Analysis: All data are reported as mean ± SEM unless otherwise noted. 

Statistical analysis was performed using GraphPad Prism for Windows (GraphPad 

Software, San Diego CA).  Survival data was analyzed using the log rank test.  Mutli-

factor analysis of variance (ANOVA) was used to examine differences in pulmonary 

biomarkers as a function of group (Sham, NS, PFC), time (Day 1, Day 3) and 

environmental condition (NO, HO).  Post hoc analysis was performed using multiple 

pair-wise comparisons with Bonferroni adjustment to maintain an experiment-wise type I 

error of 0.05 or less.  

 

Results: 

Survival Data:  A total of 84 mice (N= 14 per group) were exposed to normoxic (NO) or 

hyperoxic (HO) conditions after undergoing sham operation, instillation of normal saline 

(NS) or perfluorochemical liquids (PFC).  Cumulative mortality was evaluated over 7 

days.  Kaplan- Meier survival curves were constructed for animals exposed to the NO or 

HO condition as shown in Figure 2-1.  All NO exposed animals survived the study 

period.  The 50% mortality (LT50) was 4 days for Sham/HO, 3.5 days for NS/HO and 6.5 

days for PFC/HO mice.  There was no significant difference in survival between 

Sham/HO and NS/HO animals. Survival time in the PFC/HO group was significantly 

(p<0.0001) longer than all other HO groups.  
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Figure 2-1.  Kaplan Meier Survival Curves:  Survival in hyperoxia (HO) was increased 
significantly (p < 0.0001) for PFC/HO (LT50 = 6.5 days) as compared to Sham/HO (LT50 
=4 days) and NS/HO (LT50 =3.5 days).  Normoxia (NO) exposed mice, Sham/NO, 
NS/NO and PFC/NO, had 100% survival.  
 
 
 
Physiologic Data:  

Compliance (mL/cm H2O/kg): Figure 2-2 and 2-3 shows the group and time dependent 

differences in compliance. A total of 77 mice (N=5-8 per group) underwent measurement 

of pulmonary compliance.  As noted in Figure 2-2, there was no significant difference in 

compliance in the normoxic (NO) animals as a function of group (Sham/NO, NS/NO, 

PFC/NO) or time (day 1, day 3).  Following hyperoxia (HO) as shown in Figure 2-3, the 

Day 1 compliance in Sham/HO (-18% vs. day 1 Sham/NO control) and NS/HO (-21% vs. 

day 1 NS/NO control) animals was significantly lower (p < 0.05) than their respective 

NO controls (Figure 2-2), while PFC/HO was not significantly different than its NO 

control (-4% vs. day 1 PFC/NO control).  In both Sham/HO and NS/HO animals, 

compliance decreased significantly (p < 0.05) over the 3 day exposure period. The HO-
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induced, time-dependent decrease in compliance on day 3 was similar between Sham/HO 

(-38% vs. Sham/NO control on day 3; -27% vs. Sham/HO on day 1) and NS/ HO (-31% 

vs. NS/NO control on day 3; -24% vs. NS/ HO on day 1).  Perfluorochemical 

preconditioning blunted the HO-induced decrease in pulmonary compliance.  There was 

no significant difference in compliance between PFC/NO and PFC/HO groups, 

independent of time. Further, after 3 days of HO, the compliance in PFC/HO animals did 

not differ from Day 1 PFC/HO animals and the PFC/HO compliance values were 

comparable to Sham/NO and NS/NO animals on both day 1 and day 3.  

 

Room Air Oxygen Challenge (%):  The oxygen desaturation response to 5 minutes of 

room air exposure is shown in Figures 2-4 and 2-5. A total of 82 mice (N=5-8 per group) 

underwent measurement of gas exchange.  Following NO exposure (Figure 2-4), there 

were no significant differences between Sham/NO, NS/NO and PFC/NO on day 1 or day 

3.  Following hyperoxia as shown in Figure 2-5, there were no significant differences in 

this response between groups on day 1 or if compared to their NO controls on day 1 as 

shown in Fig 2-4.  However, on day 3, PFC preconditioning blunted the oxygen 

desaturation response to room air with the PFC/HO animals having significantly higher 

(p < 0.05) oxygenation (day 3: 91.9 ± 0.6%) than the Sham/HO (day 3: 81.2 ± 3.4%) and 

NS/HO (day 3: 84.5 ± 1.7%) groups. The HO-induced oxygen desaturation response on 

day 3 was similar between Sham/HO (-13% vs. Sham/NO control on day 3; -9% vs. 

Sham/HO on day 1) and NS/HO (-7% vs. NS/NO control on day 3; -7% vs. NS/ HO on 

day 1) while oxygen saturation in the PFC/HO group remained comparable to Sham/NO  
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Figure 2-2.  Pulmonary Compliance - Normoxia (NO) groups (Mean ± SE):  
Compliance was not significantly different across group or time in NO exposed animals. 
(NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-3.  Pulmonary Compliance - Hyperoxia (HO) groups (Mean ± SE):  
Compliance decreased across time from day 1 to day 3 for Sham/HO and NS/HO (*p< 
0.05), independent of group.  Perfluorochemical preconditioning (PFC/HO) attenuated 
the time dependent, HO-induced reduction in compliance.  Compliance on day 3 in the 
PFC/HO group was greater (# p< 0.05) than Sham/HO and NS/HO. (HO: hyperoxia; NS: 
normal saline; PFC: perfluorochemical). 
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Figure 2-4.  Gas Exchange – Normoxia (NO) groups (Mean ± SE):  Values represent 
oxygen saturation measured by pulse oximetry (SpO2) 5 minutes post exposure to room 
air. Gas exchange was not significantly different across group or time in NO exposed 
animals.  (NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-5.  Gas Exchange – Hyperoxia (HO) groups (Mean ± SE):  Values represent 
oxygen saturation measured by pulse oximetry (SpO2) 5 minutes post exposure to room 
air. Gas exchange decreased across time from day 1 to day 3 for Sham/HO and NS/HO 
(*p<0.05), independent of group.  Perfluorochemical preconditioning blunted the HO-
induced desaturation response to room air.  The SpO2 values on day 3 in the PFC/HO 
group were greater (# p< 0.05) than Sham/HO and NS/HO. (HO: hyperoxia; NS: normal 
saline; PFC: perfluorochemical). 
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and PFC/NO.    Importantly,  oxygenation in the PFC/HO group was significantly higher 

(p < 0.002) than the Sham/HO and NS/HO groups on day 3, comparable to these groups 

on day 1, and comparable to all NO animals on both day 1 and day 3.  

 

Wet to Dry (W:D) Weight Ratio:  Figure 2-6 and 2-7 shows the group and time 

dependent differences in wet:dry weight ratio (W:D ratio).  A total of 100 mice (N=6-9 

per group) underwent measurement of W:D ratio.  As shown in Figure 2-6, there were no 

significant differences in the W:D ratio between Sham/NO and NS/NO, independent of 

day. On day 1, due to the density of PFC, the W:D ratio in the  PFC/NO group was 

significantly greater (p< 0.05) than Sham/NO and NS/NO groups.  There was no 

differences in W:D ratio between the NO groups on day 3.  Following hyperoxia as 

shown in Figure 2-7, PFC attenuated the HO- induced increase in W:D  ratio over time.  

Similar to the NO group, the density of PFC resulted in an increased W:D ratio compared 

to Sham/HO and NS/HO on day 1.  There was no significant differences between 

Sham/HO, NS/HO and PFC/HO on day 1 compared to their respective NO controls.  

However, in both Sham/HO and NS/HO, the W:D ratio increased significantly (p < 0.05) 

from day 1 to 3. The HO-induced increase in W:D ratio was similar on day 3 between 

Sham/HO (+53% vs. Sham/NO control on day 3; +61% vs. Sham/HO on day 1) and 

NS/HO (+57% vs. NS/NO control on day 3; 59% vs. NS/HO on day 1)  In contrast, PFC 

attenuated the increase in W:D ratio over time during HO wherein there was no 

significant difference in the W:D ratio between days 1 and 3.  Importantly, on day 3, the 

W:D ratio in the PFC/HO group  was significantly (p < 0.001) lower than the Sham/HO  
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Figure 2-6:  Wet: Dry Ratio (W:D) – Normoxia (NO) groups (Mean ± SE): The W:D 
ratio was not significantly different across group or time for Sham/ NO and NS/NO.  The 
day 1, but not day 3, W:D ratio for PFC/NO was greater (†p<0.05) than Sham/NO and 
NS/NO.  (NO: normoxia, NS: normal saline; PFC: perfluorochemical). 
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Figure 2-7:  Wet: Dry Ratio (W:D) – Hyperoxia (HO) groups (Mean ± SE):  The 
W:D ratio increased across time from day 1 to day 3 for Sham/HO and NS/HO (*p< 
0.05). Perfluorochemical preconditioning (PFC/HO) attenuated the time dependent, HO-
induced increase in the W:D ratio.  The W:D ratio on day 3 in the PFC/HO group was 
less (# p< 0.001) than for Sham/HO and NS/HO. (HO: hyperoxia; NS: normal saline; 
PFC: perfluorochemical). 
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and NS/HO groups, comparable to these groups on day 1, and comparable to all NO 

animals on both day 1 and day 3.  

 

Bronchoalveolar Lavage Fluid (BALF) Protein (mg/ml):  Figures 2-8 and 2-9 show 

the group and time dependent differences in BALF protein concentration.  A total of 83 

mice (N=5-10 per group) underwent measurement of BALF protein. As shown in Figure 

2-8, there were no significant differences in the BALF protein concentration between 

Sham/NO and NS/NO, independent of day. On day 1 and day 3, the PFC/NO group had 

an increased BALF protein concentration (p<0.001) compared to the Sham/NO and 

NS/NO groups, but remained significantly less (p<0.001) than Sham/HO and NS/HO on 

day 3 (see Figure 2-9).  Following HO as shown in Figure 2-9, all groups demonstrated 

an increase (p<0.01) in BALF protein concentration over time with PFC preconditioning 

attenuating the HO-induced increase in BALF protein concentration.  The day 1 BALF 

protein in Sham/HO, NS/HO and PFC/HO did not differ from than their respective NO 

controls.  The BALF protein concentration on day 1 in PFC/HO was significantly greater 

(p<0.001) than Sham/HO and NS/HO, but significantly less (p<0.001) than day 3 

Sham/HO and NS/HO.    By day 3 of HO, BALF protein concentration was increased 

significantly (p < 0.01) in all groups. This increase was comparable between Sham/HO 

(+5917% vs. Sham/NO control on day 3; +3911% vs. Sham/HO on day 1) and NS/HO 

(+5150% vs. NS/NO control on day 3; +2764% vs. NS/HO on day 1) both of which were 

significantly greater than for PFC/HO group (+309% vs. PFC/NO control on day 3;   
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Figure 2-8:  BALF Protein Concentration – Normoxia (NO) groups (Mean ± SE): 
BALF protein was not significantly different across group or time in Sham/NO and 
NS/NO and did not differ across time in PFC/NO.  The BALF protein was greater (# p < 
0.05) in PFC/NO compared to Sham/NO and NS/NO (p<0.05) on day 1 and day 3 but 
was less (p<0.001) than HO groups (see Figure 2-9).  (NO: normoxia, NS: normal saline; 
PFC: perfluorochemical). 
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Figure 2-9:  BALF Protein Concentration – Hyperoxia (HO) groups (Mean ± SE):  
The BALF protein concentration increased across time from day 1 to day 3 for all groups 
(*p< 0.01). Perfluorochemical preconditioning (PFC/HO) attenuated the time dependent, 
HO-induced increase in BALF protein concentration.  The BALF protein concentration 
on day 3 in the PFC/HO group was less (# p< 0.001) than Sham/HO and NS/HO. (HO: 
hyperoxia; NS: normal saline; PFC: perfluorochemical). 
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+309% vs. PFC/HO on day 1).  Importantly, by day 3, the BALF protein in the PFC/HO 

group was significantly (p < 0.001) lower than the Sham/HO and NS/HO groups. 

 

Myeloperoxidase (MPO) (U/mg protein):  Figures 2-10 and 2-11 show the group and 

time dependent differences in MPO concentration.  A total of 70 mice (N=5-7 per group) 

underwent measurement of MPO concentration.  Following NO, there were no significant 

differences in MPO concentrations between Sham/NO, NS/NO and PFC/NO as shown in 

Figure 2-10 on day 1 or day 3.  Following HO as shown in Figure 2-11, there were no 

significant differences in this response between groups on day 1 or if compared to the day 

1 NO controls shown in Figure 2-10.  However, on day 3, PFC preconditioning blunted 

the increase in MPO concentration with the PFC/HO animals having a lower MPO 

concentration than the Sham/HO and NS/HO groups (p < 0.05). The significant time-

dependent increase (p < 0.05) in MPO concentration was comparable between Sham/HO 

(+163% vs. Sham/NO control on day 3; +163% vs. Sham/HO on day 1) and NS/HO 

(+58% vs. NS/NO control on day 3; +73% vs. NS/HO on day 1) and both groups were 

significantly greater (p < 0.5) than the PFC/HO group (-29% vs. PFC/NO control on day 

3; -29% vs. PFC/HO on day 1).  Importantly, on day 3, the MPO concentration in the 

PFC/HO group was significantly (p < 0.05) less than the Sham/HO and NS/HO groups, 

comparable to all HO groups on day 1, and comparable to all NO animals on both day 1 

and day 3. 
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Figure 2-10.  Myeloperoxidase (MPO) – Normoxia (NO) groups (Mean ± SE): The 
MPO concentration did not differ significantly across group or time in NO exposed 
animals.  (NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-11.  Myeloperoxidase (MPO) – Hyperoxia (HO) groups (Mean ± SE):  The 
MPO concentration increased significantly across time from day 1 to day 3 for Sham/HO 
and NS/HO (*p< 0.05).  PFC preconditioning attenuated the time dependent, HO-induced 
increase in MPO concentration.  The MPO concentration on day 3 was significantly less 
(# p< 0.05) in the PFC/HO group than both Sham/HO and NS/HO groups. (HO: 
hyperoxia; NS: normal saline; PFC: perfluorochemical). 
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Oxidative Stress (RLU/mg protein):  Figures 2-12 and 2-13 show the group and time 

dependent differences in protein carbonyl (PC) concentration.  A total of 75 mice (N=6-8 

per group) underwent measurement of protein carbonyl concentration.  As shown in 

Figure 2-12, there were no significant differences in PC formation between Sham/NO, 

NS/NO and PFC/NO, independent of day.  Following HO as shown in Figure 2-13, 

whereas all groups demonstrated a significant increase (p<0.05) in PC concentration over 

time, PFC preconditioning attenuated the HO-induced increase in PC concentration.  

Relative to their NO controls, PC concentration on day 1 of HO was increased (p<0.05) 

for Sham/HO (+77% vs. Sham/NO control), but remained relatively unchanged for the 

NS and PFC groups.  However, following 3 days of HO, PC formation increased to a 

similar degree in Sham/HO (+242% vs. Sham/NO control on day 3; +78% vs. Sham/HO 

on day 1) and NS/HO (+134% vs. NS/NO control on day 3; +154% vs. NS/HO on day 1) 

groups, both of which were significantly greater (p < 0.05) than for PFC/HO group 

(+18% vs. PFC/NO control on day 3; +114% vs. PFC/HO on day 1).  Importantly, after 3 

days of HO, the PC concentration of PFC/HO mice was less (p<0.05) than Sham/HO and 

NS/HO on day 1 and day 3 and comparable to all NO animals on both day 1 and day 3. 
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Figure 2-12.  Protein Carbonyl (PC) – Normoxia (NO) groups (Mean ± SE): The PC 
concentration did not differ significantly across group or time in NO exposed animals.  
(NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-13.  Protein Carbonyl (PC) – Hyperoxia (HO) groups (Mean ± SE):  
Protein carbonyl (PC) formation increased (*p< 0.05) across time from day 1 to day 3 for 
all groups. Perfluorochemical preconditioning (PFC/HO) attenuated the time dependent, 
HO-induced increase in PC formation.  Protein carbonyls on day 1 and day 3 in the 
PFC/HO group were less (# p< 0.05) than time matched Sham/HO and NS/HO. (HO: 
hyperoxia; NS: normal saline; PFC: perfluorochemical). 
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Antioxidant Profile:    

Lung Manganese Superoxide Dismutase (MnSOD) (RLU/mg protein):  Figures 2-14 

and 2-15 show the group dependent differences in the activity of manganese superoxide 

dismutase (MnSOD) from lung homogenates on day 3.   A total of 36 mice (N=6 per 

group) underwent measurement of MnSOD activity.  As shown in Figure 2-13, there 

were no significant differences in MnSOD activity on day 3 between Sham/NO and 

NS/NO.  However, the MnSOD activity was increased (p< 0.05) in the PFC/NO groups 

compared to time matched Sham/NO and NS/NO (+110% compared to Sham/NO; +86% 

compared to NS/NO).  Following HO as shown in Figure 2-14, the MnSOD activity was 

greater (p<0.05) in the PFC/HO groups compared to time matched Sham/HO and NS/HO 

(+104% compared to Sham/HO; +132% compared to NS/HO).  MnSOD activity did not 

differ comparing HO mice to matched NO groups.  PFC preconditioning increased 

MnSOD activity independent of environmental condition.  Importantly, after 3 days of 

HO, the MnSOD concentration of PFC/HO mice was greater (p<0.05) than Sham/HO 

and NS/HO on day 3.  
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Figure 2-14.  Manganese Superoxide Dismutase (MnSOD) Activity – Normoxia 
(NO) groups (Mean ± SE): The MnSOD activity did not differ significantly across 
groups in Sham/NO and NS/NO.  PFC preconditioning increased (#p< 0.05) the MnSOD 
activity in PFC/NO compared to Sham/NO and NS/NO on day 3.  (NO: normoxia, NS: 
normal saline; PFC: perfluorochemical).  
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Figure 2-15.  Manganese Superoxide Dismutase (MnSOD) Activity – Hyperoxia 
(HO) groups (Mean ± SE): The MnSOD activity did not differ significantly across 
groups in Sham/HO and NS/HO.  PFC preconditioning increased (#p< 0.05) the MnSOD 
activity in PFC/HO compared to Sham/HO and NS/HO on day 3.  (NO: normoxia, NS: 
normal saline; PFC: perfluorochemical).  
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Lung Copper Zinc Superoxide Dismutase (CuZnSOD) (RLU/mg protein):  Figures 

2-16 and 2-17 show the group dependent differences in the activity of copper zinc 

superoxide dismutase (CuZnSOD) from lung homogenates on day 3.   A total of 36 mice 

(N=6 per group) underwent measurement of CuZnSOD activity.  As shown in Figure 2-

15, there were no significant differences in CuZnSOD activity on day 3 between 

Sham/NO and NS/NO.  However, the CuZnSOD activity was increased (p< 0.05) in the 

PFC/NO group compared to time matched Sham/NO and NS/NO.  Following HO 

exposure as shown in Figure 2-17, there were no significant differences in CuZnSOD 

activity between Sham/HO, NS/HO or PFC/HO.  In addition, although there were trends 

for increased CuZnSOD activity following HO exposure, values did not differ 

statistically between Sham/HO (+60% compared to Sham/NO) and NS/HO (+84% 

compared to NS/NO) groups when compared to their respective normoxic controls.  

However, the CuZnSOD activity was increased (p< 0.05) in PFC/HO mice (+66% 

compared to PFC/NO) compared to PFC/NO after 3 days of HO exposure.  Although not 

statistically significant, the day 3 CuZnSOD activity was increased in PFC/HO compared 

to Sham/HO (+15%) and NS/HO (+15%).  
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Figure 2-16.  Copper Zinc Superoxide Dismutase (CuZnSOD) Activity – Normoxia 
(NO) groups (Day 3: Mean ± SE): The CuZnSOD activity did not differ across groups 
in Sham/NO and NS/NO.  PFC preconditioning increased (#p< 0.05) the CuZnSOD 
activity in PFC/NO compared to Sham/NO and NS/NO on day 3.  (NO: normoxia, NS: 
normal saline; PFC: perfluorochemical). 
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Figure 2-17.  Copper Zinc Superoxide Dismutase (CuZnSOD) Activity – Hyperoxia 
(HO) groups (Day 3: Mean ± SE): The CuZnSOD activity did not differ across groups 
in Sham/HO, NS/HO or PFC/HO. (HO: hyperoxia, NS: normal saline; PFC: 
perfluorochemical). 
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Cytokine/Chemokine Profile (pg/mg protein):  Tables 2-1 and 2-2 and Figures 2-18 – 

2-25 show the group and time dependent differences in the cytokine/ chemokine profile 

from lung homogenates.  Specific cytokines (TNFα, IL-1, IL-2, IL-4, IL-6, IL-10, IL-12) 

and chemokines (MCP-1, GM-CSF) were chosen for analysis due to evidence in the 

literature suggesting these proteins modify hyperoxia tolerance and pulmonary 

biomarkers in lung injury models and these proteins were robustly expressed in our 

hyperoxia model(15; 47; 132; 135; 144).  Representative cytokines/ chemokines that 

were expressed in this HO-lung injury model including IL-6, IL-10, GM-CSF and MCP-1 

are shown graphically.   

Following NO exposure as shown in Table 2-1, PFC/NO lungs had an increased 

(p<0.05) expression of cytokines (IL-1α, IL-2, Il-6, IL-10, IL-12) and chemokines 

(MCP-1, GM-CSF) compared to time-matched Sham/NO and NS/NO groups on day 1. 

By day 3, TNF-α and IL-1β  are also greater (p< 0.05) in the PFC/NO group while no 

significant group differences are noted for IL-10 on day 3 and no significant group 

differences are noted for IL-4 compared to time-matched Sham/NO and NS/NO groups.  

There were no significant time dependent differences between Sham/NO and NS/NO.  In 

contrast, there was a time dependent increase (p< 0.05) in TNFα, IL-1α, IL-1β and MCP-

1 in PFC/NO. 

Representative graphs for IL-6, IL-10, MCP-1 and GM-CSF are shown for NO 

exposed animals in Figures 2-18, 2-20, 2-22 and 2-24. As shown in Figure 2-18, lung IL-

6 concentration did not differ significantly across group or time for Sham/NO and 

NS/NO or across time for PFC/NO exposed animals.  Perfluorochemical preconditioning 
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increased (p<0.05) the IL-6 concentration in PFC/NO on day 1 and day 3 compared to 

time matched Sham/NO and NS/NO.  Lung IL-10 concentration (Figure 2-20) did not 

differ significantly across group or time in Sham/NO or NS/NO or across time in 

PFC/NO exposed animals. Perfluorochemical preconditioning increased (p<0.05) the IL-

10 concentration in PFC/NO on day 1 and day 3 compared to time matched Sham/NO 

and NS/NO.  Lung MCP-1 concentration (Figure 2-22) did not differ significantly across 

group or time in Sham/NO or NS/NO exposed animals but did increase (p< 0.05) from 

day 1 to day 3 in the PFC/NO group.  The MCP-1 concentration was greater (p<0.05) in 

PFC/NO on day 1 and day 3 compared to time matched Sham/NO and NS/NO.    Lung 

GM-CSF concentration (Figure 2-24) did not differ significantly across group or time in 

Sham/NO or NS/NO exposed animals or across time in PFC/NO.  Perfluorochemical 

preconditioning increased (p<0.05) the GM-CSF concentration in PFC/NO on day 1 and 

day 3 compared to time matched Sham/NO and NS/NO.  

Following HO exposure as shown in Table 2-2, PFC/HO lungs demonstrated an 

increased expression (p< 0.05) of cytokines/chemokines on day 1 (GM-CSF) and day 1 

and day 3 (TNFα, IL-1α, IL-2, IL-6, IL-10, IL-12, MCP-1) compared to time matched 

Sham/HO and NS/HO animals.  There were no significant differences in the expression 

of TNFα, IL-2, IL-4, IL-6, IL-10, IL-12, and GM-CSF, in the PFC/HO mice compared to 

time matched PFC/NO mice.    TNFα, IL-1α, IL-1β and MCP-1 did not differ 

significantly on day 1, but were greater (< 0.05) on day 3 in PFC/NO mice compared to 

PFC/HO.  Perfluorochemical preconditioning attenuated the HO-induced increase in 

proinflammatory cytokines/ chemokines noted in the Sham/HO and NS/HO groups.  No 
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significant differences were noted comparing Sham/HO animals to time matched NS/HO.   

HO exposure resulted in a greater (p< 0.05) expression of TNFα, IL-6, GM-CSF in 

Sham/HO and NS/HO compared to time matched NO controls on day 3 and greater 

MCP-1 on days 1 and 3.   

As shown in Table 2-2, varied responses were noted for IL-1α and IL-1β.  IL-1α 

was greater (p<0.05) in Sham/HO on day 1 and NS/HO on day 1 and day 3 compared to 

time and group matched NO controls.  IL-1β values were elevated in Sham/HO but did 

not reach a statistically significant difference compared to time matched Sham/NO.  IL-

1β was greater (p<0.05) in NS/HO on days 1 and 3 compared to time matched NS/NO.  

IL-4 concentration was not significantly different as a function of group or time.    
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Table 2-1:  Lung Cytokine/ Chemokine Profile (pg/mg protein) – Normoxia (NO) Groups (Mean ± 
SE) 
 Sham/NO NS/NO PFC/NO 
 Day 1 Day 3 Day 1 Day 3 Day 1 Day 3 
TNFα 9.3±0.9 3.6±0.8 11.6±2.0 9.2±1.4 31.7±7.7*# 82.2±6.5*#† 
IL-1α 14.5±0.6 19.3±0.8 19.5±1.9 18.5±1.3 92.3±15.7*# 120.9±7.4*#† 
IL-1β 27.0±4.4 54.3±14.5 43.2±3.3 33.8±7.6 62.5±10.2 108.0±5.0*#† 
IL-2 3.8±0.9 5.6±1.2 5.4±1.1 2.6±0.5 22.6±4.1*# 15.1±2.2*# 
IL-4 3.6±0.7 8.6±1.4 6.5±1.2 3.1±0.4 11.4±2.3 10.6±2.4 
IL-6 6.8±1.1 21.2±6.3 8.1±1.6 8.1±2.0 410.0±100.2*# 484.9±97.3*# 
IL-10 38.7±5.7 64.4±12.4 43.4±9.0 48.0±20.1 188.8±41.9*# 146.4±40.4*# 
IL-12 5.7±0.6 10.7±1.6 7.2±0.5 7.4±1.1 38.2±7.6*# 44.1±5.9*# 
MCP-1 68.9±6.9 106.3±16.1 44.1±2.6 79.6±11.3 378.4±78.7*# 1130.0±112.2*#† 
GM-
CSF 

5.7±0.9 2.0±0.3 11.7±2.0 5.5±1.5 36.0±01.7*# 29.7±2.6*# 

 
Table 2-2:  Lung Cytokine/ Chemokine Profile (pg/mg protein) – Hyperoxia (HO) Groups (Mean ± 
SE) 
 Sham/HO NS/HO PFC/HO 
 Day 1 Day 3 Day 1 Day 3 Day 1 Day 3 
TNF α 9.3±0.9 10.0±1.7‡ 17.0±2.0 17.6±4.5‡ 31.8±5.4*# 31.0±2.2*#‡ 
IL-1 α 22.2±3.1‡ 26.5±5.5 31.3±4.6‡ 25.7±2.5‡ 89.6±21.6*# 71.6±9.8*#‡ 
IL-1β 46.6 ±19.0 46.9±10.6 59.8±4.9‡ 56.7±10.9‡ 79.8±15.6 58.8±5.1‡ 
IL-2 3.3±0.5 5.7±0.6 6.5±0.8 4.8±1.0 13.8±3.1*# 13.0±1.5*# 
IL-4 4.4±0.8 3.9±0.4 8.0±0.6 5.1±0.7 12.0±3.5* 4.7±0.6 
IL-6 7.5±1.1 143.8±32.7†‡ 11.0±1.3 76.1±11.6†‡ 304.6±83.6*# 358.8±34.6*#† 
IL-10 30.9±7.0 46.2±6.7 45.6±5.1 38.4±8.7 144.2±36.3*# 149.9±58.1*# 
IL-12 7.7±0.8 4.9±1.5 8.3±0.5 5.8±1.7 26.0±2.2*# 24.9±5.5*# 
MCP-1 44.4±3.3‡ 207.8±55.1‡ 59.6±3.4‡ 148.2±29.0‡ 325.8±71.1*# 548.3±61.2*#†‡ 
GM-
CSF 

9.2±2.1 6.8±0.8‡ 13.3±0.9 10.9±2.4‡ 27.7±5.1*# 19.5±4.1*# 

*p<0.05 vs. time matched Sham/HO animals 
#p<0.05 vs. time matched NS/HO animals 
†p<0.05 vs. Day 1 vs. Day 3 animals 
‡ p<0.05 vs. time and group matched NO animals (Table 2-1) 
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Representative graphs for IL-6, IL-10, MCP-1 and GM-CSF are shown for HO 

exposed animals in Figures 2-19, 2-21, 2-23 and 2-25. As shown in Fig 2-19, the IL-6 

concentration increased (p< 0.05) across time from day 1 to day 3 in Sham/HO and 

NS/HO.  The IL-6 concentration was not significantly different across time in PFC/HO.  

Lung IL-6 concentration on day 1 and day 3 in the PFC/HO group was greater (p< 0.05) 

than time matched Sham/HO and NS/HO. As noted in Table 2-2, there were no 

differences in IL-6 expression for Sham and NS when comparing NO to HO animals on 

day 1.  However, IL-6 concentration was increased (p<0.05) in the Sham/HO and NS/HO 

groups on day 3 compared to time matched NO controls. Perfluorochemical 

preconditioning attenuated the HO-induced increase in IL-6.  The IL-6 concentration did 

not differ significantly between PFC/NO and PFC/HO on day 1 or day 3.    

As shown in Figure 2-21, the IL-10 concentration did not differ significantly 

across group or time in Sham/HO and NS/HO or across time PFC/HO exposed animals.  

The lung IL-10 concentration was greater (p<0.05) in PFC/HO on day 1 and day 3 

compared to time matched Sham/HO and NS/HO. As noted in table 2-2, the IL-10 

concentration did not differ when comparing NO exposed Sham, NS, or PFC animals to 

time and group matched HO exposed animals on day 1 or day 3.   

As shown in Figure 2-23, the MCP-1 concentration increased P< 0.05) across 

time in Sham/HO, NS/HO and in the PFC/HO groups.  Lung MCP-1 concentration was 

greater (p<0.05) in PFC/HO on day 1 and day 3 compared to time matched Sham/HO and 

NS/HO. As noted in Table 2-2, Sham/HO and NS/HO mice had greater (p<0.05) MCP-1 

expression on day 1 and day 3 compared to time matched NO controls.   The MCP-1 
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concentration did not differ significantly on day 1 for PFC/NO compared to PFC/HO, but 

there was a greater (p<0.05) MCP-1 expression for PFC/NO animals compared to 

PFC/HO on day 3.   

Lung GM-CSF concentration (Figure 2-25) did not differ significantly across 

group or time in Sham/HO or NS/HO exposed animals, or across time in the PFC/HO 

group.  GM-CSF concentration was greater (p<0.05) in PFC/HO on day 1 and day 3 

compared to time matched Sham/HO and NS/HO.  As noted in Table 2-2, there were no 

significant differences in GM-CSF expression for Sham and NS when comparing NO to 

HO animals on day 1.  However, GM-CSF concentration on day 3 was greater (p<0.05) 

in the Sham/HO and NS/HO groups compared to time matched NO controls.  The GM-

CSF concentration did not differ significantly between PFC/NO and PFC/HO on day 1 or 

day 3.    

 

Immunohistochemistry IL–6 and MCP-1:  PFC/NO lung sections demonstrated more 

intense staining for IL-6 and MCP-1 compared to Sham/NO and NS/NO as shown in 

Figures 2-26 and 2-28. Additionally, PFC/HO lung sections demonstrated intense, dark 

staining for IL-6 and MCP-1 compared to the Sham/HO and NS/HO groups as shown in 

Figures 2-27 and 2-29.  The greater staining intensity of the PFC preconditioned lung 

supports the ELISA data.   
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Figure 2-18.  Interleukin-6 (IL-6) – Normoxia (NO) groups (Mean ± SE): The IL-6 
concentration did not differ significantly across group or time for Sham/NO and NS/NO 
or across time for PFC/NO exposed animals.  Perfluorochemical preconditioning 
increased the IL-6 concentration (#p<0.05) in PFC/NO on day 1 and day 3 compared to 
time matched Sham/NO and NS/NO.  (NO: normoxia, NS: normal saline; PFC: 
perfluorochemical).   
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Figure 2-19.  Interleukin-6 (IL-6) – Hyperoxa (HO) groups (Mean ± SE): The IL-6 
concentration increased (*p< 0.05) across time from day 1 to day 3 in Sham/HO and 
NS/HO and did not differ across time in PFC/HO.  The IL-6 concentration on day 1 and 
day 3 in the PFC/HO group was greater (#p< 0.05) than time matched Sham/HO and 
NS/HO. (HO: hyperoxia; NS: normal saline; PFC: perfluorochemical). 
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Figure 2-20.  Interleukin-10 (IL-10) – Normoxia (NO) groups (Mean ± SE): The IL-
10 concentration did not differ across group or time in Sham/NO or NS/NO or across 
time in PFC/NO.  Perfluorochemical preconditioning increased (#p<0.05) the IL-10 
concentration in PFC/NO on day 1 and day 3 compared to time matched Sham/NO and 
NS/NO. (NO: normoxia, NS: normal saline; PFC: perfluorochemical). 
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Figure 2-21.  Interleukin-10 (IL-10) – Hyperoxia (HO) groups (Mean ± SE):  The IL-
10 concentration did not differ across group or time in Sham/HO or NS/HO or across 
time in PFC/HO animals.  Perfluorochemical preconditioning increased the IL-10 
concentration was greater (#p<0.05) in PFC/HO on day 1 and day 3 compared to time 
matched Sham/HO and NS/HO.  (HO: hyperoxia, NS: normal saline; PFC: 
perfluorochemical).  
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Figure 2-22.  Macrophage Chemoattractant Protein 1 (MCP-1) – Normoxia (NO) 
(Mean ± SE): The MCP-1 concentration did not differ across group or time in Sham/NO 
or NS/NO exposed animals but did increase (*p< 0.05) from day 1 to day 3 in the 
PFC/NO group.  The MCP-1 concentration was greater (#p<0.05) in PFC/NO on day 1 
and day 3 compared to time matched Sham/NO and NS/NO. (NO: normoxia, NS: normal 
saline; PFC: perfluorochemical). 
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Figure 2-23.  Macrophage Chemoattractant Protein 1 (MCP-1) – Hyperoxia (HO) 
groups (Mean ± SE): The MCP-1 concentration increased (p<0.05) across time in all 
groups. The MCP-1 concentration was greater (#p<0.05) in PFC/HO on day 1 and day 3 
compared to time matched Sham/HO and NS/HO. (HO: hyperoxia, NS: normal saline; 
PFC: perfluorochemical). 
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Figure 2-24.  Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF) – 
Normoxia (NO) (Mean ± SE):  The GM-CSF concentration did not differ across group 
or time in Sham/NO or NS/NO exposed animals or across time in PFC/NO.  
Perfluorochemical preconditioning increased (#p<0.05) the GM-CSF concentration in 
PFC/NO on day 1 and day 3 compared to time matched Sham/NO and NS/NO.  (NO: 
normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-25.  Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF) – 
Hyperoxia (HO) groups (Mean ± SE):  The GM-CSF concentration did not differ 
significantly across group or time in Sham/HO or NS/HO exposed animals, or across 
time in PFC/HO.  The GM-CSF concentration was greater (#p<0.05) in PFC/HO on day 
1 and day 3 compared to time matched Sham/HO and NS/HO.  (HO: hyperoxia, NS: 
normal saline; PFC: perfluorochemical).  
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Figure 2-26: Immunohistochemistry IL–6:  Representative Lung Images, Normoxia (NO) groups (x 400 magnification):  
PFC preconditioning increased the intensity of staining for IL–6 in the PFC/NO group.  (NO: normoxia; PFC: perfluorochemical; 
NS: normal saline; (+) positive top panels; (-) negative control bottom panels)



 

 53

 
 
Figure 2-27: Immunohistochemistry IL–6:  Representative Lung Images, Hyperoxia (HO) groups (x 400 magnification):  
PFC preconditioning increased the intensity of staining for IL–6 in the PFC/HO group.  (HO: hyperoxia; PFC: perfluorochemical; 
NS: normal saline; (+) positive top panels; (-) negative control bottom panels).
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Figure 2-28: Immunohistochemistry MCP-1:  Representative Lung Images, Normoxia (NO) groups (x 400 magnification):  
PFC preconditioning increased the intensity of staining for MCP-1 in the PFC/NO group.  (NO: normoxia; PFC: 
perfluorochemical; NS: normal saline; (+) positive top panels; (-) negative control bottom panels). 
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Figure 2-29: Immunohistochemistry MCP-1:  Representative Lung Images, Hyperoxia (HO) groups (x 400 magnification):  
PFC preconditioning increased the intensity of staining for MCP-1 in the PFC/HO group.  (HO: hyperoxia; PFC: 
perfluorochemical; NS: normal saline; (+) positive top panels; (-) negative control bottom panels).
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Histological Analyses: 

Histomorphometry:  Representative lung micrographs are shown in Figure 2-30.  

Qualitatively, Sham/HO and NS/HO lungs demonstrated increased cellularity of the 

parenchyma with an apparent reduction in magnitude of airspaces compared to PFC 

treated lungs.  

 

Figure 2-30: Lung Images (H & E; x 100 magnification):  Representative day 3 lung 
sections showing normal lung appearance in panel Sham/NO, NS/NO and preservation of 
lung architecture in panels PFC/NO and PFC/HO.  Sham/HO and NS/HO have increased 
alveolar septal thickening and heterogeneous gas exchange areas.   
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Expansion Index (%):  Figures 2-31 and 2-32 show the group and time dependent 

differences in the expansion index (EI).  A total of 50 mice (N=4-5 per group) underwent 

measurement of the expansion index.  As shown in Figure 2-31, there were no significant 

differences in expansion index (EI) between Sham/NO, NS/NO and PFC/NO on day 1 or 

day 3. Following HO as shown in Figure 2-32, the EI decreased (p< 0.05) across time for 

all groups with PFC attenuating the HO-induced reduction.  The day 1 EI did not differ 

significantly between Sham/HO, NS/HO or PFC/HO or from their respective NO 

controls.  Following 3 days of HO-exposure, the EI decreased to a similar degree in 

Sham/HO (-47% vs. Sham/NO control on day 3; -46% vs. Sham/HO on day 1) and 

NS/HO (-31% vs. NS/NO control on day 3; -45% vs. NS/HO on day 1) groups, both of 

which were significantly lower (p < 0.05) than the PFC/HO group (-8% vs. PFC/NO 

control on day 3; -18% vs. PFC/HO on day 1).  Importantly, by day 3 of HO, the EI of 

PFC/HO mice was greater (p<0.05) than Sham/HO and NS/HO on day 3, comparable to 

Sham/HO and NS/HO on day 1 and comparable to Sham/NO day 3 and NS/NO day 1 

and day 3. 

 

Alveolar Wall Thickness (μm):  Figures 2-33 and 2-34 show the group and time 

dependent differences in the alveolar wall thickness.  A total of 55 mice (N=4-6 per 

group) underwent measurement of alveolar wall thickness. As shown in Figure 2-33, 

there were no significant differences in the alveolar wall thickness between Sham/NO, 

NS/NO and PFC/NO independent of day.  Following HO as shown in Figure 2-34, the  
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Figure 2-31.  Expansion Index (EI) – Normoxia (NO) groups (Mean ± SE):  The 
expansion index was not significantly different across group or time in NO exposed 
animals. (NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-32.  Expansion Index (EI) – Hyperoxia (HO) groups (Mean ± SE):  The EI 
decreased across time from day 1 to day 3 for all groups (*p< 0.05). Perfluorochemical 
preconditioning (PFC/HO) attenuated the time dependent, HO-induced decrease in EI.  
The EI on day 3 in the PFC/HO group was greater (# p< 0.05) than for Sham/HO and 
NS/HO. (NS: normal saline; PFC: perfluorochemical). 
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alveolar wall thickness increased (p< 0.05) across time for all groups with PFC 

attenuating the HO-induced increase.  The day 1 alveolar wall thickness did not differ 

significantly between Sham/HO, NS/HO or PFC/HO or from their respective NO control 

groups.  Following 3 days of HO, the alveolar wall thickness increased to a similar 

degree in Sham/HO (+127% vs. Sham/NO control on day 3; +92% vs. Sham/HO on day 

1) and NS/HO (+190% vs. NS/NO control on day 3; +151% vs. NS/HO on day 1) groups, 

both of which were significantly greater (p < 0.05) than for PFC/HO group (+16% vs. 

PFC/NO control on day 3; +44% vs. PFC/HO on day 1).  Importantly, by day 3 of HO, 

the alveolar wall thickness of PFC/HO mice was less (p<0.05) than Sham/HO and 

NS/HO on day 3, comparable to Sham HO and NS/HO on day 1, and comparable to all 

NO animals on days 1 and 3.  

 

Discussion: 

 The objective of this project was to determine if preconditioning the lung with 

intratracheal administration of PFC has protective effects in the setting of chronic HO 

exposure using biomarkers of survival and indices of pulmonary injury.  The results 

support this novel application of PFC liquids, and demonstrate for the first time that PFC 

preconditioning plays a protective role by reducing mortality and morbidity in 

spontaneously breathing mice compared to controls in a HO-induced lung injury model.  

Mice pretreated with PFC liquid had extended survival in HO with a median lifespan 

of 6.5 days compared to 3.5 to 4 days for the control animals.  Hyperoxia is known to  
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Figure 2-33.  Alveolar Wall Thickness – Normoxia (NO) groups (Mean ± SE):  The 
alveolar wall thickness was not significantly different across group or time in NO 
exposed animals. (NO: normoxia, NS: normal saline; PFC: perfluorochemical).  
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Figure 2-34.  Alveolar Wall Thickness – Hyperoxia (HO) groups (Mean ± SE):  
Alveolar wall thickness increased (*p<0.05) across time from day 1 to day 3 for 
Sham/HO, NS/HO and PFC/HO.  Perfluorochemical preconditioning blunted the HO-
induced increase in alveolar wall thickness.  The alveolar wall thickness on day 3 in the 
PFC/HO group was less (# p< 0.05) than for Sham/HO and NS/HO. (NS: normal saline; 
PFC: perfluorochemical). 
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lead to early mortality in multiple animal models with 50% of deaths occurring within 4-

5 days for mice, rats, guinea pigs, hamsters, and rabbits(44; 49; 113; 146).  In this study, 

there was 100% mortality for the Sham/HO and NS/HO on day 5 while 84% of PFC 

preconditioned animals remained alive and on day 6, 64% of PFC/HO animals remained  

alive.  PFC liquids have been applied in multiple animal models to mitigate ventilator 

induced lung injury (VILI). These studies have demonstrated increased survival in 

neonatal, juvenile and adult animals during liquid ventilation compared to gas 

ventilation(2; 78; 93; 153).   

Hyperoxia is known to alter lung structure and function impairing pulmonary 

mechanics and gas exchange(49; 113; 122; 146).  Further, it has been proposed that 

reduction in lung compliance is an early indicator of pulmonary oxygen injury and may 

precede alterations in pulmonary capillary barrier function and morphologic changes(6).  

The PFC preconditioning of mice in the present study prevented the observed HO-

induced reduction in these outcome measures, maintaining pulmonary compliance and 

gas exchange comparable to normoxic controls over the 3 day exposure period.  Although 

the mechanism for maintained compliance and gas exchange is not defined in the current 

project, PFC liquids decrease surface tension, improve lung mechanics and have high gas 

solubility supporting gas exchange in neonatal animal models of acute lung injury (ALI) 

and respiratory distress syndrome(42; 153).  The PFC combination in the present study 

was chosen due to its demonstrated improvements in gas exchange with an increased 

PaO2, lower oxygenation index and highest compliance in a saline-lavage, acute injury 

model(120).  Whereas these previous studies employed PFC liquids as a respiratory 
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adjunct to mechanical ventilation, the current results extend these beneficial findings 

independent of mechanical ventilation.  Additionally, HO interferes with the function of 

endogenous surfactant by increasing surface tension, decreases phospholipids 

concentration in BALF, increases surfactant oxidation and enhances surfactant 

turnover(109; 163).  Alternatively, liquid ventilation with perflubron has been shown to 

enhance synthesis and secretion of phosphatidylcholine, a primary component of 

surfactant.  The cellular mechanisms responsible for phospholipid secretion are unclear 

but may be related to physicochemical changes in lipid bilayers leading to altered lipid- 

protein interactions & cell signaling(127).    

Hyperoxia is also known to cause extensive injury to the lung characterized by 

damage to the alveolar- capillary barrier with accumulation of blood components in the 

interstitium and alveolar spaces(6; 49; 113; 122; 163).  Barrier disruption is represented 

by permeability pulmonary edema and pleural effusions(49; 122; 146) and increased 

protein content of BALF(65; 163).  The current data shows that PFC preconditioning 

stabilized the pulmonary epithelial- endothelial interface leading to reductions in indices 

of capillary leak including the W:D ratio and the protein concentration in BALF.  These 

findings are consistent with others who have determined that partial and tidal liquid 

ventilation decreased albumin accumulation in the airway of injured animals, decreased 

histological evidence of inflammatory cell infiltration and reduced the presence of 

proteinaceous exudates(28; 51; 120).  These data are also supported by cell culture 

studies where airway epithelial cells exposed to HO demonstrated reduced viability and 

altered integrity of intracellular junctions while PFC protected cells by maintaining cell-
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to-cell junction integrity reflected  by preserved transepithelial resistance and decreased 

histologic evidence of cell damage(8; 167).     

Hyperoxia exposure leads to inflammatory cell activation  and increased percentage 

of leukocytes, most notably neutrophils(122; 163), within the BALF and increased 

leukocyte activation in lung homogenates(39; 120).   Additionally, HO exposure leads to 

increased markers of lipid peroxidation and protein oxidation  in BALF and lung tissue 

from HO-exposed animals (41; 137; 142) and leads to oxidant-induced cell death of  

pulmonary vascular endothelial cells(20; 114) and alveolar epithelial cells(9; 22; 61).  As 

a method of protection, while PFC liquids are chemically inert substances, PFC liquids 

appear to modify biological activities including inflammation and oxidative stress thereby 

reducing biotrauma and conferring cytoprotection. Studies have shown that partial liquid 

ventilation can reduce MPO concentrations and neutrophils within the lung as well as 

reduce lipid peroxidation products(111; 120).  In addition, exposure of macrophages to 

perfuorooctyl bromide, PFOB, decreased the macrophage responsiveness to 

lipopolysaccharide and attenuated the production of ROS (H2O2)(123).  Similarly,  

exposure of macrophages to perflubron decreased the macrophage responsiveness to 

lipopolysaccharide and attenuated the production of inflammatory cytokines including Il-

1, IL-6 and TNF-α(131).  While the exact mechanisms that afford PFC liquids a 

cytoprotective role have yet to be definitively elucidated, a number of mechanisms, both 

indirect and direct, are hypothesized.  Indirect mechanism include the formation of a 

mechanical barrier against neutrophil and macrophage infiltration, or altering the 

diffusion and action of inflammatory mediators within the PFC.  Direct mechanism may 
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include modifications of cellular responses by the actions of lipid-soluble PFC liquids 

within the cell membrane(7; 123; 131).  The current study supports these hypotheses 

where PFC preconditioning decreased leukocyte activation as reflected by the reduced 

MPO concentration similar to the NO groups, and reduced markers of protein oxidative 

damage as reflected by the decreased PC content in the lung homogenates.   Although, 

the PC concentrations increased over time in the PFC/HO animals, the absolute values 

and time-dependent increase were significantly less compared to the Sham/HO and 

NS/HO time matched animals.   

When PFC liquids have been incubated in vitro with blood leukocytes or alveolar 

epithelial cells or used as a rescue therapy in vivo in the treatment of acute lung injury of 

mechanically ventilated and HO-exposed animals or humans, intrapulmonary PFC has 

been shown to decrease the cytokine/chemokine concentrations in cell washings, lung 

and plasma samples(7; 32; 115; 120; 131). The in vivo outcomes have reflected the 

improved gas exchange, lung mechanics, and histological profiles as compared to 

ventilatory support by conventional means such as positive pressure mechanical 

ventilation with gas.  Interestingly and in contrast to previous applications of 

intrapulmonary PFC liquids, in the current study, spontaneously breathing mice 

pretreated with PFC had increased cytokine and chemokine concentrations in lung 

homogenates compared to the Sham and NS groups whether exposed to normoxia or 

hyperoxia.  These findings suggest that intrapulmonary PFC may prime the defense 

mechanisms of the lung against potentially noxious stimuli. The PFC-induced expression 

of these biomarkers were not indicative of lung damage as demonstrated by the favorable 
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improvement in lung mechanics and gas exchange, indices of capillary leak, oxidative 

stress and anti-oxidant profiles, and  histomorphometry as compared to control including 

no intervention (Sham) or normal saline.  Moreover, the observed cytokine profile in the 

PFC groups compares favorably with results of other studies that have focused on how 

pulmonary inflammation or antioxidant defenses may be manipulated by introducing 

“inflammatory mediators” into the lung injury model.  In this regard,  tracheal 

insufflation of IL-1 resulted in a dose-dependent protection against HO with prolonged 

survival, increased manganese superoxide dismutase (MnSOD) mRNA(132-134) and 

reduced indices of capillary leak(132).  In vitro endothelial cell systems were tolerant to 

H2O2 following preincubation with IL-6 and resulted in  strong trend towards increased 

MnSOD(149).  In addition, transgenic mice overexpressing IL-6 and exposed to HO had 

decreased BALF protein concentration, endothelial and epithelial membrane injury, lung 

lipid peroxidation, and DNA fragmentation accompanied by enhanced survival(144).  It 

has also been demonstrated that pretreatment of mice with recombinant TNF-α results in 

a survival benefit with reduced interstitial pneumonitis, pulmonary edema, and lung 

weight gain after 3 days of HO exposure(55).  Tracheal insufflation of IL-6 enhanced the 

impact of TNF-α and IL-1 by increasing MnSOD activity and was associated with 

hyperoxia tolerance(134).  Transgenic overexpression of GM-CSF has also enhanced 

survival, decreased lung histological injury scores and markers of apoptosis, and reduced 

alveolar protein leak while maintaining alveolar fluid clearance(94).  Additionally, cell 

culture, animal, and human studies have suggested that acute and chronic lung injury 

secondary to prolonged hyperoxia may be ameliorated by administration of antioxidant 
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enzymes (AOE), with the superoxide dismutases (SOD) having significant protective 

effects(37; 38; 53; 67; 115).  Transgenic overexpression of MnSOD and CuZnSOD in 

pulmonary epithelial cells enhanced cell growth in HO in vitro(53; 67) and transgenic 

expression of MnSOD in mice enhanced HO tolerance resulting in prolonged 

survival(152).  Conversly, AOE knock-outs demonstrate earlier mortality following HO 

exposure(23).  Clinically, a multicenter collaborative trial using prophylactic, 

intratracheal recombinant human recominant human CuZnSOD (5 ml/ kg of rhSOD in 

2ml saline) in 302 premature infants at high-risk for developing chronic lung injury was 

recently completed. At 1 yr corrected age, premature infants (birth weight 600 – 1,200 g) 

receiving rhSOD at birth had significantly reduced episodes of respiratory illness 

requiring pharmacological interventions and reduced numbers of emergency room visits 

and hospital re-admissions.(36).  It is plausible in the current study that the increased 

expression of the cytokines TNF-α, IL-1α, IL-6, IL-10, and the chemokine GM-CSF, 

combined with the increased MnSOD and CuZnSOD activities found in the PFC 

preconditioned animals contributed to the observed morbidity and mortality benefit in the 

PFC groups. Further studies are required to determine the mechanisms associated with 

these beneficial outcomes. 

Finally, the histomorphometric outcomes within the current project is comparable 

to studies combining PFC with mechanical ventilation where PFC diminished alveolar 

structural damage with decreased inflammatory cell recruitment, diminished exudates and 

reduced atelectasis in lung injury models(21; 54; 120).  The histomorphometrics of the 

PFC preconditioned lung in the current study exhibited maintenance of lung architecture 
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with reduced cellular infiltration and edema of the interstitium resulting in reduced 

alveolar wall thickness and preservation of air spaces represented in the greater expansion 

index.   

 

Summary: 

These data provide evidence that PFC liquids play a protective role against 

hyperoxic lung injury during spontaneous breathing leading to reduced mortality and 

morbidity.  The study hypothesis that preconditioning the lungs with intratracheal 

administration of perfluorochemical liquids (PFC) will have protective effects in the 

setting of hyperoxic lung injury was supported by resultant reductions in biomarkers of 

pulmonary injury and enhanced survival.  Superphysiologic oxygen-exposed mice were 

generally lethargic and demonstrated an abnormal breathing pattern by 3 days of HO-

exposure.  The HO exposed Sham and NS mice had comparable levels of injury as 

defined by respiratory compliance and gas exchange, lung histomorphometry, indices of 

capillary leak and oxidative stress as well as survival.  These groups will be combined in 

studies discussed in subsequent chapters. The PFC preconditioned mice maintained a 

more normal breathing pattern and continued with normal grooming behaviors. 

Importantly, the PFC instilled mice did not demonstrate any functional or structural 

abnormalities following normoxia providing evidence that PFC does not harm a healthy 

lung.  Following HO, the PFC instilled mice demonstrated enhanced survival, improved 

lung mechanics and gas exchange combined with reduced leukocyte activation and 

oxidative stress and preserved lung architecture.  These findings support the premise that 
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PFC offers mechanoprotection (i.e. lung recruitment, increased pulmonary compliance) 

and cytoprotection (i.e. mechanical barrier, modification of inflammatory cellular 

responses and mediator release) reducing the biotrauma of pulmonary inflammation and 

limiting the oxidative stresses within the lung.  Since superphysiologic oxygen exposure 

plays a prominent role in the management of neonatal, pediatric and adult primary lung 

insufficiency as well as in more global applications such as in respiratory support for 

cardiac or surgical cases, PFC liquids appear to be a novel therapy to attenuate HO 

initiated lung injury, ameliorate HO induced injury, and to mitigate the cascade of events 

leading to chronic lung disease subsequent to HO exposure. PFC liquid instillation 

reduced the HO- induced impairments in lung structure and function which should 

decrease the load on the respiratory muscles. This impact on respiratory muscle will be 

explored in the next chapter.  
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CHAPTER 3 

INTRAPULMONARY PERFLUOROCHEMICAL LIQUIDS ATTENUATE 

RESPIRATORY MUSCLE INJURY DURING HYPEROXIC SPONTANEOUS 

BREATHING 

 

Hypothesis: 

2.  Perfluorochemical (PFC) liquid instillation will reduce the hyperoxia- induced 

impairments in lung structure and function, thus reducing biomarkers of the contractile 

load of respiratory muscles. 

  

Aim 2a:  Characterize the impact of normoxia (NO) and hyperoxia (HO) exposure in a 

spontaneously breathing animal model (Control) on outcome parameters including 

survival, lung physiology and oxidative stress profiles and histomorphometry.   

 

Aim 2b:  Examine the impact of intratracheal perfluorochemical (PFC) liquids in NO and 

a HO-lung injury models on outcome parameters including survival, lung physiology and 

oxidative stress profiles and histomorphometry.   

 

Aim #2c:  Differentiate the impact of NO and HO exposure and the impact of 

intratracheal PFC liquids on respiratory muscle outcome parameters including diaphragm 

cytokine and oxidative stress profiles and histomorphometry.   
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Introduction: 

Supraphysiologic concentrations of oxygen are used in the management of 

critically ill patients across the lifespan.  However, hyperoxia (HO) results in alveolar 

capillary membrane destruction, pulmonary edema and pleural effusions, changes in 

pulmonary mechanics and gas exchange, and infiltration of inflammatory cells (49; 113; 

146).  Additionally, HO triggers the release of proinflammatory cytokines and 

chemokines leading to activation and release of oxidants from resident leukocytes as well 

as those attracted to the site of injury(47; 124). The combination of these events leads to 

lung injury and potentiates respiratory failure (122).  Respiratory failure may be due to 

inadequacy of the gas exchanging function of the lungs and/or an impairment of the 

ventilatory pump (148).  Abnormalities of pulmonary structure and function increase the 

work of breathing necessitating increased respiratory muscle force production to maintain 

alveolar ventilation (60; 162). The diaphragm is a unique muscle with a primary role in 

inspiration accounting for 60-70% of lung volume changes during quiet respiration (83; 

100).  The diaphragm, as opposed to limb muscles, has no opportunity to rest completely 

during progressive loading unless mechanical ventilation is initiated (108).  However, it 

has been established that mechanical ventilation is not benign with regards to the 

respiratory muscle pump.   Animal and human studies have shown diaphragm atrophy, 

impaired force generation and weakness, decreased antioxidant enzymes concentrations, 

increased protein and lipid oxidation and increased proteolysis after relatively short 

periods of controlled mechanical ventilation(73; 119; 159).   
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An increased work of breathing is encountered in multiple disease processes that 

increase airway resistance or reduce the compliance of the lung.  Increased airway 

resistance is a manifestation of chronic lung diseases including asthma and chronic 

obstructive pulmonary disease (COPD), while lung compliance is reduced in restrictive 

lung diseases including acute lung injury (ALI) and acute respiratory distress syndrome 

(ARDS), pneumonia and pulmonary fibrosis. A common model of prolonged, intense 

muscle activation pertinent to respiratory pathology is inspiratory resistive loading (IRL).  

Models of acute and chronic IRL have demonstrated diaphragm alterations including 

impaired force generation (5; 58; 90; 130), increased markers of oxidative stress (14; 17; 

18; 58; 130), presence of inflammatory cells (58), evidence of ultrastructural muscle 

damage (107) and increased expression of proinflammatory mediators (138; 139).   

When the load placed on the respiratory muscle pump exceeds its capacity, 

respiratory failure develops and is ultimately fatal unless therapeutic interventions are 

able to reduce the load (70; 71; 100; 162).  It is reasoned that HO may induce oxidative 

stress not only by hyperoxemia but also through increased reactive oxygen species (ROS) 

production associated with increased contractile demand of the diaphragm muscle 

secondary to HO-induced alterations in lung structure and function.  Methods to prevent 

lung and respiratory muscle dysfunction secondary to these modalities are limited.  If 

lung structure and function could be protected and lung damage attenuated, it is 

hypothesized that structural impairments to the lung and secondarily to the respiratory 

“pump” might be ameliorated or prevented.   
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The current study will use hyperoxia (HO) in a spontaneously breathing animal 

model to initiate lung injury. It is hypothesized that intratracheal perfluorochemical 

(PFC) liquid instillation will reduce the HO-induced impairments in lung structure and 

function, thus reducing the contractile load of respiratory muscles. The integrity of 

skeletal muscle fibers, specifically the diaphragm, is essential for muscle fiber 

homeostasis and for the development of muscle tension and maintenance of alveolar 

ventilation (165). The objective of this study is to determine if preconditioning the lungs 

with PFC liquids will attenuate chronic HO-induced changes in lung physiology and 

structure, thereby reducing inflammation, oxidative stress, and histomorphometric 

alterations in the diaphragm associated with muscle overload.   

 

Methods: 

Animal Preparation/ Instrumentation: 

All animal management was consistent with Temple University institutional 

guidelines in compliance with the PHS “Guide for Care and Use of Laboratory Animals”.  

Spontaneously breathing C57BL/ 6 mice (N = 202; 6-8 wks; 15 – 20 gm) were 

anesthetized with intraperitoneal ketamine (40 mg/kg), and xylazine (8 mg/kg) and 

randomly assigned to no intervention (control), or 10 ml/ kg instillation of PFC (25% 

PP2/ 75% PP9, F2, Ltd.) via tracheal puncture. Following local anesthesia, the trachea 

was isolated through a superficial incision and intratracheal instillation proceeded using a 

0.50-mL syringe with 29-G needle, approximately 2 cartilaginous rings below the cricoid.  

Animals were provided supplemental oxygen throughout the instillation procedure to 
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prevent anesthesia-induced hypoxemia.  Following instillation, animals were rotated 

consistently to augment homogenous distribution of PFC until the mice demonstrated 

normal motor activity and grooming (i.e.: within 30 minutes).   

The experimental model employed environmentally controlled (temperature/ 

humidity) chambers for room air (RA) or hyperoxia (HO) exposures.  HO exposure was 

created by a constant oxygen flow into a sealed plexiglass chamber to maintain FIO2 > 

0.95 for up to 7 days. Carbon dioxide was removed by soda lime absorption. 

Environmental gas concentration (ie oxygen and carbon dioxide: Datex Normocap 200, 

Datex Instrumentation Corp., Finland) and humidity (Fisher Scientific* Traceable* 

Digital Hygrometer/Thermometer, Thermo Fisher Scientific, Inc.) were monitored 

continuously and animals were provided food and water ad libitum.  

 

Survival:  Animals were maintained in the defined oxygen environment for a 7 day 

period.  Kaplan- Meier survival curves were constructed and the median survival time, 

expressed as the lethal time at which 50% of the animals were unable to survive (LT50), 

were calculated.   

 

In Vivo and Ex Vivo Measurements:  In vivo assessments of gas exchange and lung 

compliance were performed in subgroups of mice on Day 3, a time point prior to the 

earliest LT50, across groups, for time-matched comparison of outcome parameters.  

Similarly, subgroups of mice were studied for ex vivo assessments of lung wet:dry weight 

ratio, bronchoalveolar lavage fluid (BALF) protein content, lung oxidative stress profiles, 
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lung and diaphragm histomorphometric analyses and diaphragm inflammatory and 

oxidative stress profiles. 

 

Biomarkers of Lung Injury include: 

Pulmonary Mechanics: Lung Compliance:  Following surgical anesthesia (20 mg/ kg 

ketamine; 4 mg/ kg xylazine) a polyethylene tracheostomy tube (I.D. = 0.58 mm) was 

sutured in place to ensure an adequate seal. Pressure changes in response to 0.05-ml step 

changes in volume were recorded on a polygraph recording system (Gould-Stratham P23 

ID pressure transducer, Gould Instruments, Puerto Rico; Grass polygraph recording 

system, Model 79D, Grass Medical Instruments, Quincy, Mass.), with maximal 

insufflation pressure limited to 30 cm H2O to avoid lung rupture.  Pressure- volume (P-V) 

curves were constructed and the slopes calculated to determine pulmonary compliance. 

 

Gas exchange: Room air (RA) oxygen challenge was accomplished by placing a lightly 

anesthetized mouse (20 mg/kg ketamine; 4 mg/kg xylazine) within a hollow plexiglass 

cylinder that restricted animal movement, but allowed normal respiration.  This level of 

anesthesia did not compromise respiratory efforts and maintained heart rate within the 

operating range of the pulse oximeter (SurgiVet V3304 Oximeter, SurgiVet, Inc., 

Waukesha, WI.), a pulse oximeter designed specifically for veterinary applications.   The 

pulse oximeter probe was placed on the mouse’s tail to measure oxygen saturation (SpO2) 

as a non- invasive measure of gas exchange under the experimental condition (room air 

(RA) or HO chambers) then and following 5 minutes RA exposure. 
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Lung Weight: A median sternotomy was performed following measurements of 

pulmonary mechanics and the apical and cardiac lobes of the right lung were isolated, 

removed and weighed (wet weight (W)).  Lobes were weighed daily until no further 

weight change (dry weight (D)) was noted. The wet: dry ratio (W/ D) was calculated and 

used as an index of pulmonary edema reflecting pulmonary vascular permeability(113). 

 

Bronchoalveolar Lavage Fluid (BALF) Protein Concentration: Following removal of 

the right apical and cardiac lobes, 0. 5 ml of cold normal saline was introduced through 

the tracheostomy tube for lavage and repeated in triplicate. Bronchoalveolar lavage fluid 

(BALF) was inventoried, pooled, and then frozen at -80oC for subsequent analysis of  

total protein based on the method described by Bradford(19). Linear standard curves 

were obtained with sensitivities ranging from 0.05 to 0.044 mg/ml; inter-assay and intra-

assay coefficients of variance were <10% and < 6%, respectively.  All standards and 

samples were run in duplicate and data is expressed as mg/ml. 

 

Biochemical and Histologic Analysis:  Following the defined study period, mice were 

deeply anesthetized, the chest was opened via a median sternotomy and the main 

pulmonary artery was perfused with cold Millinog’s buffer to remove blood elements 

from the pulmonary vasculature.  The lungs from mouse subgroups were then 1) perfused 

with 10% formalin, sectioned, and prepared for light microscropy and 

immunohistochemistry to quantitatively evaluate histomorphometry and qualitatively 

assess cytokine expression, respectively; or; 2) sectioned, snap frozen in liquid nitrogen 
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and stored at -80oC for subsequent analysis of lung inflammation (myeloperoxidase, 

cytokines/ chemokines) and oxidative stress profiles (protein oxidation by protein 

carbonyls formation; antioxidant activity by SOD activity) as described below.  The 

diaphragm was excised and either placed in 10% formalin, sectioned, and prepared for 

light microscropy and immunohistochemistry to quantitatively evaluate 

histomorphometry and qualitatively assess cytokine expression, respectively; or; 2) snap 

frozen in liquid nitrogen and stored at -80oC for subsequent analysis of muscle 

inflammation (cytokines/ chemokines) and oxidative stress profiles (protein oxidation by 

protein carbonyls formation; antioxidant activity by SOD activity) as described below.  

Frozen tissues were homogenized on ice in Tris-HCL buffer (pH 7.2) with protease 

inhibitors and centrifuged at 14,000 x g for 10 minutes at 4°C.   The supernatant of tissue 

homogenates was aliquoted into separate eppendorf tubes to prevent repeat freeze- 

thawing and stored in -80oC until time of analysis.  

 

Myeloperoxidase (MPO):  The myeloperoxidase assay was used to assess the level of 

activated neutrophils and monocoytes in lung homogenates as previously described(117).  

Following homogenization, duplicate  aliquots of standard or sample were incubated in a 

96-well plate with 100 µl of substrate buffer (0.1 M sodium citrate, 0.1% o-dianisidine, 1 

mM hydrogen peroxide, pH = 5.5) for 1 min. The plate was read immediately at 560 nm 

in an automated plate reader. Human leukocyte MPO (ICN Biomedicals, Costa Mesa, 

CA) serial dilutions were used as standards. Linear standard curves were obtained with 



 

 77

sensitivities ranging from 0.03125 to 1.44 U/ml; inter-assay and intra-assay coefficients 

of variance were <10% and < 6%, respectively.  Data is expressed as U/mg total protein. 

 

Histological Analyses:  Lung tissues were fixed in 10% buffered formalin for 24 to 48 

hours prior to washing in phosphate buffered saline (PBS), paraffin embedding, step-

sectioning and slide preparation.  Thin sections (5 μm) were stained with hematoxylin 

(H) and eosin (E), and examined by light microscopy.  Histomorphometric assessments 

were performed using computerized software (Image Pro Plus, Silver Spring, MD) to 

measure alveolar septal wall thickness (μm) and differentiate the proportion of lung 

parenchyma area (Vp) from the proportion of gas exchange space (Vg) for calculation of 

the expansion index (EI= [Vg/ Vp] x 100) (120; 153; 156).   

 

Biomarkers of Muscle Injury include: 

Histological Analyses:  Muscle tissues were fixed in 10% buffered formalin for 24 to 48 

hours prior to washing in PBS, paraffin embedding, step-sectioning and slide preparation.  

Thin sections (5 μm) were stained with H & E, and examined by light microscopy.  

Histomorphometric assessments were performed using computerized software (Image 

Pro Plus, Silver Spring, MD) and included measurements of muscle fiber diameter and 

quantification of  muscle damage.  Myofiber diameter was defined as the maximum 

diameter across the lesser aspect of the muscle fiber and was measured in muscle fibers 

oriented in cross-section(40).  The muscle damage score is a numerical scoring system 

where a 48 point grid is superimposed on fixed cross-sections and grids are scored as 
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either normal or abnormal muscle morphology(107).  A grid was categorized as abnormal 

based on the presence of inflammatory cells, pale or variable staining of the cytoplasm or 

central nucleated fibers (64; 107; 164).  Grids were not scored if the space was empty or 

contained connective tissue, nerve or vessels.  The muscle damage score was calculated 

by dividing the number of damaged grids by the total number of grids that were evaluated 

(muscle damage score (%) = [abnormal/ abnormal + normal] x 100) (56; 106; 107; 164).  

 

Oxidative Stress:   

Protein Carbonyl (PC) Concentration:  Protein carbonyls (PC) were detected and 

quantitated in muscle homogenates using an enzyme linked immunoassay (ELISA) kit 

(OxiselectTM Protein Carbonyl ELISA Kit, Cell Biolabs, Inc.).  Linear standard curves 

were obtained by diluting reduced or oxidized bovine serum albumin (BSA) with 

sensitivities ranging from 0.00 to 7.5 nmol/mg; inter-assay and intra-assay coefficients of 

variance were <10% and < 6%, respectively.  BSA standards and protein samples (10μg/ 

ml) were derivatized with dinitrophenyl (DNP) hydrazone and probed with an anti-DNP 

antibody followed by a horse radish peroxidase (HRP) conjugated secondary antibody.  

The plate was read at 450 nm in an automated plate reader.  All standards and samples 

were run in duplicate and data is expressed as nmol/mg. 

 

Antioxidant Methods: 

Lung Superoxide Dismutase (SOD) Enzymatic Assay:  Both MnSOD and CuZnSOD 

proteins were measured spectrophotometrically(31).  Proteins were incubated with 
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cytochrome c and its substrates, xanthine oxidase.  Xanthine oxidase is a superoxide 

anion, O2
- generator, and oxidized cytochrome c is used as a superoxide-trapping 

scavenger.   The reduction rate of cytochrome c by O2
- is monitored 

spectrophotometrically at 550nm.  The reduction of cytochrome c is inhibited when the 

SOD-containing sample is added by enzymatic dismutation of O2
-.  One unit of SOD is 

defined as the amount of SOD required to inhibit the reduction of cytochrome c at 25º C, 

pH 7.8 by 50% providing the value for total SOD activity.  CuZnSOD activity is 

determined by running the reaction in the presence of potassium cyanide (KCN) which 

inhibits CuZnSOD activity.  MnSOD activity =Total SOD – CuZnSOD(31).  Enzymatic 

activity was normalized to total protein concentration and the data is expressed as 

RLU/mg protein. 

 

Muscle Superoxide Dismutase (SOD) Content by Immunoblotting:  Proteins were 

separated using polyacrylamide gel electrophoresis then blotted on to a polyvinylidene 

fluoride (PVDF) membranes. Membranes were blocked, and then incubated with 

antibodies directed against MnSOD (Anti MnSOD Rabbit Polyclonal antibody, 1:1000, 

Assay Designs Inc./ StressGen.,  Ann Arbor, Michigan ), CuZnSOD (Anti CuZnSOD 

Rabbit Polyclonal antibody, 1:2000, Assay Designs/ StressGen Ann Arbor, Michigan)  or 

GAPDH. After washing, the membranes were incubated with an anti rabbit IgG- HRP 

linked antibody (1:1000, Cell Signaling Technology, Danvers, MA) and immune 

complexes were detected by enhanced chemiluminescence (ECL).   Bands were 

visualized and quantified using the IVIS 50 and corresponding software (Living Image, 
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Caliper Life Sciences, Hopkinton, MA).  Muscle SOD was normalized to the RLU of 

GAPDH and data is expressed as RLU. 

 

Proinflammatory Cytokine/Chemokine Analysis:   The diaphragm was homogenized 

on ice in Tris-HCL buffer (pH 7.2) with protease inhibitors and centrifuged at 14,000 x g 

for 10 minutes at 4°C.   The supernatant of muscle homogenates was aliquoted into 

separate eppendorf tubes to prevent repeat freeze- thawing and stored in -80oC until 

analysis.  The diaphragm supernatant were assayed for cytokines and chemokines 

concentrations using an enzyme linked immunoassay (ELISA) screening array where 

multiple high-affinity capture antibodies have been absorbed to individual wells of a 96-

well plate (Q-PlexTM Mouse Cytokine Array, BioLegends, Inc.; San Diego, CA)(11). 

Following addition of samples, biotin-labeled detection antibodies were added followed 

by incubation with a streptavidin-horseradish peroxidase.  A chemiluminescent substrate 

is added and the luminescent response is captured by a cooled charge coupled device 

(CCD) camera and analyzed using manufacturer supplied software.  All standards and 

samples were run in duplicate and data are presented normalized to mg of total protein.  

Linear standard curves were obtained with sensitivities as noted in the following table: 

Cytokine/ chemokine Range (pg/ml) 
TNF-α 26.9 to 430 
IL-1β 30.6 to 490 
IL-6 8.8 to 144 
IL-10 30 to 480 
GM-CSF 5.6 to 90 
MCP-1 31.3 to 500 
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Inter-assay and intra-assay coefficients of variance were <10% and < 6%, respectively.   

All standards and samples were run in duplicate and data are presented normalized to mg 

of total protein.  Data is expressed as pg/mg total protein. 

 

Immunohistochemistry (IL - 6; MCP - 1):  Muscle tissues were fixed in 10% buffered 

formalin for 24 to 48 hours prior to washing in PBS, paraffin embedding, step-sectioning 

(5 μm) and slide preparation.  Tissue sections were treated with 3% H2O2 to inactivate 

endogenous peroxidase activity followed by 0.05% pepsin in 0.01 N HCl for antigen 

retrieval and then blocked with serum to diminish non-specific background staining. 

Sections were incubated overnight at room temperature with anti-rat MCP-1 antibody (1: 

500, Chemicon, Temeculah, CA) or anti-mouse IL-6 antibody (1:25, AbD Serotec, 

Raleigh, NC). Sections were incubated in the appropriate secondary antibodies 

conjugated to horseradish peroxidase (HRP) (1:50, AbD Serotec, Raleigh, NC), 

visualized using enzymatic FAST Sigma di-aminobenzidene (DAB) with cobalt 

enhancement and counterstained using Nuclear Fast Red (Vector Laboratories, 

Burlingame, CA).  Slides serving as negative controls received phosphate buffered saline 

(PBS) instead of the primary antibody. 

 

Statistical Analysis: All data are reported as mean ± SEM unless otherwise noted. 

Statistical analysis was performed using GraphPad Prism for Windows (GraphPad 

Software, San Diego CA).  Survival data was analyzed using the log rank test.  Mutli-

factor analysis of variance (ANOVA) was used to examine differences in pulmonary and 
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diaphragm biomarkers as a function of group (Control, PFC) and environmental 

condition (NO, HO).  Post hoc analysis was performed using multiple pair-wise 

comparisons with Bonferroni adjustment to maintain an experiment-wise type I error of 

0.05 or less.  

 

Results: 

Survival Data:  A total of 84 mice (N=28 for each control group; N= 14 for each PFC 

group) were exposed to normoxic (NO) and hyperoxic (HO) conditions after undergoing 

sham operation (control group) or instillation of perfluorochemical liquids (PFC).  

Cumulative mortality was evaluated over 7 days and Kaplan- Meier survival curves were 

constructed for animals exposed to the NO and HO condition as shown in Figure 3-1.  All 

NO exposed animals survived the study period.  Survival was significantly shorter in 

Control/HO compared to the PFC/HO group (p<0.0001).  The 50% mortality (LT50) was 

3.75 days for Control/HO and 6.5 days for PFC/HO mice.   
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Figure 3-1.  Kaplan Meier Survival Curves:  Survival in hyperoxia (HO) was 
significantly (p < 0.0001) greater for PFC/HO (LT50 = 6.5 days) as compared to 
Control/HO (LT50 =3.75 days).  Normoxia (NO) exposed mice, Control/NO and 
PFC/NO, had 100% survival. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
Biomarkers of Lung Injury: 

Compliance (mL/cm H2O/kg): Figure 3-2 shows the group dependent differences in 

compliance on day 3. A total of 38 mice (N=11-12 for Controls; N=7-8 for PFC groups) 

underwent measurement of pulmonary compliance.  Compliance in the Control/HO 

group was significantly (p<0.001) lower as compared to mice in Control/NO (-38%), 

PFC/NO (-38%), and PFC/HO (-41%) groups.    There were no significant differences in 

compliance between the Control/NO, PFC/NO and PFC/HO groups.  Perfluorochemical 

preconditioning blunted the HO-induced decrease in pulmonary compliance.  

Importantly, on day 3, pulmonary compliance in the PFC/HO group was significantly 

higher (p < 0.001) than the Control/HO animals and comparable to all NO controls. 
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Figure 3-2.  Pulmonary Compliance (Mean ± SE):  PFC blunted the HO-induced 
decline in pulmonary compliance.  Pulmonary compliance was greater in Control/NO, 
PFC/NO and PFC/HO compared to Control/HO (*p< 0.001) on day 3.  There were no 
significant differences between Control/NO, PFC/NO and PFC/HO. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
 
 
 
Room Air Oxygen Challenge (%):  Figure 3-3 shows the group dependent differences 

in gas exchange, as measured by the oxygen desaturation response to 5 minutes of room 

air exposure. A total of 42 mice (N= 12-15 for Controls; N=7-8 for PFC groups) 

underwent measurement of gas exchange.  Gas exchange in the Control/HO group was 

significantly lower (p<0.01) compared to mice in the Control/NO (-13%), PFC/NO (-

14%), and PFC/HO (-12%) groups.  There were no significant differences in the 

oxygenation values between Control/NO, PFC/NO and PFC/HO animals; 

perfluorochemical preconditioning blunted the HO-induced oxygen desaturation response 

to room air. Gas exchange in the PFC/HO group on day 3 of HO exposure was 
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significantly higher (p < 0.01) than the Control/HO group and comparable to all NO 

controls.  
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Figure 3-3.  Gas Exchange (Mean ± SE):  Values represent oxygen saturation measured 
by pulse oximetry (SpO2) 5 minutes post exposure to room air.  PFC preconditioning 
blunted the HO-induced oxygen desaturation response to room air.  Gas exchange 
decreased (*p< 0.01) in Control/HO after 3 days of HO exposure. The SpO2 values in 
Control/NO, PFC/NO and PFC/HO were higher compared to Control/HO (*p< 0.01).  
There were no significant differences between Control/NO, PFC/NO and PFC/HO. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
Wet: Dry (W:D) Weight Ratio:  Figure 3-4 shows the group dependent differences in 

wet:dry (W:D) ratio on day 3.  A total of 54 mice (N= 17-19 for Controls; N=9 for each 

PFC group) underwent measurement of W:D ratio.  The W:D ratio in the Control/HO 

group was significantly  higher (p<0.001) as compared to mice in the Control/NO 

(+56%), PFC/NO (+34%), and PFC/HO (+39%) groups.    There were no significant 

differences in the W:D ratio values between Control/NO, PFC/NO and PFC/HO animals.  
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Perfluorochemical preconditioning attenuated the HO-induced increase in W:D ratio.  

The day 3 W:D ratio in the PFC/HO group was significantly lower (p < 0.001) than the 

Control/HO group and comparable to all NO controls. 
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Figure 3-4: Wet: Dry (W:D) Ratio (Mean ± SE): Perfluorochemical preconditioning 
attenuated the HO-induced increase in W:D ratio over time.  The W:D ratio increased 
(*p< 0.05) in Control/HO after 3 days of HO exposure.    The W:D ratio was lower in 
Control/NO, PFC/NO and PFC/HO compared to Control/HO (*p< 0.001).  There were no 
significant differences between Control/NO, PFC/NO and PFC/HO. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
 
 
 
Bronchoalveolar Lavage Fluid (BALF) Protein (mg/ml):  Figure 3-5 shows the group 

dependent differences in BALF protein concentration on day 3.  A total of 45 mice 

(N=16-18 for Controls; N=5-6 for PFC groups) underwent measurement of BALF protein 

concentration. The BALF concentration was significantly different as a function of group 

with values in the Control/HO group greater (p<0.001) than all other groups (+5483% vs. 

Control/NO; +915% vs. PFC/NO; +148% vs. PFC/HO).  As compared to the HO-induced 
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increase in the control group (+5483% vs. Control/NO), PFC preconditioning reduced the 

HO-induced increase (+309% vs. PFC/NO) in BALF protein.  Importantly, the BALF 

protein concentration in the PFC/HO group was significantly lower (p < 0.001) than 

Control/HO. 
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Figure 3-5:  Bronchoalveolar Lavage Fluid (BALF) Protein Concentration (Mean ± 
SE):  Perfluorochemical preconditioning attenuated the HO-induced increase in BALF 
protein.  The BALF protein concentration was greater (*p< 0.05) in Control/HO 
compared to PFC/NO, PFC/NO and PFC/HO.  The BALF protein concentration was 
lower (#p< 0.05) in Control/NO compared to PFC/NO and PFC/HO, and the BALF 
protein in PFC/NO was lower (†p< 0.05) than PFC/HO. (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical). 
 
 
 
Myeloperoxidase (MPO) (U/mg protein):  Figure 3-6 shows the group dependent 

differences in myeloperoxidase (MPO) on day 3.  A total of 33 mice (N=16-17 for 

Controls; N=6 for each PFC group) underwent measurement of MPO concentration.  The 

MPO concentration in the Control/HO group was significantly higher (p<0.001) as 
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compared to mice in the Control/NO (+156%), PFC/NO (+229%), and PFC/HO (+360%) 

groups.  There were no significant differences in the MPO concentration values between 

Control/NO, PFC/NO and PFC/HO animals.  Perfluorochemical preconditioning blunted 

the HO-induced increase in MPO concentration.  The day 3 MPO concentration in the 

PFC/HO group was significantly lower (p < 0.001) than the Control/HO group and 

comparable to all NO controls. 
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Figure 3-6.  Myeloperoxidase (MPO) (Mean ± SE): PFC attenuated the HO-induced 
increase in MPO concentration.  The MPO concentration increased (*p< 0.001) in 
Control/HO after 3 days of HO exposure.  The MPO concentration was lower (*p < 
0.001) in Control/NO, PFC/NO and PFC/HO compared to Control/HO.  There were no 
significant differences between Control/NO, PFC/NO and PFC/HO. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
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Oxidative Stress:   

Protein Carbonyl (PC) Formation (RLU/mg protein):  Figure 3-7 shows the group 

dependent differences in protein carbonyl (PC) formation in lung homogenates on day 3.  

A total of 36 mice (N=12 for each Control group; N=6 for each PFC group) underwent 

measurement of PC formation.  The PC concentration in the Control/HO group was 

significantly higher (p<0.05) as compared to mice in the Control/NO (+275%), PFC/NO 

(+157%), and PFC/HO (+117%) groups.  There were no significant differences in the PC 

values between Control/NO, PFC/NO and PFC/HO animals.  Perfluorochemical 

preconditioning attenuated the HO-induced increase in PC formation with the PC values 

on day 3 being significantly lower (p < 0.05) than the Control/HO group and comparable 

to all NO controls. 

Contro
l/N

O

Contro
l/H

O

PFC/ N
O

PFC/ H
O

0

25

50

75

*

Pr
ot

ei
n 

C
ar

bo
ny

ls
(R

LU
/m

g 
pr

ot
ei

n)

 
 
Figure 3-7.  Lung Protein Carbonyl (PC) (Mean ± SE): PFC attenuated the HO-
induced increase in PC formation.  Protein carbonyl formation was greater (*p< 0.05) in 
Control/HO on day 3.  The PC formation was lower (*p< 0.05) in Control/NO, PFC/NO 
and PFC/HO compared to Control/HO.  There were no significant differences between 
Control/NO, PFC/NO and PFC/HO. (NO: normoxia; HO: hyperoxia; PFC: 
perfluorochemical). 
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Antioxidant Data:   

Manganese Superoxide Dismutase (MnSOD) Activity (RLU/mg protein):   Figure 3-8 

shows the group dependent differences in MnSOD activity in lung homogenates on day 

3.  A total of 36 mice (N=12 for each Control group; N=6 for each PFC group) 

underwent measurement of lung MnSOD activity.  The MnSOD activity was greater 

(p<0.05) in the PFC groups compared to the Control groups.  The MnSOD activity was 

greater (p<0.05) in PFC/NO compared to Control/NO (+92%) and MnSOD activity was 

greater (p<0.05) in PFC/HO compared to Control/HO (+87%).  There were no significant 

differences in MnSOD activity between PFC/NO and PFC/HO animals; 

Perfluorochemical preconditioning increased MnSOD activity independent of 

environmental condition.  Importantly, on day 3, the MnSOD activity in the PFC/HO 

group was significantly greater (p < 0.05) than the Control/HO and Control/NO groups.   

 

Copper-Zinc Superoxide Dismutase (CuZnSOD) Activity (RLU/mg protein): Figure 

3-9 shows the group dependent differences in CuZnSOD activity in lung homogenates on 

day 3.  A total of 36 mice (N=12 for each Control group; N=6 for each PFC group) 

underwent measurement of lung CuZnSOD activity.  The CuZnSOD activity was greater 

(p< 0.05) in the PFC/NO group compared to time matched Control/NO.  Following HO 

exposure as shown in Figure 3-9, CuZnSOD activity was greater (p< 0.05) in Control/HO 

(+73% compared to Control/NO) and PFC/HO  (+66% compared to PFC/NO) compared 

to their respective NO control.  There were no significant differences in CuZnSOD 

activity between Control/HO and PFC/HO.   
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Figure 3-8.  Lung Manganese Superoxide Dismutase (MnSOD) Activity (Mean ± 
SE): PFC preconditioning increased MnSOD activity independent of NO or HO.  The 
MnSOD activity was higher (#p< 0.05) in PFC/NO compared to Control/NO and the 
MnSOD activity was higher (*p< 0.05) in PFC/HO compared to Control/HO animals.  
There were no significant differences between PFC/NO and PFC/HO. (NO: normoxia; 
HO: hyperoxia; PFC: perfluorochemical). 
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Figure 3-9.  Lung Copper Zinc Superoxide Dismutase (CuZnSOD) Activity (Mean ± 
SE): PFC preconditioning and HO increased CuZnSOD activity.  The CuZnSOD activity 
was greater (#p< 0.05) in PFC/NO compared to Control/NO. The CuZnSOD activity was 
greater (*p< 0.05) in HO where Control/HO and PFC/HO values were greater than 
respective NO controls.   There were no significant differences between Control/HO and 
PFC/HO. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
Histomorphometry:  Representative lung micrographs are shown in Figure 3-10.  

Qualitatively, lungs from Control/HO mice demonstrated increased cellularity of the 

parenchyma with an apparent reduction in magnitude of airspaces compared to PFC 

treated lungs. 
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Figure 3-10: Representative Lung Images (H & E; x 400 magnification):  Lung 
sections showing normal lung appearance in panel Control/NO and preservation of lung 
architecture in panels PFC/NO and PFC/HO.  Control/HO has increased septal thickening 
and heterogeneous gas exchange areas.  (NO: normoxia; HO: hyperoxia; PFC: 
perfluorochemical). 
 
 
 
Expansion Index (%):  Figure 3-11 shows the group dependent differences in the 

expansion index (EI) on day 3.  A total of 28 mice (N=7-9 for Controls; N=6 for each 

PFC group) underwent measurement of EI.  The EI of the Control/HO group was 

significantly lower (p<0.01) as compared to mice in the Control/NO (-39%), PFC/NO (-

46%), and PFC/HO (-34%) groups. There were no significant differences in the EI values 

between Control/NO, PFC/NO and PFC/HO animals. Perfluorochemical preconditioning 
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blunted the HO-induced decrease in EI.  Importantly, on day 3, the EI in the PFC/HO 

group was significantly greater (p < 0.01) than the Control/HO group and comparable to 

all NO controls. 

 
 
 

Contro
l/N

O

Contro
l/H

O

PFC/N
O

PFC/H
O

0

50

100

150

*

Ex
pa

ns
io

n 
In

de
x

(%
)

 
 
Figure 3-11.  Expansion Index (EI) (Mean ± SE):  PFC preconditioning attenuated the 
HO-induced decrease in EI.  The EI was lower (*p< 0.01) in Control/HO than all other 
groups after 3 days of HO exposure.  There were no significant differences in the EI 
values between Control/NO, PFC/NO and PFC/HO animals (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
 
 
 
Alveolar Wall Thickness (μm):   Figure 3-12 shows the group dependent differences in 

the alveolar wall thickness on day 3.  A total of 28 mice (N=9-10 for Controls; N=4-5 for 

PFC groups) underwent measurement of alveolar wall thickness.  The alveolar wall 

thickness of the Control/HO group was significantly greater (p<0.001) as compared to 

mice in the Control/NO (+174%), PFC/NO (+153%), and PFC/HO (+102%) groups.  

There were no significant differences in the alveolar wall thickness values between 
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Control/NO, PFC/NO and PFC/HO animals.  Perfluorochemical preconditioning blunted 

the HO-induced increase in alveolar wall thickness.  Importantly, on day 3, the alveolar 

wall thickness in the PFC/HO group was significantly lower (p < 0.001) than the 

Control/HO group and comparable to all NO controls. 
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Figure 3-12.  Alveolar Wall Thickness (Mean ± SE):  PFC attenuated the HO-induced 
increase in alveolar wall thickness.  Alveolar wall thickness was greater in Control/HO 
(*p< 0001) compared to Control/NO, PFC/NO and PFC/HO.  There were no significant 
differences in the alveolar wall thickness between Control/NO, PFC/NO and PFC/HO. 
(NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
Biomarkers of Muscle Injury: 

Histomorphometry:  Representative muscle micrographs are shown in Figure 3-13.  

Qualitatively, Control/HO diaphragm demonstrated increased cellularity and the muscle 

fibers appeared larger and more rounded in appearance.  There were no qualitative 

differences between the appearances of muscle sections from Control/NO, PFC/NO, and 

PFC/HO treated mice.   
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Figure 3-13.  Representative Muscle Slides (H & E; x 400 magnification): 
Control/HO diaphragm sections had an increased presence of inflammatory cells and 
larger, more rounded muscle fibers.  There were no qualitative differences between 
tissues from Control/NO, PFC/NO and PFC/HO groups. (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical).  
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Muscle Damage Score (%):  Figure 3-14 shows the group dependent differences in the 

muscle damage score on day 3.  A total of 25 mice (N=7-8 for Controls; N=5 for PFC 

groups) underwent measurement of muscle damage.  The muscle damage score of the 

Control/HO group was significantly greater (p<0.01) as compared to mice in the 

Control/NO (+272%), PFC/NO (+291%), and PFC/HO (+158%) groups following 3 days 

of HO.  There were no significant differences between the muscle damage scores from 

diaphragm sections obtained from Control/NO, PFC/NO and PFC/HO animals.  

Perfluorochemical preconditioning blunted the HO-induced increase in muscle damage 

score.  The muscle damage score in the PFC/HO group was significantly lower (p < 0.01) 

than the Control/HO group and comparable to all NO controls. 
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Figure 3-14.  Muscle Damage Score (Mean ± SE):  PFC attenuated the HO-induced 
increase in muscle damage.  The muscle damage score was greater in Control/HO (*p< 
0.01) compared to Control/NO, PFC/NO and PFC/HO.  There were no significant 
differences in the muscle damage between tissues obtained from the Control/NO, 
PFC/NO and PFC/HO groups. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 



 

 98

A strong, negative correlation (r = -0.75; p<0.0001) was noted between pulmonary 

compliance and muscle damage score as shown in Figure 3-15.  The negative correlation 

highlights the relationship between increased pulmonary compliance attributed to PFC 

preconditioning, and reduced muscle damage scores.  Alternatively, increased load, 

characterized by the HO-induced decline in pulmonary compliance, is associated with 

increased muscle damage scores.  
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Figure 3-15: Relationships between pulmonary compliance and diaphragm muscle 
damage scores (group means with 95% confidence interval shown):  Considering all 
groups, Control/NO, Control/HO, PFC/NO and PFC/HO, there was a significant negative 
correlation between lung compliance and muscle damage score (r= -0.74; p < 0.001). 
(NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
Muscle fiber Diameter (μm):  Figure 3-16 shows the group dependent differences in the 

muscle fiber diameter.  A total of 25 mice (N=7-8 for Controls; N=5 for PFC groups) 

underwent measurement of muscle fiber diameter.  The diameter of muscle fibers within 
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the diaphragm of the Control/HO animals was significantly greater (p<0.05) as compared 

to mice in the Control/NO (+11%), PFC/NO (+14%), and PFC/HO (+19%) groups 

following 3 days of HO.    There were no significant differences in muscle fiber diameter 

from diaphragm sections obtained from Control/NO, PFC/NO and PFC/HO animals.  

Perfluorochemical preconditioning blunted the HO-induced increase in muscle fiber 

diameter. After 3 days of HO, the muscle fiber diameter measurements in the PFC/HO 

group were significantly less (p < 0.01) than the Control/HO group and comparable to all 

NO controls. 
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Figure 3-16.  Muscle Fiber Size (Mean ± SE):  PFC attenuated the HO-induced 
increase in muscle fiber diameter.  Muscle fiber diameter was increased (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  Muscle fiber diameter did 
not differ between Control/NO, PFC/NO, and PFC/HO. (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical). 
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Protein Oxidation (nmol/mg):  Figure 3-17 shows the group dependent differences in 

the muscle protein carbonyl formation.  A total of 28 mice (N=6-10 for Controls; N=5-7 

for PFC groups) underwent measurement of protein carbonyl (PC).  The protein carbonyl 

concentration was greater (p< 0.05) in Control/HO as compared to mice in the 

Control/NO (+23%), PFC/NO (+14%) and PFC/HO (14%) groups following 3 days of 

HO.  As shown in Figure 3-17, there were no significant differences between 

Control/NO, PFC/NO and PFC/HO groups.  Perfluorochemical preconditioning 

attenuated the HO-induced increase in PC formation in mouse diaphragms.  Importantly 

on day 3, the PC concentration of PFC/HO mice was less (p<0.05) than Control/HO and 

comparable to normoxic controls.  
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Figure 3-17.  Muscle Oxidative Stress - Protein Carbonyl (PC) (Mean ± SE):  PFC 
attenuated the HO-induced increase in protein carbonyl formation.  Protein carbonyl 
formation was increased (p< 0.05) in Control/HO compared to Control/NO, PFC/NO and 
PFC/HO.  There was no significant differences between Control/NO, PFC/NO, and 
PFC/HO groups. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
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A strong, negative correlation ( r= -0.74; p<0.0001) was noted comparing pulmonary 

compliance and protein carbonyl formation  as shown in Figure 3-18.  The negative 

correlation highlights the inverse relationship between increased pulmonary compliance 

attributed to PFC preconditioning, and reduced muscle oxidative stress.  Alternatively, 

increased load, characterized by HO-induced reductions in pulmonary compliance, is 

associated with increased protein carbonyl formation. 
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Figure 3-18: Relationships between pulmonary compliance and diaphragm 
oxidative stress (group means with 95% confidence interval shown):  Considering all 
groups, Control/NO, Control/HO, PFC/NO and PFC/HO, there was a significant negative 
correlation between lung compliance and diaphragm protein carbonyl formation (r= -
0.74; p < 0.001). (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
Diaphragm Antioxidant Profile – Manganese Superoxide Dismutase (MnSOD) 

(RLU):  Figure 3-19 shows the group dependent differences in the diaphragm manganese 

superoxide dismutase (MnSOD) activity.  A total of 36 mice (N=12 for each Control 
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group; N=6 for each PFC group) underwent measurement of MnSOD.  The MnSOD 

activity was greater (p< 0.01) in Control/HO as compared to mice in the Control/NO 

(+296%), PFC/NO (+317%) and PFC/HO (+333%) groups following 3 days of HO.  As 

shown in Figure 3-19, there were no significant differences between Control/NO, 

PFC/NO and PFC/HO groups.  Perfluorochemical preconditioning attenuated the HO-

induced increase in MnSOD in mouse diaphragms.  Importantly on day 3, the MnSOD 

activity concentration of PFC/HO mice was less (p<0.01) than Control/HO and 

comparable to normoxic controls.  
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Figure 3-19.  Muscle Oxidative Stress – Manganese Superoxide Dismutase 
(MnSOD) (Mean ± SE):  PFC attenuated the HO-induced increase in MnSOD.  
Manganese superoxide dismutase was greater (p< 0.01) in Control/HO compared to 
Control/NO, PFC/NO and PFC/HO.  There was no significant differences between 
Control/NO, PFC/NO, and PFC/HO groups. (NO: normoxia; HO: hyperoxia; PFC: 
perfluorochemical). 
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Diaphragm Inflammatory Profile (pg/ml protein):  Figures 3-20- 3-25 shows the 

group dependent differences in the muscle cytokine (TNF-α, IL-1β, IL-6, and IL-10) and 

chemokine profile (GM-CSF and MCP-1).  As shown in Figure 3-20 – 3-25, HO was 

associated with an increase in the inflammatory profile of Control/HO mice.  The 

expression of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6), anti-inflammatory 

cytokine (IL-10) and inflammatory chemokines (GM-CSF and MCP-1) were greater 

(p<0.05) in Control/HO diaphragm homogenates compared to the muscle from 

Control/NO, PFC/NO and PFC/HO.  Perfluorochemical preconditioning attenuated the 

HO-induced increase in the inflammatory profile.  There were no significant differences 

between Control/NO, PFC/NO and PFC/HO for TNF-α, IL-1β,  IL-10 and GM-CSF as 

shown in Figures 3-20, 3-21, 3-23 and 3-24.  The concentration of IL-6 and MCP-1 was 

greater (p< 0.05) in PFC/HO diaphragms compared to Control/NO and PFC/NO as 

shown in Figures 3-22 and 3-25.   Importantly, all cytokines and chemokine 

concentrations in diaphragm homogenates were less (p< 0.05) in PFC/HO animals 

compared to the Control/HO group.   

 

 
Immunohistochemistry IL–6 and MCP-1:  Control/HO diaphragm sections 

demonstrated intense, dark staining for IL-6 and MCP-1 which was decreased by PFC 

preconditioning (Figures 3-26 and 3-27). The greater diaphragm staining intensity 

supports the ELISA data and provides evidence that IL-6 and MCP-1 originated not only 

from resident and infiltrating inflammatory cells but  from the muscle fibers directly. 
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Figure 3-20.  Diaphragm Cytokine Profile – TNFα (Mean ± SE):  PFC attenuated the 
HO-induced increase in TNF-α.  The TNF-α concentration was greater (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  There were no significant 
differences in TNF-α concentration among the Control/NO, PFC/NO, and PFC/HO 
groups. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
 
 
 
 
 
 
 
 
 



 

 105

 
 
 
 
 
 
 
 
 
 
 
 

Contro
l/N

O

Contro
l/H

O

PFC/N
O

PFC/H
O

0

10

20 *

IL
-1

β
(p

g/
 m

g 
pr

ot
ei

n)

 

Figure 3-21. Diaphragm Cytokine Profile – IL-1β (Mean ± SE):  PFC attenuated the 
HO-induced increase in IL-1β.  The IL-1β concentration was greater (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  There was no significant 
differences among Control/NO, PFC/NO and PFC/HO groups (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
 
 
 
 
 
 
 
 
 
 



 

 106

 
 
 
 
 
 
 
 
 
 

Contro
l/N

O

Contro
l/H

O

PFC/N
O

PFC/H
O

0

10

20

30 *

#

IL
-6

(p
g/

 m
g 

pr
ot

ei
n)

 
 
Figure 3-22.  Diaphragm Cytokine Profile – IL-6 (Mean ± SE):  PFC attenuated the 
HO-induced increase in IL-6.  The IL-6 concentration was greater (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  The IL-6 concentration 
was greater (#p< 0.05) in PFC/HO compared to Control/NO and PFC/NO groups.  There 
was no significant differences among the Control/NO and PFC/NO groups. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical). 
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Figure 3-23.  Diaphragm Cytokine Profile – IL-10 (Mean ± SE):  PFC attenuated the 
HO-induced increase in IL-10.  The IL-10 concentration was greater (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  There was no significant 
differences among the Control/NO, PFC/NO and PFC/HO groups. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical). 
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Figure 3-24.  Diaphragm Chemokine Profile – GM-CSF (Mean ± SE):  PFC 
attenuated the HO-induced increase in GM-CSF.  The GM-CSF concentration was 
greater (*p< 0.05) in Control/HO compared to Control/NO, PFC/NO and PFC/HO.  
There was no significant differences among the Control/NO, PFC/NO, and PFC/HO 
groups. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical). 
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Figure 3-25.  Diaphragm Cytokine Profile – MCP-1 (Mean ± SE):  PFC attenuated 
the HO-induced increase in MCP-1.  The MCP-1 concentration was greater (*p< 0.05) in 
Control/HO compared to Control/NO, PFC/NO and PFC/HO.  The MCP-1 concentration 
was greater (#p< 0.05) in PFC/HO compared to Control/NO and PFC/NO groups. There 
was no significant differences among the Control/NO and PFC/NO groups. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical). 
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Figure 3-26: Immunohistochemistry IL–6:  Representative Muscle Slides (x 400 
magnification):  PFC preconditioning decreased the intensity of staining for IL–6.  In 
contrast, Control/HO diaphragm sections demonstrated intense, dark staining. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; (+) positive; (-) negative control). 
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Figure 3-27: Immunohistochemistry MCP-1; Representative Muscle Slides (x 400 
magnification):  PFC preconditioning decreased the intensity of staining for MCP-1.  In 
contrast, Control/HO diaphragm sections demonstrated intense, dark staining. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; (+) positive/primary antibody; (-) 
negative control). 
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Discussion: 

These data support the hypothesis that intrapulmonary perfluorochemical (PFC) 

liquid instillation will reduce the HO- induced impairments in lung structure and 

function, thus reducing the contractile load of respiratory muscles.  The data 

demonstrates that preconditioning the lung with PFC liquids protects the lung while 

secondarily reducing diaphragmatic stress leading to reduced respiratory morbidity and 

enhancing survival.  These findings support this novel application of PFC liquids in a 

spontaneously breathing model of acute lung injury (ALI), and confirm that PFC 

preconditioning can improve respiratory physiology, reduce indices of capillary leak, 

decrease inflammation and oxidative stress as well as preserve lung architecture after 3 

days of HO exposure.  By preventing untoward alterations in lung structure and function, 

the work of breathing in the PFC preconditioned mice was ostensibly reduced compared 

to Control/HO animals, thus decreasing load and demand on the respiratory muscle 

pump.  As noted previously, the integrity of skeletal muscle fibers, specifically the 

integrity of the diaphragm is essential for development of muscle tension and 

maintenance of alveolar ventilation (165).  Reduced diaphragm demand is supported by 

the maintenance of normal muscle histomorphometry and attenuation of the cytokine/ 

chemokine and oxidative stress profile in the PFC groups.   

PFC pretreated mice had extended survival in HO and by day 3.5 approximately 

50% of Control/HO animals had expired, while over 85% of PFC/HO animals survived.  

HO is an accepted model of ALI leading to reduced survival in multiple animal models 

with 50% of deaths occurring within 4-5 days (44; 49; 113; 146).  In this study, there was 
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100% mortality for the Control/HO mice by day 5 while 84% of PFC preconditioned 

animals remained alive.  On day 6, 64% of PFC/HO animals remained alive. By day 3, 

Control/HO mice were cyanotic, lethargic and demonstrated an abnormal breathing 

pattern highlighted by marked bradypnea potentially reflecting respiratory pump 

failure(18).  PFC/HO mice were more energetic and demonstrated normal movements 

and grooming indicating adequate breathing reserve.   

Hyperoxia is known to alter lung structure and function impairing pulmonary 

mechanics and gas exchange (49; 113; 122; 146).  Further, it has been proposed that 

reduction in lung compliance is an early indicator of pulmonary oxygen injury and may 

precede alterations in pulmonary capillary barrier function and morphologic changes (6).  

HO is known to cause extensive injury to the lung characterized by damage to the 

alveolar- capillary barrier with accumulation of blood components in the interstitium and 

alveolar spaces (6; 49; 113; 122; 163).  Barrier disruption is represented by permeability 

pulmonary edema and pleural effusions(49; 122; 146) and increased protein content of 

BALF (65; 163).  The model employed in this study confirms these findings where the 

Control/HO mice presented with HO-induced reductions in pulmonary compliance and 

gas exchange and increased markers of capillary leak including the W:D ratio and BALF 

protein.  Opposed to these findings are the benefits of PFC preconditioning in HO.  The 

PFC preconditioned mice maintained pulmonary compliance and gas exchange 

comparable to normoxic controls over the 3 day exposure period.  PFC liquids are known 

to decrease surface tension, improve lung mechanics and have high gas solubility 

supporting gas exchange in neonatal animal models of ALI(42; 153) in which PFC 
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liquids were used as a respiratory adjunct to mechanical ventilation. The current results 

extend these benefits independent of mechanical ventilation, in spontaneously breathing 

hyperoxic mice.  In addition, the current data illustrates that PFC preconditioning 

stabilized the pulmonary epithelial- endothelial interface leading to reductions in indices 

of capillary leak.  This is consistent with studies where partial and tidal liquid ventilation 

decreased albumin accumulation and decreased histological evidence of inflammatory 

cell infiltration in lung injury models(28; 51; 120).  These data are also supported by cell 

culture studies where airway epithelial cells exposed to HO demonstrated reduced 

viability and altered integrity of intracellular junctions while PFC protected cells 

protected cell-to-cell junction integrity reflected  by preserved transepitheleal resistance 

and decreased histologic evidence of cell damage (8; 167).     

Hyperoxia exposure also leads to inflammatory cell activation in the lung (39; 120) 

with increased markers of lipid peroxidation and protein oxidation  in BALF and lung 

tissue(41; 137; 142).  PFC liquids, conversely, may be cytoprotective, thereby reducing 

the biotrauma of pulmonary inflammation and oxidative stress.  Studies have shown that 

partial liquid ventilation can reduce MPO concentrations and neutrophilia within the lung 

as well as reduce lipid peroxidation products (111; 120), and decrease macrophage 

expression of oxidants and proinflammatory cytokines after stimulation by  

lipopolysaccharide(123; 131).  While the exact mechanisms that lend PFC liquids a 

cytoprotective role have yet to be definitively elucidated, a number of mechanisms, both 

indirect and direct, are hypothesized.  Indirect mechanism include the formation of a 

mechanical barrier against neutrophil and macrophage infiltration, or altering the 
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diffusion and action of inflammatory mediators within the PFC.  Direct mechanism may 

include modifications of cellular responses by the actions of lipid-soluble PFC liquids 

within the cell membrane(7; 123; 131).  The current study supports these hypotheses 

where PFC preconditioning decreased leukocyte activation as reflected by the reduced 

MPO concentration, and reduced markers of oxidative damage as reflected by the 

decreased PC content in the lung homogenates.  The histomorphometric analysis within 

the current study also compares favorably to studies combining PFC with mechanical 

ventilation where PFC diminished alveolar structural damage with decreased 

inflammatory cell recruitment, diminished exudates and reduced atelectasis in lung injury 

(21; 54; 120).  The histomorphometrics of the PFC preconditioned lung exhibit 

maintenance of lung architecture with reduced cellular infiltration and edema of the 

interstitium resulting in reduced alveolar wall thickness and preservation of air spaces 

represented in the greater expansion index.   

The data from the pulmonary biomarkers provide evidence that hyperoxia damages 

lung structure and function, thereby increasing the load placed on the respiratory muscle.  

PFC preconditioning protected the HO-exposed lung leading to preservation of lung 

structure and function, reducing diaphragm contractile demand, and ultimately reducing 

diaphragm stress.   

 Loaded breathing is an exercise stimulus for the respiratory muscles (140).  

Prolonged, intense contractile performance has been associated with impaired muscle 

performance and oxidative stress (27; 66; 104).  Muscle injury, inflammation and 

impaired force development are known effects of intense exercise, especially exercise 
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involving eccentric muscle contraction.  In models of muscle overload, it is hypothesized 

that the initial mechanical injury triggers a delayed secondary inflammatory response 

promoting the degeneration of injured muscle fibers or portions of muscle fibers(59; 89).  

Evidence for mechanical injury associated with intense exercise and eccentric muscle 

contractions include altered force production(81; 82; 136; 164),  morphologic changes 

including muscle fiber damage (10; 59; 89; 99) and inflammatory cell infiltration (10; 13; 

59; 81; 98; 99),  increased expression of proinflammatory cytokines(13; 75; 96; 147), 

markers of oxidative stress(99) and elevated  serum markers of muscle breakdown such 

as creatine kinase and lactate dehydrogenase (59; 84).  Although diaphragm contraction 

is primarily concentric, non-uniform contraction occurs during varied activation or 

loading(143).  Lengthening contractions of the diaphragm have been noted during non-

ventilatory behaviors including volitional expulsive maneuvers(46), during the gag 

reflex(121) as well as during occluded inspiratory breathing(143).   The HO-injury model 

employed in the current study can be considered an alternative model of intense 

respiratory muscle exercise resembling ALI/ ARDS.  The characteristic alterations in 

pulmonary compliance, gas exchange and histomorphometry found in ALI/ ARDS 

enhance the loading conditions of the diaphragm leading to exertion-induced muscle 

injury.  The current study provides evidence consistent with the exercise literature where 

mechanical injury to the diaphragm is supported by increased inflammatory cell 

infiltration along with inflammatory and oxidative stress profiles in the HO exposed 

mice.  More importantly, PFC preconditioning attenuated these HO-induced alterations in 
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diaphragm loading and the unloading of the respiratory muscle pump was associated with 

reduced biomarkers of muscle damage, inflammation and oxidative stress.  

Inspiratory resistive loading studies have also established that consequences of 

intense respiratory muscle activity include altered muscle morphology, elevations in 

serum and direct muscle biomarkers of inflammation and oxidatative stress, as well as 

altered force generation.  In vivo measurements of respiratory muscle impairments in 

acute and chronic IRL include reductions in peak sustained inspiratory airway opening 

pressure (5), reduced transdiaphragmatic pressures (difference between abdominal and 

esophageal pressures) (57) and downward shifting of  transdiaphragmatic force-

frequency relationship(57).  In vitro measurements of altered diaphragm contractility 

after IRL have also demonstrated reductions in maximal tetanic tension (4; 5; 58; 90) , 

downward shifts in the force- frequency relationship(4; 58; 90; 130), and reduced fatigue 

resistance(58).  Diaphragm contractility deficits have also been demonstrated following 

prolonged exposure to HO, independent of IRL.  Similar to IRL, HO alone decreased in 

vivo measurements of diaphragm function including peak sustained inspiratory airway 

opening pressure (5) and in vitro measurements including maximal tetanic tension(5; 90) 

and downward shifting of the force- frequency relationship(90).  Although not measured 

directly in the current study, the increased activity levels, normal breathing pattern and 

prolonged surivival of PFC preconditioned mice serves as a surrogate marker of 

breathing reserve and an intact respiratory muscle pump.   

Morphologic alterations following IRL include muscle fiber necrosis and marked 

influx of inflammatory cells into necrotic fibers and the interstitial spaces, widening of 
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the interstitial space and increased connective tissue deposition(56; 57).  Ultrastructural 

diaphragm damage includes Z-line streaming, dissolution of A and I-bands(107) and 

widely-separated myofibrils and swollen sarcotubular systems(118).  Interestingly, 

histologic appearance of muscle injury is correlated with the decrease in force production 

(82).  However, the degree of force impairment is not proportional to muscle injury and 

studies have shown that the percentage of damaged muscle fibers tends to underestimates 

the force degradation (57; 81; 107).  The current morphologic findings are consistent with  

muscle overload where infiltration of inflammatory cells and muscle damage were 

observed in Control/HO but reduced by the PFC preconditioning.  In addition, to the 

degree that impaired pulmonary compliance increases the stress on the respiratory 

muscles,  the strong inverse correlation between pulmonary compliance and muscle 

damage score further supports the functional benefits of intrapulmonary PFC 

preconditioning on the respiratory muscles. . 

As previously noted, muscle overload initiates inflammatory processes including 

the expression of proinflammatory mediators and oxidative stress.  Acute IRL studies 

have shown increased serum expression of IL-6, IL-1β and TNF-α following “severe” 

resistive (~75% of maximal inspiratory pressure (MIP)), but not moderate resistive 

loading  (~35% MIP) in humans (139; 141) and increased diaphragmatic expression of  

IL-1β, IL-4, IL-6, IL-10, TNF-α, IFN-γ in animals(138).   The cytokine/ chemokine 

profile presented in the current study supports the hypothesis that PFC preconditioning 

influences the loading conditions of the diaphragm, thereby reducing muscle 

inflammation.  Providing further evidence of direct muscle inflammation, the 
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immunohistochemical staining for IL-6 and MCP-1 substantiates that the cytokines/ 

chemokines identified by ELISA were not only due to expression by resident and 

infiltrating leukocytes, but that the stressed muscle itself was the source of these 

inflammatory biomarkers.   

Skeletal muscle, including the diaphragm and peripheral/ limb muscle, has been 

shown to generate low levels of reactive oxygen species (ROS) at rest(104; 105); ROS 

generation is enhanced with increasing contractile activity(80; 104; 105; 129).  Free 

radicals are thought to mediate muscle injury and markers of oxidative stress including 

lipid peroxidation products (58; 130), and protein carbonylation (14; 130)  have been 

identified in acute and chronic IRL.  Protein oxidation was used as a marker of oxidative 

stress in the current study; protein carbonyl formation was increased in the loaded, 

Control/HO diaphragm homogenates while PFC preconditioned animals had oxidative 

stress comparable to the normoxic controls.  Interestingly, in chronic IRL, increased  

diaphragmatic protein carbonyl concentrations paralleled alterations in force development 

deficits and was directly related to the degree of respiratory loading (14; 130).  The 

current study found a strong, negative correlation comparing diaphragm protein carbonyl 

formation and pulmonary compliance supporting the described  relationship between 

Control/HO loading and PFC protection.  Other studies have  revealed that acutely 

contracting limb muscles(80) and diaphragm and peripheral muscle of animals who 

undergo chronic endurance (e.g.: treadmill, swimming) exercise training(92; 97; 102; 

103) increase AOE’s including MnSOD, catalase and glutathione peroxidase activities.  

The current data shows that chronic, HO-induced loading of the diaphragm enhanced 
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MnSOD perhaps reflecting a countermeasure to maintain pro-oxidant and anti-oxidant 

balance.   

The diaphragm has been shown to adapt to chronic loading by fiber hypertrophy 

but this depends upon the frequency and duration of the load as well as the magnitude of 

the loading stimulus.  Studies of intermittent IRL have shown that long-term inspiratory 

muscle training of smaller resistance, 3x/ week for 8 weeks resulted in hypertrophy of 

predominantly IIa fibers(110), while moderate loads, 3x/ week for 8 weeks resulted in 

hypertrophy of all fiber types, type I, type IIa and type IIb(110).  Moderate loads of 

increased frequency, 5x/ week, resulted in additional type IIa and IIb hypertrophy 

compared to animals exposed to smaller inspiratory resistance(16; 110).  Studies of 

chronic IRL by tracheal banding have shown hypertrophy of type I fibers following 35 

days of loading(62).  The current study has shown that HO-induced loaded breathing 

results in increased muscle fiber diameters in the Control/HO group while PFC 

preconditioned animals had  diaphragm fiber dimensions similar to normoxic controls 

supporting the concept of respiratory muscle unloading in the PFC groups.  Although 

fiber types were not differentiated in the current study, this would be an interesting area 

to develop since oxidative, fatigue resistant fibers, type I and IIa fibers, have shown the 

greatest hypertrophic response as well as the greatest AOE responses to chronic and acute 

loading.   
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Summary:  

When  inspiratory muscles contract against a high load, they are able to maintain 

the target level of contraction for a limited period of time (i.e., until "task failure") after 

which the load cannot be sustained any longer (71; 100).  It is hypothesized that a 

threshold of loading necessary to produce respiratory muscle damage exists, but it is not 

defined at this time(14; 71).  This hypothesis is consistent with the “Overexertion Theory 

of Musculoskeletal Disorder Development”, a conceptual model where biologic-tissue 

tolerance is sufficient until a “threshold” is exceeded.  Below this threshold, resolution of 

inflammation and adaptive remodeling proceeds allowing maintenance of tissue integrity.   

However, muscular activity that breach the tissue integrity threshold results in persistent 

inflammation, injury and maladaptive remodeling(10; 12; 69).  The current study fits this 

model where 3 days of HO-induced loading of the diaphragm may be approaching or 

exceeding the threshold beyond which the respiratory muscle pump can not recover.  In 

the current study, animals not treated with PFC, survived approximately 4 days or less of 

HO exposure, and their activity levels are appreciably curtailed at 72 hours.  Greater than 

3 days of HO exposure leads to significant mortality, persistent inflammation and 

diaphragm muscle damage.  It is believed that PFC preconditioning prior to constant HO 

is an intervention that protects the lung directly and the diaphragm indirectly by 

modifying the loading conditions and appears to shift muscular maladaption to a later 

time point.   Additional studies should investigate the chronological development of HO-

induced muscle injury.  Also, the current study is a prophylactic approach to HO-induced 

lung and diaphragm injury.  Complementary research should address the temporal impact 



 

 122

of intrapulmonary PFC as rescue therapy following initiation of HO injury as well as 

determine the benefits of repeated doses of intrapulmonary PFC administration.   

Since acute or chronic exposure to hyperoxia plays a prominent role in neonatal, 

pediatric and adult lung disease, PFC liquids appear to be a novel therapy to ameliorate 

hyperoxia induced lung injury as well as an indirect intervention to reduce the load of the 

respiratory muscles.  Since respiratory pump failure is part of the final common pathway 

of respiratory insufficiency, PFC preconditioning may be a novel therapeutic to mitigate 

the progression to respiratory failure and the need for mechanical ventilation in lung 

injury.  
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Chapter 4 
 

INTRAPULMONARY PERFLUOROCHEMICAL-ANTIOXIDANT 
SUSPENSIONS ATTENUATE HYPEROXIC LUNG AND MUSCLE INJURY 

DURING SPONTANEOUS BREATHING 
  
 
Hypothesis #3:  

Intratracheal delivery of the antioxidant enzymes (AOE’s), recombinant human 

SOD (rhSOD) protein, and replication deficient recombinant adenovirus encoding the 

gene construct for manganese SOD (rAD-MnSOD),, by PFC liquids in a model of 

hyperoxic lung injury will reduce oxidative stress lessening lung and respiratory muscle 

alterations and enhance survival as compared to no intervention (ie.: control), PFC alone 

or normal saline (NS) delivery of AOE’s. 

 

Specific Aims 

 Aim #3a:  Compare the efficacy of PFC or NS to deliver recombinant human 

SOD (rhSOD) protein against replication deficient recombinant adenovirus encoding the 

gene construct for manganese SOD (rAD-MnSOD) in spontaneously breathing mice. 

 Aim #3b:  Compare the HO- induced lung and muscle alterations in 

spontaneously breathing mice as a function of delivery method (PFC versus NS) of 

recombinant human SOD (rhSOD) protein against replication deficient recombinant 

adenovirus encoding the gene construct for manganese SOD (rAD-MnSOD). 
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Introduction: 

Supraphysiologic concentrations of oxygen (O2) are used in the management of 

critically ill patients and the adverse effects of O2 are heightened due to the direct 

exposure of elevated oxygen tensions across the lungs' extensive cross sectional area(63).  

Hyperoxia (HO) causes oxidative stress leading to increased lung microvascular 

permeability, tissue damage, altered pulmonary mechanics, impaired gas exchange and 

the accumulation of inflammatory cells and mediators(6; 30; 122; 146).  Oxidative stress 

results from the development of reactive oxygen species (ROS), which overwhelm or 

inactivate the endogenous antioxidant defense system. ROS are toxic to cells and leads to 

alterations in cell function due to damage of major cellular components including 

membrane lipids, proteins and nucleic acids. Studies have suggested that acute and 

chronic lung injury secondary to prolonged hyperoxia may be attenuated by 

administration of antioxidant enzymes (AOE), with the superoxide dismutases (SOD) 

having significant protective effects(37; 38; 53; 67).  Three forms of SOD have been 

identified in mammals. The first is a copper/ zinc (Cu/Zn SOD) containing protein 

present in the cytoplasm of all mammalian cells. The second form is a manganese (Mn- 

SOD) containing protein which is located in the mitochondria. The third form is located 

in extracellular spaces (EC-SOD) and also contain Cu/Zn(63; 79).  The function of SOD 

is to convert extremely toxic superoxide radicals to hydrogen peroxide and water(63; 79).  

However, intratracheal (IT) delivery of AOE in vehicles such as saline may transiently 

impair lung function, be poorly distributed, and initiate a confounding inflammatory 

response(52).  



 

 125

The use of perfluorochemical (PFC) liquids as a respiratory medium has been 

shown to be effective in the treatment of acute lung injury and respiratory distress 

syndrome(29; 153).  By eliminating the air-liquid interface, PFC liquids reduce surface 

tension enabling lung volume recruitment at lower inspiratory pressures. In addition, PFC 

can act as a barrier against soluble inflammatory mediators, resulting in reduced 

inflammatory cell activation and recruitment and cell-cell crosstalk(7; 123; 131).  It has 

previously been shown that PFC fluids used with mechanical ventilation are effective as a 

respiratory media for pulmonary administration of various drugs, can improve pulmonary 

function, and attenuate lung inflammation and oxidative damage  following acute lung 

injury(21; 115; 120; 128).  Abnormalities of pulmonary structure and function increase 

the workload of the respiratory muscle pump and increased work of breathing 

necessitates increased respiratory muscle force production to maintain alveolar 

ventilation (60; 162).  Enhanced loading of the diaphragm results in impaired force 

generation (5; 58; 90; 130), increased markers of oxidative stress (14; 17; 18; 58; 130), 

presence of inflammatory cells (58), evidence of ultrastructural muscle damage (107) and 

increased expression of proinflammatory mediators (138; 139).  When the load placed on 

the respiratory muscle pump exceeds its capacity, respiratory failure develops and is 

ultimately fatal unless therapeutic interventions are able to reduce the load (70; 71; 100; 

162).  This study was performed to determine the prophylactic effects of exogenous 

superoxide dismutase on pulmonary structure and function when delivered as a protein or 

viral vector in a spontaneously breathing murine model of hyperoxic lung injury, and to 

evaluate differences in this profile when either the protein or vector was delivered in 
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saline or as a PFC suspension.  Additionally, this study will determine if preconditioning 

the lungs with PFC liquids and AOE’s will impact the HO-induced loading conditions of 

the diaphragm thereby influencing inflammation and histomorphometric alterations in the 

diaphragm. It is hypothesized that intratracheal administration of perfluorochemical 

liquids (PFC) will enhance exogenous antioxidant enzyme therapy to attenuate 

physiologic and oxidative damage in the hyperoxic lung, thus unloading the diaphragm 

leading to reduced biomarkers of muscle injury. 

 
Methods: 

Animal Preparation/ Instrumentation:   

All procedures were approved by the Institutional Animal Care and Use 

Committee at Temple University School of Medicine and were in accordance with 

National Institutes of Health guidelines.  Spontaneously breathing C57BL/ 6 mice (n = 

152; 6-8 wks; 15 – 20 gm) were anesthetized with intraperitoneal ketamine (40 mg/kg), 

and xylazine (8 mg/kg) and randomly assigned to receive intratracheal (IT) 

administration of the following by tracheal puncture: 1) Normal saline (NS) alone:  2 

mL/kg; 2) Perfluorochemical liquid (PFC) alone: 10 ml/kg of PFC (25% 

perfluorocyclohexane [PP2]/75% perfluoromethyldecalin [PP9]; F2 Chemicals, Ltd; 

Lancashire, UK.); 3) rhSOD (Savient Pharmaceuticals, Iselin, NJ) suspended in normal 

saline (NSrhSOD): 5 mg/kg rhSOD in 2 mL/kg NS; or rhSOD in PFC (PFCrhSOD)  

nanocrystal suspension: 5 mg/kg rhSOD in 10 mL/kg PFC) or  4) rAd.MnSOD 

(0.24x1011 viral particles) delivered in NS (2 mL/kg) or PFC (10 mL/kg).     
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The nanocrystal suspension was created as previously described (5; 9). Briefly, 

rhSOD and PFC fluids were sonicated (Branson 2510, Danbury, CT) for 5- 10 minutes in 

a ratio of 5 mg/kg rhSOD with 10 ml/kg of 25% PP2/ 75% PP9.   

 To determine the optimal dosing strategy and spatial distribution of viral 

constructs and gene expression in vivo, comparisons were made for the intratracheal 

instillation of 2.7 x 1010 particles of rAd.CMVLacZ, replication-deficient recombinant 

adenovirus encoding E.coli LacZ, a reporter gene that codes for β-galactosidase 

(University of Iowa Gene Transfer Vector Core Laboratory).  Three different protocols 

were performed: (A) rAdCMVLacZ in normal saline (2 ml/kg); (B) rAdCMVLacZ in 

saline followed by 10 ml/kg bolus of PFC (25% perfluorocyclohexane [PP2]/75% 

perfluoromethyldecalin [PP9] (pulse-chase method)) and (C) instillation of rAdLacZ/PFC 

suspension (10ml/kg) (PFC suspension method).  After 2 days lungs were pressure 

clamped, vascularly perfused, glutaldehyde/formalin fixed, and incubated in X-Gal 

solution at 37 C for 4 hrs to demonstrate β-galactosidase expression.  

Preliminary dose-ranging cell culture and survival studies were performed to 

determine the dose of rAdMnSOD.  For cell culture studies, A549 cells, a human lung 

alveolar epithelial adenocarcinoma cell line, were transduced with increasing amounts of 

viral particles/ cell and exposed to hyperoxia (FIO2 = 0.95) for 4 days, with cell viability 

assessed daily by dye exclusion.  The multiplicity of infection (MOI) of 50- 200 resulted 

in 2-4 fold increases in MnSOD activity and cells with approximately a 2 fold increase of 

MnSOD activity above baseline showed optimal survival in HO(67).  To further define 

the dosing of rAdMnSOD, survival studies were performed using 2 different viral loads 
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(low dose = 0.24 x 1011 viral particles; medium dose = 0.64 x1011 viral particles).  These 

viral loads were based on the preliminary cell culture findings(67) and calculations 

approximating the surface area of the mouse lung.    

Survival analysis and assessment of gene expression were performed to determine 

an optimal time to evaluate outcome parameters in matched groups.  For the survival 

analysis, animals were randomly assigned to an intervention and exposed to normoxia or 

hyperoxia.  Kaplan- Meier survival curves were constructed and the median survival 

time, expressed as the lethal time at which 50% of the animals were unable to survive 

(LT50), were calculated.  Temporal gene expression of the rAdCMV vector was 

performed using a recombinant adenovirus encoding the firefly luciferase gene 

(rAdCMVLuc) (Vector Core Facility at the University of Pittsburgh).     This 

bioluminescent assay system is used to indirectly measure a gene of interest where the 

luciferase gene is placed downstream of the relevant promoter.   The substrate, luciferin, 

reacts with oxygen in the presence of the enzyme luciferase, resulting in the formation of 

light.  In vivo luciferase expression was visualized in anesthetized Balb/c mice using 

bioluminescent imaging following intraperitoneal injection of beetle luciferin (100 uL of 

30 mg/mL stock in PBS). Imaging was performed with the Xenogen IVIS 50 imaging 

system 15-20 min post administration. Imaging data were analyzed and signal intensity 

quantified using Xenogen Living Image software (Living Image, Caliper Life Sciences, 

Hopkinton, MA).  The images were quantified using identical region sizes and 

background values were determined from sham treated animals that received luciferin in 

an identical manner. Mice underwent intratracheal instillation of rAdCMVLuc (5 x 1010 
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viral particles) suspended in PFC (25% PP2 / 75% PP9, F2, Ltd; 10 L/kg) and were 

imaged on days 1, 2, 4 and 7 post instillation.   

For intratracheal instillation, the trachea was isolated through a superficial 

incision, following local anesthesia. Instillation was performed by tracheal puncture using 

a 0.50 mL syringe with 29 G needle, approximately 2 cartilaginous rings below the 

cricoid.  Animals were provided supplemental oxygen throughout the instillation 

procedure to prevent anesthesia-induced hypoxemia. Following instillation, animals were 

rotated consistently to augment homogenous distribution of vehicle, PFC or saline, and 

rhSOD or rAd.MnSOD until the mice demonstrated normal motor activity and grooming 

(within 30 minutes). The experimental model employed environmentally controlled 

(temperature/ humidity) chambers for room air (RA) or hyperoxia (HO) exposures.  HO 

exposure was created by a constant oxygen flow into a sealed plexiglass chamber to 

maintain FIO2 > 0.95 for up to 7 days. Carbon dioxide was removed by soda lime 

absorption. Environmental gas concentration (ie oxygen and carbon dioxide: Datex 

Normocap 200, Datex Instrumentation Corp., Finland) and humidity (Fisher Scientific* 

Traceable* Digital Hygrometer/Thermometer, Thermo Fisher Scientific, Inc.) were 

monitored continuously and animals were provided food and water ad libitum.   

 
Outcome Parameters: 

Survival:  Animals were maintained in the defined oxygen environment for a 7 day 

period.  Kaplan- Meier survival curves were constructed and the median survival time, 

expressed as the lethal time at which 50% of the animals were unable to survive (LT50), 

were calculated.   
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In Vivo and Ex Vivo Measurements:  In vivo assessments of gas exchange and 

lung compliance were performed in subgroups of mice on Day 3 for time-matched 

comparison of outcome parameters.  Similarly, subgroups of mice were studied for ex 

vivo assessments of lung wet:dry weight ratio, bronchoalveolar lavage fluid (BALF) 

protein content, lung inflammatory and oxidative stress profiles, lung and diaphragm 

histomorphometric analyses and diaphragm inflammatory profiles. 

 

Biomarkers of Lung Injury: 

Pulmonary Mechanics: Lung Compliance:  Following surgical anesthesia (20 mg/ kg 

ketamine; 4 mg/ kg xylazine) a polyethylene tracheostomy tube (I.D. = 0.58 mm) was 

sutured in place to ensure an adequate seal. Pressure changes in response to 0.05-ml step 

changes in volume were recorded on a polygraph recording system (Gould-Stratham P23 

ID pressure transducer, Gould Instruments, Puerto Rico; Grass polygraph recording 

system, Model 79D, Grass Medical Instruments, Quincy, Mass.), with maximal 

insufflation pressure limited to 30 cm H2O to avoid lung rupture.  Pressure- volume (P-V) 

curves were constructed and the slopes calculated to determine pulmonary compliance. 

 
 

Gas exchange: Room air (RA) oxygen challenge was accomplished by placing a lightly 

anesthetized mouse (20 mg/ kg ketamine; 4 mg/ kg xylazine) within a hollow plexiglass 

cylinder that restricted animal movement, but allowed normal respiration.  This level of 

anesthesia did not compromise respiratory efforts and maintained heart rate within the 
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operating range of the pulse oximeter  (SurgiVet V3304 Oximeter, SurgiVet, Inc., 

Waukesha, WI.), a pulse oximeter designed specifically for veterinary applications.   The 

pulse oximeter probe was placed on the mouse’s tail to measure oxygen saturation (SpO2) 

as a non- invasive measure of gas exchange under the experimental condition (room air 

(RA) or HO chambers) then and following 5 minutes RA exposure. 

 

Pulmonary Vascular Permeability:  The wet: dry weight ratio and protein content in 

the bronchoalveolar lavage fluid (BALF) were used as indices of pulmonary vascular 

permeability.  

 

Lung Weight: A median sternotomy was performed following measurements of 

pulmonary mechanics and the apical and cardiac lobes of the right lung were isolated, 

removed and weighed (wet weight (W)).  Lobes were weighed daily until no further 

weight change (dry weight (D)) was noted. The wet:dry ratio (W:D) was calculated and 

used as an index of pulmonary edema reflecting pulmonary vascular permeability(113). 

 

Bronchoalveolar Lavage Fluid (BALF) Protein Concentration:  Following removal of 

the right apical and cardiac lobes, 0. 5 ml of cold normal saline was introduced through 

the tracheostomy tube for lavage and repeated in triplicate. Bronchoalveolar lavage fluid 

(BALF) was inventoried, pooled, and then frozen at -80oC for subsequent analysis of  

total protein based on the method described by Bradford(19). Linear standard curves 

were obtained with sensitivities ranging from 0.05 to 0.044 mg/ml; inter-assay and intra-
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assay coefficients of variance were <10% and < 6%, respectively.  All standards and 

samples were run in duplicate and data is expressed as mg/ml. 

 

Tissue Harvest for Biochemical and Histologic Analysis:  Following the defined study 

period, mice were deeply anesthetized, the chest was opened via a median sternotomy 

and the main pulmonary artery was perfused with cold Millinog’s buffer to remove blood 

elements from the pulmonary vasculature.  The lungs from mouse subgroups were then 1) 

perfused with 10% formalin, sectioned, and prepared for light microscropy to 

qualitatively and quantitatively evaluate histomorphometry, or; 2) sectioned, snap frozen 

in liquid nitrogen and stored at -80oC for subsequent analysis of lung inflammation 

(myeloperoxidase, cytokines/ chemokines) and oxidative stress profiles (protein 

oxidation by protein carbonyls formation; antioxidant content by western blotting) as 

described below.  The diaphragm was excised and either placed in 10% formalin, 

sectioned, and prepared for light microscropy to qualitatively and quantitatively evaluate 

histomorphometry, or; 2) snap frozen in liquid nitrogen and stored at -80oC for 

subsequent quantitative analysis of muscle inflammation (cytokines/ chemokines) and 

oxidative stress profiles (protein oxidation by protein carbonyls formation; antioxidant 

content by western blotting) as described below.  Frozen tissues were homogenized on 

ice in Tris-HCL buffer (pH 7.2) with protease inhibitors and centrifuged at 14,000 x g for 

10 minutes at 4°C.   The supernatant of tissue homogenates was aliquoted into separate 

eppendorf tubes to prevent repeat freeze- thawing and stored in -80oC until time of 

analysis.  
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Total Protein Analysis:  Total protein concentration in lung tissue homogenates and 

BALF was analyzed using the Bradford assay(19).  Linear standard curves were obtained 

with sensitivities ranging from 0.05 to 0.044 mg/ml; inter-assay and intra-assay 

coefficients of variance were <10% and < 6%, respectively.  All standards and samples 

were run in duplicate and data is expressed as mg/ml. 

 

Inflammation Profile Assays: 

Myeloperoxidase (MPO):  The myeloperoxidase assay was used to assess the level of 

activated neutrophils and monocoytes in lung homogenates as previously described(117).  

Following homogenization, duplicate  aliquots of standard or sample were incubated in a 

96-well plate with 100 µl of substrate buffer (0.1 M sodium citrate, 0.1% o-dianisidine, 1 

mM hydrogen peroxide, pH = 5.5) for 1 min. The plate was read immediately at 560 nm 

in an automated plate reader (MRX Revelation, ThermoLabsystems, Franklin, MA). 

Human leukocyte MPO (ICN Biomedicals, Costa Mesa, CA) serial dilutions were used as 

standards. Linear standard curves were obtained with sensitivities ranging from 0.03125 

to 1.44 U/ml; inter-assay and intra-assay coefficients of variance were <10% and < 6%, 

respectively.  Data is expressed as U/mg total protein. 

 

Cytokine/Chemokine Analyses:  Lung tissues were homogenized on ice in Tris-HCL 

buffer (pH 7.2) with protease inhibitors and centrifuged at 14,000 x g for 10 minutes at 

4°C.   The supernatant of lung homogenates was aliquoted into separate eppendorf tubes 
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to prevent repeat freeze- thawing and stored in -80oC until analysis.  The lung supernatant 

were assayed for cytokines and chemokines concentrations using an enzyme linked 

immunoassay (ELISA) screening array where multiple high-affinity capture antibodies 

have been absorbed to individual wells of a 96-well plate (Q-PlexTM Mouse Cytokine 

Array, BioLegends, Inc.; San Diego, CA)(11). Following addition of samples, biotin-

labeled detection antibodies were added followed by incubation with a streptavidin-

horseradish peroxidase.  A chemiluminescent substrate is added and the luminescent 

response is captured by a cooled charge coupled device (CCD) camera and analyzed 

using manufacturer supplied software.  All standards and samples were run in duplicate 

and data are presented normalized to mg of total protein.  Linear standard curves were 

obtained with sensitivities as noted in the following table: 

Cytokine/ chemokine Range (pg/ml) 
IL-6 8.8 to 144 
IL-10 30 to 480 
GM-CSF 5.6 to 90 
MCP-1 31.3 to 500 
 

Inter-assay and intra-assay coefficients of variance were <10% and < 6%, respectively.   

All standards and samples were run in duplicate and data are presented normalized to mg 

of total protein.  Data is expressed as pg/mg total protein. 

 

 

Oxidative Stress:   

Lung Protein Carbonyl Analyses:  Proteins were extracted from lung homogenates and 

yield determined using the Biorad assay(19). An aliquot of each sample was derivatized 
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with 2.4-dinitrophenylhydrazine (DNP).  Samples containing equal protein 

concentrations of non-derived and DNP-derived serial dilutions were dot blotted on to 

nylon membranes and incubated with an anti-DNP polyclonal antibody followed by a 

HRP-conjugated secondary antibody per manufacturer’s instructions (Intergen Co., 

Norcross, GA.).   Antibody complexes were detected by chemiluminescence and 

visualized on X-Ray film. Films were scanned and densitometry determined using the 

Sigmagel program. Values were normalized to non-derived protein. Data is expressed as 

RLU/ mg total protein. 

 

Superoxide Dismutase (SOD) Content by Immunoblotting:  Muscle proteins were 

separated using polyacrylamide gel electrophoresis then blotted on to a polyvinylidene 

fluoride (PVDF) membranes. Membranes were blocked, and then incubated with 

antibodies directed against MnSOD (Anti MnSOD Rabbit Polyclonal antibody, 1:1000, 

Assay Designs Inc./ StressGen.,  Ann Arbor, Michigan ), CuZnSOD (Anti CuZnSOD 

Rabbit Polyclonal antibody, 1:2000, Assay Designs/ StressGen Ann Arbor, Michigan). 

After washing, the membranes were incubated with an anti rabbit IgG- HRP linked 

antibody (1:1000, Cell Signaling Technology, Danvers, MA) and immune complexes 

were detected by enhanced chemiluminescence (ECL).   Bands were visualized and 

quantified using the IVIS 50 and corresponding software (Living Image, Caliper Life 

Sciences, Hopkinton, MA).  Lung SOD was normalized to total protein concentration and 

the data is expressed as RLU/mg protein.   
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Lung Histological Analyses:  Lung tissues were fixed in 10% buffered formalin for 24 

to 48 hours prior to washing in phosphate buffered saline (PBS), paraffin embedding, 

step-sectioning and slide preparation.  Thin sections (5 μm) were stained with 

hematoxylin (H) and eosin (E), and examined by light microscopy.  Histomorphometric 

assessments were performed using computerized software (Image Pro Plus, Silver Spring, 

MD) to measure alveolar septal wall thickness (μm) and differentiate the proportion of 

lung parenchyma area (Vp) from the proportion of gas exchange space (Vg) for 

calculation of the expansion index (EI= [Vg/ Vp] x 100) (120; 153; 156).   

 

Biomarkers of Muscle Injury include: 

Muscle Inflammation Assays: 

Proinflammatory Cytokine/Chemokine Analysis:   The diaphragm was homogenized 

on ice in Tris-HCL buffer (pH 7.2) with protease inhibitors and centrifuged at 14,000 x g 

for 10 minutes at 4°C.   The supernatant of muscle homogenates was aliquoted into 

separate eppendorf tubes to prevent repeat freeze- thawing and stored in -80oC until 

analysis.  The diaphragm supernatant were assayed for cytokines and chemokines 

concentrations using an enzyme linked immunoassay (ELISA) screening array (Q-PlexTM 

Mouse Cytokine Array, BioLegends, Inc.; San Diego, CA) as noted above(11).  Data is 

expressed as pg/mg total protein.  
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Muscle Oxidative Stress Assays: 

Diaphragm Protein Carbonyl (PC) Concentration:  Protein carbonyls (PC) were 

detected and quantitated in muscle homogenates using an enzyme linked immunoassay 

(ELISA) kit (OxiselectTM Protein Carbonyl ELISA Kit, Cell Biolabs, Inc.).  Linear 

standard curves were obtained by diluting reduced or oxidized bovine serum albumin 

(BSA) with sensitivities ranging from 0.00 to 7.5 nmol/mg; inter-assay and intra-assay 

coefficients of variance were <10% and < 6%, respectively.  BSA standards and protein 

samples (10μg/ ml) were derivatized with dinitrophenyl (DNP) hydrazone and probed 

with an anti-DNP antibody followed by a horse radish peroxidase (HRP) conjugated 

secondary antibody.  The plate was read at 450 nm in an automated plate reader.  All 

standards and samples were run in duplicate and data is expressed as nmol/mg. 

 

Superoxide Dismutase (SOD) Content by Immunoblotting:  Proteins were separated 

using polyacrylamide gel electrophoresis then blotted on to a polyvinylidene fluoride 

(PVDF) membranes. Membranes were blocked, and then incubated with antibodies 

directed against MnSOD (Anti MnSOD Rabbit Polyclonal antibody, 1:1000, Assay 

Designs Inc./ StressGen.,  Ann Arbor, Michigan ) or GAPDH. After washing, the 

membranes were incubated with an anti rabbit IgG- HRP linked antibody (1:1000, Cell 

Signaling Technology, Danvers, MA) and immune complexes were detected by enhanced 

chemiluminescence (ECL).   Bands were visualized and quantified using the IVIS 50 and 

corresponding software (Living Image, Caliper Life Sciences, Hopkinton, MA).  Muscle 

SOD was normalized to the RLU of GAPDH and data is expressed as RLU.   
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Histological Analyses:  Muscle tissues were fixed in 10% buffered formalin for 24 to 48 

hours prior to washing in PBS, paraffin embedding, step-sectioning and slide preparation.  

Thin sections (5 μm) were stained with H & E, and examined by light microscopy.  

Histomorphometric assessments were performed using computerized software (Image 

Pro Plus, Silver Spring, MD) and included measurements of muscle fiber diameter and 

quantification of  muscle damage.  Myofiber diameter was defined as the maximum 

diameter across the lesser aspect of the muscle fiber and was measured in muscle fibers 

oriented in cross-section(40).  The muscle damage score is a numerical scoring system 

where a 48 point grid is superimposed on fixed cross-sections and grids are scored as 

either normal or abnormal muscle morphology(107).  A grid was categorized as abnormal 

based on the presence of inflammatory cells, pale or variable staining of the cytoplasm or 

central nucleated fibers (64; 107; 164).  Grids were not scored if the space was empty or 

contained connective tissue, nerve or vessels.  The muscle damage score was calculated 

by dividing the number of damaged grids by the total number of grids that were evaluated 

(muscle damage score (%) = [abnormal/ abnormal + normal] x 100) (56; 106; 107; 164).  

 

Statistical Analysis: All data are reported as mean ± SEM unless otherwise noted. 

Statistical analysis was performed using GraphPad Prism for Windows (GraphPad 

Software, San Diego CA).  Survival data was analyzed using the log rank test.  Mutli-

factor analysis of variance (ANOVA) was used to examine differences in pulmonary and 

diaphragm biomarkers as a function of group (NS, PFC; rhSOD; rAdMnSOD) and 

environmental condition (NO, HO).  Post hoc analysis was performed using multiple 



 

 139

pair-wise comparisons with Bonferroni adjustment to maintain an experiment-wise type I 

error of 0.05 or less.  

 

Results: 

Dosing Strategy:  This experiment demonstrated improved distribution and increased 

intensity of staining from rAdCMVLacZ when PFC (PFC suspension > PFC pulse-chase 

method) is utilized as the delivery vehicle as compared to NS alone.  As shown in Figure 

4-1, there was improved distribution and increased staining intensity in the lung when 

PFC is utilized as a delivery vehicle.  Saline delivery resulted in proximal large airway 

expression with minimal staining at the level of the alveolus.  The PFC pulse-chase 

delivery was improved compared to saline but still relatively focal as compared to 

delivery by PFC suspension. 
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Figure 4-1.  Macrophotograph of mouse lungs showing intratracheal instillation of 
2.7 x 1010 particles of rAdCMVLacZ with three different protocols.  Panel A) 
rAdCMVLacZ in saline (2 ml/kg); Panel B) rAd.CMVLacZ in saline followed by 10 
mL/kg bolus of PFC (pulse-chase method); C) rAdCMVLacZ in PFC suspension (10 
mL/kg).  Note the improved distribution and increased staining intensity in the lung when 
PFC is utilized as a delivery vehicle (panels B & C). In comparison to saline, distribution 
by PFC pulse-chase delivery was improved but still relatively focal as compared to 
delivery by PFC suspension. A cell-specific distribution pattern was noted and dependent 
upon mode of delivery. Saline delivery resulted in predominantly central and proximal 
large airway expression. The pulse-chase method with PFC showed large airway and 
predominantly alveolar type I cell expression. Delivery by PFC suspension resulted in 
much greater alveolar type II cell expression. (PFC: perfluorochemical; rAdCMVLacZ: 
recombinant adenovirus encoding E.coli LacZ). 
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Dose Ranging Studies:  Animals instilled with the low (0.24x1011 viral particles) viral 

dose demonstrated increased survival (LT50= 5 days) compared to the medium (0.64 

x1011 viral particles) viral dose (LT50= 3 days) as shown in Figure 4-2; therefore, the dose 

of 0.24 x 1011 viral particles for rAdMnSOD was used in the rest of the studies.   
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Figure 4-2.  Kaplan Meier Survival Curves for Dose Ranging Study:  Survival was 
decreased (p< 0.05) for PFCrAdMnSOD delivery of the medium dose (0.64 x1011 viral 
particles (3.0 days) compared to PFC delivery of rAdMnSOD of the low dose (0.24 x 
1011 viral particles (5.0 days).  (PFC: perfluorochemical; rAdMnSOD: recombinant 
adenovirus encoding manganese SOD). 

 
 
 

Determination of matched comparisons:  PFC administration of rAdCMVLuc resulted 

in sustained, homogenous distribution throughout the bronchopulmonary tree, bilaterally, 

to the distal lung regions as noted in Figure 4-3.  The signal intensity diminished over 

time as noted in Figure 4-3 with peak bioluminescence decreasing after 4 days(157).  The 

survival data, as discussed below, revealed an LT50 ranging from 3.4 to 6.5 days for HO 
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exposed mice.  Since matched comparisons should occur prior to the earliest LT50, while 

allowing for expression of the recombinant adenovirus, the survival data and 

bioluminescent data prompted group comparisons on day 3.    

 
 

 

 

Figure 4-3.  Representative bioluminescent images of mice instilled intratracheally 
with rAdCMVLuc (5 x 1010 viral particles) suspended in PFC (PP2/PP9, 25/75 v/v, 
10 mL/kg).   PFC administration of rAdCMVLuc resulted in homogenous expression 
throughout the bilateral lung fields.  The signal intensity diminished over time with peak 
bioluminescence decreasing after 4 days. (PFC: perfluorochemical; rAdCMVLuc: 
recombinant adenovirus encoding encoding firefly luciferase). 
 
 
 
Survival:  Figures 4-4 shows the group dependent differences in survival of HO exposed 

animals across time.  A total of 98 mice (N= 14 per group) were exposed to normoxic 

(NO) and hyperoxic (HO) conditions.  Cumulative mortality was evaluated over 7 days.  

Kaplan- Meier survival curves were constructed for animals exposed to the HO condition 

as shown in Figure 4-1. All NO exposed animals survived the study period.  Relative to 
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animals treated with NS, mice of the PFC groups had increased survival in chronic HO-

exposure.    The 50% lethality (LT50) for mice treated with PFC alone (LT50 = 6.5 days), 

PFCrhSOD/HO (LT50 = 5.5 days) or PFCrAdMnSOD/HO (LT50 = 5 days) was greater 

(p< 0.001) than the NS/HO control (LT50 = 3.5 days), NSrhSOD/HO (LT50 = 3.5 days) or 

NSrAd.MnSOD/HO (LT50= 3.4 days) as shown in Figure 4-4. There were no significant 

differences in survival between the PFC/HO or PFCrhSOD/HO groups; mean survival for 

these groups was significantly greater than PFCrAdMnSOD/HO (p<0.05).  Mean 

survival for NSrhSOD/HO, NSrAdMnSOD/HO and NS/HO did not differ significantly.   

After 4 days of >0.95 oxygen exposure, 90% of the mice pretreated with PFC, 

PFCrhSOD or PFCrAdMnSOD were alive while only 20% of the saline groups were 

alive.  All normoxia exposed animals survived the study period. 
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Figure 4-4.  Kaplan Meier Survival Curves:  Perfluorochemical treated groups had 
extended survival after HO exposure.  Survival was decreased (p< 0.05) for NS/HO (3.5 
days), NSrhSOD/HO (3.5 days) and NSrAdMnSOD/HO (3.4 days) compared to PFC/HO 
(6.5 days), PFCrhSOD/HO (5.5 days) and PFCrAdMnSOD/HO (5 days).  PFC/HO and 
PFCrhSOD/HO survival was greater (p< 0.05) than PFCrAdMnSOD/HO. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Biomarkers of Lung Injury: 

Compliance (ml/cm H2O/kg):  Figure 4-5 shows the group dependent differences in 

compliance on day 3.  A total of 52 mice (N=5-11 per group) underwent measurement of 

pulmonary compliance.  Impact of vehicle alone (NS vs. PFC):  Hyperoxia exposure 

significantly lowered (p< 0.05) pulmonary compliance of mice in the NS/HO group 

compared to mice instilled with PFC alone.  Compared to NS/HO, compliance was 

significantly greater (p< 0.05) in the NS/NO (+77%), PFC/NO (+65%), and PFC/HO 

(+64%) animals.  Impact of AOE protein vs adenovirus: Although compliance was 

greater in NSrhSOD/HO (+27%) and NSrAdMnSOD (+25%) compared to NS/HO, there 

were no statistically significant differences between these groups. (p=0.09).  Compliance 

was significantly greater (p < 0.05) in PFCrhSOD/HO (+62%) and PFCrAdMnSOD/HO 

(+59%) mice compared to NS/HO.    There were no significant differences in compliance 

comparing NS/NO to any of the PFC groups.  Perfluorochemical preconditioning, 

independent of SOD, attenuated the HO-induced reduction in pulmonary compliance 

which was observed in all NS treatment groups.  Importantly, on day 3, pulmonary 

compliance in the PFC treated groups was significantly higher (p < 0.05) than the NS/HO 

animals and comparable to NS/NO controls. 

 

Gas Exchange/ Oxygenation (%):  Figure 4-6 shows the group dependent differences in 

gas exchange, as measured by the oxygen desaturation response to 5 minutes of room air 

exposure. A total of 61 mice (N=5-13 per group) underwent measurement of gas 

exchange.  Impact of vehicle alone (NS vs. PFC):  During the room air challenge,  
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Figure 4-5.  Pulmonary Compliance (Mean ± SE):  Perfluorochemical preconditioning, 
independent of SOD, blunted the HO-induced decline in pulmonary compliance seen in 
all NS treatment groups. Pulmonary compliance was greater (*p< 0.05) in NS/NO, 
PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO animals compared to 
animals treated with NS/HO.  Pulmonary compliance was significantly greater (** p < 
0.05) in animals treated with PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD 
or NSrAdMnSOD. Compliance was not statistically different between the HO exposed 
NS treated groups (NS/HO, NSrhSOD/HO, NSrAdMnSOD/HO) or between the PFC 
groups (PFC/HO, PFCrhSOD/HO, PFCrAdMnSOD/HO).  There were no significant 
differences between NS/NO and the PFC groups. (NO: normoxia; HO: hyperoxia; PFC: 
perfluorochemical; rhSOD: recombinant human superoxide dismutase; rAdMnSOD: 
recombinant adenovirus encoding manganese SOD). 
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oxygenation in all PFC treated groups was significantly greater (p < 0.05) than the 

NS/HO group; oxygen saturation in all PFC treated animals was consistently >90%, 

while the NS groups were relatively hypoxemic with oxygen saturation <90%. Compared 

to NS/HO, gas exchange was significantly greater (p< 0.01) in the NS/NO (+8%), 

PFC/NO (+10%), and PFC/HO (+8%) animals.   Impact of AOE protein vs. adenovirus:  

During room air challenge, oxygenation in the HO injured mice was significantly greater 

(p<0.05) in animals treated with PFCrhSOD or PFCrAdMnSOD as compared to 

NSrhSOD, NSrAdMnSOD or NS alone.  Although oxygenation was greater in 

NSrhSOD/HO (+4%) and NSrAdMnSOD (+4%) compared to NS/HO, there were no 

statistically significant differences between these groups.  Oxygenation was significantly 

greater (p < 0.05) in PFCrhSOD/HO (+9%) and PFCrAdMnSOD/HO (+8%) mice 

compared to NS/HO, and these PFC treated groups were comparable to PFC alone.  

There were no significant differences in the oxygenation values between NS/NO and any 

of the PFC treated groups.  Importantly, gas exchange in the PFC treated groups on day 3 

of HO exposure was significantly greater (p < 0.01) than the NS/HO group and 

comparable to the NO controls.  

 

Pulmonary Vascular Permeability:  

Wet:Dry Weight Ratio:  Figure 4-7 shows the group dependent differences in wet:dry 

(W:D) ratio on day 3.  A total of 58 mice (N=6-11 per group) underwent measurement of 

the W:D ratio.  Impact of vehicle alone (NS vs. PFC):  Hyperoxia exposure significantly 

increased (p< 0.05) the W:D ratio of mice in the NS/HO group compared to mice instilled  
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Figure 4-6.  Gas Exchange (Mean ± SE):  Values represent oxygen saturation measured 
by pulse oximetry (SpO2) 5 minutes post exposure to room air.  Perfluorochemical 
preconditioning, independent of SOD, blunted the HO-induced oxygen desaturation 
response to room air independent of SOD, seen in all NS treatment groups.  Compared to 
time matched NS/HO, gas exchange was greater (*p< 0.01) on day 3 for NS/NO, 
PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  Oxygenation in the HO 
injured mice was significantly greater (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD, or NSrAdMnSOD. Gas exchange was not 
statistically different comparing the HO exposed, NS treated groups (NS/HO, 
NSrhSOD/HO, NSrAdMnSOD/HO).  There were no significant differences between 
NS/NO and any PFC treated groups or among the PFC treated groups. (NO: normoxia; 
HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide 
dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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with PFC alone.  Compared to NS/HO, the W:D ratio was significantly lower (p< 0.05) 

in NS/NO (-37%), PFC/NO (-29%), and PFC/HO (-29%) animals.  Impact of AOE 

protein vs. adenovirus: The W:D ratio was also significantly lower (p<0.05) in 

NSrhSOD/HO (-9%) and NSrAdMnSOD/HO (-11%), PFCrhSOD/HO (-20%) and 

PFCrAdMnSOD (-38%) groups compared to NS/HO.  The W:D ratio in 

PFCrAdMnSOD/HO treated mice was lower (p<0.05) compared to PFCrhSOD/HO but 

was equivocal to PFC alone.  In addition, the W:D ratio was lower (p<0.05) in PFC and 

PFCrAdMnSOD mice compared to all HO exposed, NS treated groups.  This suggests 

that PFC preconditioning alone and PFC delivery of rAdMnSOD were superior in 

preventing the increased vascular permeability and edema from prolonged HO.  

Importantly, the W:D ratio in the PFC treated groups on day 3 of HO exposure was 

significantly lower (p<0.05) compared to the NS/HO group and comparable to the 

NS/NO control.  

 

Bronchoalveolar Lavage Protein (BALF) Concentration (mg/ml):  Figure 4-8 shows 

the group dependent differences in BALF protein concentration.  A total of 49 mice 

(N=5-10 per group) underwent measurement of the protein content of the BALF.   Impact 

of vehicle alone (NS vs. PFC):  Hyperoxia exposure significantly increased (p< 0.05) the 

BALF protein concentration of mice in the NS/HO group compared to mice instilled with 

PFC alone.  Compared to NS/HO, the BALF protein concentration was significantly 

lower (p< 0.05) in NS/NO (-98%), PFC/NO (-90%), and PFC/HO (-57%) animals.  

Impact of AOE protein vs. adenovirus:  Additionally, the BALF protein concentration  
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Figure 4-7.  Wet:Dry (W:D) Ratio (Mean ± SE):  Perfluorochemical preconditioning 
and exogenous SOD,( rhSOD or rAdMnSOD), blunted the HO-induced increase in W:D 
ratio seen in NS/HO animals.  Compared to time matched NS/HO, the W:D ratio was 
lower (*p< 0.05) on day 3 for NS/NO, NSrhSOD/HO, NSrAdMnSOD/HO, PFC/NO, 
PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  The W:D ratio in HO injured mice 
was significantly lower (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD, or NSrAdMnSOD.  Further, the W:D ratio 
was less (‡p<0.05) in PFC/NO and PFC/HO  compared to NSrhSOD and NSrAdMnSOD 
treated groups.  The W:D ratio in PFCrAdMnSOD was significantly less (#p<0.05) than 
PFCrhSOD/HO.  There were no significant differences between NS/NO and the PFC 
treated groups, but the W:D ratio was reduced (†p<0.05) in NS/NO compared to the HO 
exposed NS treated groups (NS/HO, NSrhSOD/HO, NSrAdMnSOD/HO).  (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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was significantly lower (p < 0.05) in NSrhSOD/HO (-33%), PFCrhSOD/HO (-80%) and 

PFCrAdMnSOD (-70%) compared to NS/HO.  The BALF protein concentration of  

NSrAdMnSOD/HO (-7%), did not differ significantly from NS/HO.  The day 3 protein 

concentration of BALF was lower (p<0.05) in PFCrhSOD/HO and PFCrAdMnSOD/HO 

mice compared to the NS groups.  PFCrhSOD/HO resulted in significantly lower 

(p<0.05) BALF protein concentration compared to PFC/HO, and was comparable to 

PFCrAdMnSOD/HO.  PFC/HO and PFCrAdMnSOD/HO were also equivocal.  Greater 

than 85% of instilled lavage volume was recovered, independent of group. 

 
Lung Inflammatory Profile: 
 

Myeloperoxidase (MPO) (U/mg protein):  Figure 4-9 shows the group dependent 

differences in the lung tissue MPO concentration on day 3. A total of 44 mice (N=6-7 per 

group) underwent measurement of the MPO.  Impact of vehicle alone (NS vs. PFC):  

Hyperoxia exposure significantly increased (p< 0.05) the MPO concentration of mice in 

the NS/HO group compared to mice instilled with PFC alone.  The MPO concentration 

demonstrated that leukocyte activation was significantly lower (p<0.05) in NS/NO (-

53%), PFC/NO (-63%) and PFC/HO (-74%) compared to NS/HO animals.  Impact of 

AOE protein vs. adenovirus: The MPO concentration was also significantly lower 

(p<0.05) in NSrhSOD/HO (-42%), NSrAdMnSOD/HO (-58%), PFCrhSOD/HO (-74%), 

and PFCrAdMnSOD/HO (-79%) compared to NS/HO.  The MPO concentrations in 

NSrhSOD and NSrAdMnSOD were equivocal.  The MPO concentration in the  
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Figure 4-8.  Bronchoalveolar Lavage Fluid (BALF) Protein Concentration (Mean ± 
SE):  Perfluorochemical preconditioning and exogenous SOD (rhSOD or rAdMnSOD) 
blunted the HO-induced increase in the BALF protein concentration seen in NS/HO 
animals.  Compared to NS/HO, the BALF protein concentration was reduced (*p< 0.05) 
on day 3 in NS/NO, NSrhSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO and 
PFCrAdMnSOD/HO.    The BALF protein concentration in the HO injured mice was 
significantly lower (**p<0.05) in animals treated with PFCrhSOD or PFCrAdMnSOD as 
compared to NSrhSOD, or NSrAdMnSOD.   Further, the BALF protein concentration in 
PFCrhSOD was significantly less (#p<0.05) than PFC/HO.  The BALF protein 
concentration was reduced (†p<0.05) in NS/NO compared to all HO exposed groups.  
(NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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PFCrAdMnSOD group was less (p<0.05) than both NS-AOE treated groups while PFC 

and PFCrhSOD were less than NSrhSOD. The MPO concentrations did not differ 

between the PFC groups.  Overall, PFC delivery of either rhSOD or rAdMnSOD resulted 

in significantly lower (p<0.05) MPO concentration than when delivered in NS.  

Importantly, the day 3 MPO concentrations in HO were significantly lower (p < 0.05) in 

the PFC treated groups compared to the NS alone and NSrhSOD treatments groups and 

comparable to NO controls. 
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Figure 4-9. Myeloperoxidase (MPO) (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, and exogenous SOD delivered in NS (NSrhSOD, 
or NSrAdMnSOD), blunted the HO-induced increase in MPO.  Compared to time 
matched NS/HO, the MPO was reduced (*p< 0.05) on day 3 for NS/NO, NSrhSOD/HO, 
NSrAdMnSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  
MPO in the HO exposed mice was significantly lower (**p<0.05) in animals treated with 
PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD.  Compared 
to NSrhSOD/HO, the MPO concentration was less (#p<0.05) in all PFC groups.  
Compared to NSrAdMnSOD/HO the MPO concentration was less in PFCrAdMnSOD, 
but equivocal to PFC alone and PFCrhSODHO.  There were no significant differences 
between NS/NO and the NS and PFC treated groups. (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Lung Cytokine/Chemokine Profile (pg/mg protein): Figures 4-10 to 4-13 

illustrate the group dependent differences in the cytokine/chemokine profile from lung 

homogenates.  Specific cytokines (IL-6, IL-10) and chemokines (MCP-1, GM-CSF) were 

chosen for analysis because evidence in the literature suggests that these proteins modify 

hyperoxia tolerance and because these proteins were robustly expressed in our hyperoxia 

model(15; 47; 132; 135; 144).  Impact of vehicle alone (NS vs. PFC):  As shown in 

Figures 4-910 to 4-13, all PFC instilled mice following both NO and HO exposures 

demonstrated  increased expression (p< 0.05) of cytokines/chemokines compared to all 

NS instilled mice.  Following HO exposure, NS instilled mice had an increased (p<0.05) 

expression of IL-6, MCP-1 and GM-CSF; IL-10 did not differ in NS/HO compared to 

NS/NO.  There were no significant differences in the expression of IL-6, IL-10 and GM-

CSF in the PFC/HO mice compared to PFC/NO mice.  MCP-1 concentration was greater 

(< 0.05) in PFC/NO mice compared to PFC/HO.  Perfluorochemical preconditioning 

attenuated the HO-induced increase in proinflammatory cytokines/chemokines noted in 

the NS groups.   

Impact of AOE protein or adenovirus:  The cytokine/chemokine concentrations in 

lung homogenates were not significantly different for IL-6, IL-10 and GM-CSF following 

NS delivery of AOE’s as compared to NS/HO.   The MCP-1 concentration as noted in 

Figure 4-12 was reduced (p<0.05) in NSrhSOD/HO and NSrAdMnSOD/HO compared to 

NS/HO.  The IL-6 (Figure 4-10) and MCP-1 (Figure 4-12) concentrations were reduced 

(p<0.05) in PFCrhSOD/HO and PFCrAdMnSOD/HO compared to PFC/HO.  There were 

no significant differences in IL-10 and GM-CSF concentrations in the PFC groups.  
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Saline delivery of rhSOD and rAdMnSOD reduced MCP-1 expression in lung 

homogenates while PFC delivery of AOE reduced MCP-1 and IL-6 compared to their 

respective HO exposed vehicle controls. 
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Figure 4-10.  Lung Interleukin-6 (IL-6) (Mean ± SE): Perfluorochemical 
preconditioning increased the IL-6 concentration and exogenous SOD (rhSOD and 
rAdMnSOD) blunted the HO-induced elevation in this cytokine concentration seen in 
NS/HO.  The IL-6 concentrations in the PFC groups were greater (#p< 0.05) than 
NS/NO, NS/HO, NSrhSOD/HO and NSrAdMnSOD/HO. Compared to NS/NO the IL-6 
concentration was greater (*p<0.05) in NS/HO and all NS and PFC treated groups. The 
IL-6 concentration was not significantly different comparing NS/HO to NSrhSOD/HO 
and NSrAdMnSOD/HO.  The IL-6 concentration was greater (‡p<0.05) in PFC/NO and 
PFC/HO compared to PFCrhSOD and PFCrAdMnSOD. IL-6 in the HO exposed mice 
was significantly greater (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Figure 4-11.  Lung Interleukin-10 (IL-10) (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, increased the IL-10 concentration.  The IL-10 
concentrations in the PFC groups were greater (#p< 0.05) than NS/NO, NS/HO, 
NSrhSOD/HO and NSrAdMnSOD/HO. The IL-10 concentration was not statistically 
different comparing NS/NO, NS/HO and the NS treated groups.  The IL-10 concentration 
was not statistically different comparing the PFC treated groups. IL-10 in the HO 
exposed mice was significantly greater (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD.  (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Figure 4-12.  Lung Macrophage Chemoattractant Protein 1 (MCP-1) (Mean ± SE):  
Perfluorochemical preconditioning increased the MCP-1 concentration and exogenous 
SOD (rhSOD and rAdMnSOD) blunted the HO-induced elevation in the chemokine 
concentration seen in NS/HO.  The MCP-1 concentrations in the PFC groups were 
greater (#p< 0.05) than NS/NO, NS/HO, NSrhSOD/HO and NSrAdMnSOD/HO. The 
MCP-1 concentration was greater (*p<0.05) in NS/HO compared to NS/NO, 
NSrhSOD/HO and NSrAdMnSOD/HO.  The MCP-1 concentration was not statistically 
different comparing NS/NO and the NS treated groups.  The MCP-1 concentration was 
greater (‡p<0.05) in PFC/NO and PFC/HO compared to PFCrhSOD and 
PFCrAdMnSOD.  MCP-1 in the HO exposed mice was significantly greater (**p<0.05) 
in animals treated with PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD or 
NSrAdMnSOD (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: 
recombinant human superoxide dismutase; rAdMnSOD: recombinant adenovirus 
encoding manganese SOD). 
 

 

 



 

 159

 

 

 

NS/N
O

NS/H
O

PFC/N
O

PFC/H
O

NSrh
SOD/H

O

PFCrh
SOD/H

O

NSrA
dMnSOD/H

O

PFCrA
dMnSOD/H

O
0

10

20

30

40 #
# #* * * *

**
*

* #
* *

G
M

-C
SF

(p
g/

m
g 

pr
ot

ei
n)

 

Figure 4-13.  Lung Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) 
(Mean ± SE):  Perfluorochemical preconditioning, independent of SOD, increased the 
GM-CSF concentration.  The GM-CSF concentrations in the PFC groups were greater 
(#p< 0.05) than NS/NO, NS/HO, NSrhSOD/HO and NSrAdMnSOD/HO. The GM-CSF 
concentration was greater (*p<0.05) in NS/HO and NSrAdMnSOD/HO compared to 
NS/NO.  The GM-CSF concentration was not statistically different between the HO 
exposed, NS treated groups (NS/HO, NSrhSOD/HO, NSrAdMnSOD/HO).   The GM-
CSF concentration was not statistically different comparing the PFC treated groups. GM-
CSF in the HO exposed mice was significantly greater (**p<0.05) in animals treated with 
PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD.  (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Lung Oxidative Stress Profile: 

Lung Protein Carbonyls (RLU/mg protein):  Figure 4-14 shows the group 

dependent differences in lung PC concentration on day 3. A total of 44 mice (N=6-8 per 

group) underwent measurement of protein carbonyl (PC) formation in lung homogenates.  

Impact of vehicle alone (NS vs. PFC):  Hyperoxia exposure significantly increased (p< 

0.05) the PC concentration of mice in the NS/HO group compared to mice instilled with 

PFC alone.  Lung PC formation was significantly lower (p<0.05) in NS/NO (-57%), 

PFC/NO (-54%) and PFC/HO (-46%) groups compared to NS/HO.  Impact of AOE 

protein vs. adenovirus:  Lung PC formation was also significantly lower (p< 0.05) 

reduced in NSrhSOD/HO (-40%), PFCrhSOD/HO (-86%) and PFCrAdMnSOD (-50%) 

compared to NS/HO.  Lung PC formation was not significantly different between NS/HO 

and NSrAdMnSOD/HO.  There were no significant differences between NSrhSOD, PFC 

alone and PFCrAdMnSOD; the protective effect was most robust in PFCrhSOD.   

 
Lung Manganese Superoxide Dismutase (MnSOD) (RLU/mg protein):  

Figure 4-15 shows the group dependent differences in the lung MnSOD content on day 3.  

A total of 48 mice (N=6 per group) underwent measurement of MnSOD content.  

Hyperoxia exposure did not alter the lung MnSOD content following NS or PFC 

instillation.  However, lung MnSOD was significantly greater in the PFC/HO groups 

compared to the NS alone instilled animals.  Impact of vehicle alone (NS vs. PFC):  

Compared to NS/HO, lung MnSOD was significantly greater (p<0.05) in the PFC/HO 

(+125%) group, and was not statistically different than PFC/NO.  Lung MnSOD content 

was not statistically different in PFC/NO compared to NS/NO.  
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Figure 4-14. Lung Protein Carbonyl (PC) (Mean ± SE):  Perfluorochemical 
preconditioning and exogenous SOD, rhSOD, blunted the HO-induced increase in PC 
formation.  Compared to time matched NS/HO, the PC concentration was reduced (*p< 
0.05) on day 3 for NS/NO, NSrhSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO and 
PFCrAdMnSOD/HO.  Protein carbonyl formation in the HO injured mice was 
significantly lower (**p<0.05) in animals treated with PFCrhSOD or PFCrAdMnSOD as 
compared to NSrhSOD or NSrAdMnSOD.  PC formation was less (#p<0.05) in 
PFCrhSOD compared to all groups.  Compared to NS/NO, there were no significant 
differences among PFC alone and PFCrAdMnSOD groups.  PC formation was increased 
(†p< 0.05) in all HO exposed NS groups compared to NS/NO. (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Impact of AOE protein or adenovirus:  Lung MnSOD content was statistically increased 

(p<0.05) in mice instilled with NSrhSOD (+153% vs. NS/NO; +158% vs. NS/HO) 

compared to the NS alone groups, but was not statistically different from the PFC alone 

or the PFCrhSOD groups.  Compared to the NS and the PFC alone groups, lung MnSOD 

was significantly increased (p<0.05) in PFCrhSOD (+204 % vs. NS/NO; +210% vs. 

NS/HO; +100% vs. PFC/NO; +38% vs. PFC/HO).  NS delivery of rAdMnSOD 

significantly increased (p<0.01) lung MnSOD content compared to all NS instilled mice 

(+694% vs. NS/NO; +711% vs. NS/HO; +214% vs. NSrhSOD).  PFC delivery of 

rAdMnSOD increased (p<0.05) the lung MnSOD content compared to all PFC instilled 

mice (+718% vs. PFC/NO; +411% vs. PFC/HO; +309% vs. PFCrhSOD).  Although lung 

MnSOD content was greater in PFCrAdMnSOD (+56%) compared to NSrAdMnSOD, 

this did not reach a statistically significant difference (p=0.1).  In summary, PFC alone, 

and rhSOD instillation increased lung MnSOD in HO.  NS rAdMnSOD and PFC delivery 

of rAdMnSOD increased lung MnSOD, but PFC appears to be a more optimal method to 

deliver recombinant adenovirus encoding manganese SOD into the lung to maximize 

protein expression.   
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Figure 4-15. Lung Manganese Superoxide Dismutase (MnSOD) Content (Mean ± 
SE):  Perfluorochemical preconditioning and exogenous rAdMnSOD delivered in both 
NS and PFC increased lung MnSOD content in HO lungs.  The MnSOD content was 
increased (*p< 0.05) on day 3 for PFC/HO compared to NS/HO and NS/NO and did not 
differ between the NS/NO and PFC/NO groups.  The MnSOD content was increased 
(#p<0.02) in NSrhSOD compared to NS/NO and NS/HO.  The MnSOD content was 
significantly increased (#p<0.05) following PFCrhSOD compared to PFC/NO and 
PFC/HO.  NSrAdMnSOD significantly increased (†p<0.01) lung MnSOD content 
compared to all NS treated animals (NS/NO, NS/HO, NSrhSOD/HO) and the PFC/NO, 
PFC/HO and PFCrhSOD/HO groups.  PFCrAdMnSOD significantly increased (‡p<0.05) 
lung MnSOD content compared to all PFC treated animals (PFC/NO, PFC/HO, 
PFCrhSOD/HO) and the NS treated animals NS/NO, NS/HO, NSrhSOD/HO.  Although, 
PFCrAdMnSOD lung MnSOD content was greater, it was not statistically different (p= 
0.1) than NSrAdMnSOD.    (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; 
rhSOD: recombinant human superoxide dismutase; rAdMnSOD: recombinant adenovirus 
encoding manganese SOD). 
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Lung Copper Zinc Superoxide Dismutase (CuZnSOD) (RLU/mg protein):  Figure 4-

16 shows the group dependent differences in the lung CuZnSOD content on day 3.  A 

total of 47 mice (N=5-6 per group) underwent measurement of lung CuZnSOD content 

by western blotting.  Impact of vehicle alone (NS vs. PFC):  Lung CuZnSOD content was 

not statistically different within the NS or PFC alone groups.  Lung CuZnSOD was 

greater, but not statistically different in PFC/HO compared to PFC/NO and the NS alone 

groups.  Impact of AOE protein or adenovirus:  Following NSrhSOD instillation, lung 

CuZnSOD content was not statistically different in NS/NO, NS/HO or NSrAdMnSOD 

mice.  Additionally, lung CuZnSOD was significantly less (p<0.007) in NSrhSOD 

compared to PFCrhSOD.  PFCrhSOD was significantly greater (p<0.005) than PFC/NO; 

although lung CuZnSOD content was greater in PFCrhSOD compared to PFC/HO and 

PFCrAdMnSOD/HO, this did not reach statistically significant differences (p=0.1).  

Perfluorochemical delivery of rhSOD appears to be an optimal method to distribute 

CuZnSOD protein into the lung.   
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Figure 4-16. Lung Copper Zinc Superoxide Dismutase (CuZnSOD) Content:  
Perfluorochemical delivery of rhSOD protein increased CuZnSOD content in HO 
exposed lungs.  The CuZnSOD content was not statistically different comparing NS/NO 
and NS/HO to PFC/NO and PFC/HO.  PFCrhSOD mice had an increased (**p<0.05) 
CuZnSOD content compared to NSrhSOD and was increased (#p<0.005) compared to 
PFC/NO, NS/NO, NS/HO and NSrAdMnSOD.  There were no statistical differences 
between NS treated groups (NS/NO, NS/HO, NSrhSOD, NSrAdMnSOD) or HO exposed 
PFC groups (PFC/HO, PFCrhSOD/HO, PFCrAdMnSOD/HO).  (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Lung Histomorphometry:   

Histomorphometry:  Representative lung micrographs are shown in Figure 4-17.  

Qualitatively, the NS treated groups, and in particular, the NS/HO H & E lung images 

revealed increased cellularity of the parenchyma with an apparent reduction in magnitude 

of airspaces compared to PFC treated lungs.  

 

Expansion Index:  Figure 4-18 shows the group dependent differences in the expansion 

index (EI) on day 3. A total of 33 mice (N=4-6 per group) underwent measurement of EI.  

In comparison to NS/HO, the expansion index (EI) was increased in all treated mice but 

only reached a statistical difference in the PFC groups.  Impact of vehicle alone (NS vs 

PFC):  Hyperoxia exposure significantly lowered (p< 0.05) the EI of mice in the NS/HO 

group compared to mice instilled with PFC alone.  The EI was significantly greater 

(p<0.05) in NS/NO (+45%), PFC/NO (+65%) and PFC/HO (+52%) compared to NS/HO 

animals.  Impact of AOE protein or adenovirus:  Although the EI values were increased 

in NSrhSOD/HO (+15%) and NSrAdMnSOD/HO (+43%) compared to NS/HO, there 

were no statistically significant differences between these groups.  The EI was 

significantly greater (p < 0.05) in PFCrhSOD/HO (+49%) and PFCrAdMnSOD/HO 

(+72%) mice compared to NS/HO.  Importantly, compared to NS/HO, the EI was 

significantly greater (p<0.05) in PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO and 

did not differ between these conditions or NO controls.  Perfluorochemical 

preconditioning, independent of SOD, blunted the HO-induced decrease in EI.   

 



 

 167

 
 
Figure 4-17: Lung Images, Hyperoxia (HO) groups (H & E; x 400 magnification):  Representative day 3 lung sections 
showing normal lung appearance in panel Sham/NO, NS/NO and preservation of lung architecture in panels PFC/NO and 
PFC/HO.  Sham/HO and NS/HO have increased alveolar septal thickening and heterogeneous gas exchange areas. 
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Figure 4-18. Lung Expansion Index (EI) (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, blunted the HO-induced decrease in the expansion 
index (EI).  Compared to time matched NS/HO, the EI was greater (*p< 0.05) on day 3 
for NS/NO, PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  Compared to 
NSrhSOD/HO, the EI was greater (#p<0.05) in NS/NO and all PFC groups; the EI in the 
HO injured mice was significantly greater (**p<0.05) in animals treated with PFCrhSOD 
as compared to NSrhSOD.  In addition, there were no significant differences between 
NS/NO, NSrAdMnSOD/HO and all PFC treated groups.  (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Alveolar Wall Thickness (μm):  Figure 4-19 shows the group dependent differences in 

the alveolar wall thickness on day 3. A total of 37 mice (N=5-7 per group) underwent 

measurement of alveolar wall thickness.  Impact of vehicle alone (NS vs. PFC):  

Hyperoxia exposure significantly increased (p< 0.05) the alveolar wall thickness of mice 

in the NS/HO group compared to mice instilled with PFC alone.  The alveolar wall 

thickness was significantly reduced (p<0.05) in NS/NO (-66%), PFC/NO (-61%) and 

PFC/HO (-54%) compared to NS/HO animals.  Impact of AOE protein or adenovirus:  

Relative to NS/HO group, the alveolar wall thickness was significantly reduced (p < 

0.05) with NSrhSOD/HO (-36%), NSrAdMnSOD/HO (-54%), PFCrhSOD/HO (-55%), 

and PFCrAdMnSOD/HO (-58%) groups.  Further, the alveolar wall thickness in 

NSrAdMnSOD was reduced compared to NSrhSOD.  Additionally, PFC delivery of 

exogenous AOE’s reduced (p<0.05) alveolar wall thickness compared to NS delivery.  

The alveolar wall thickness did not differ in the PFC groups and these groups were 

comparable to NS/NO.  Summarily, perfluorochemical preconditioning alone, PFC or NS 

delivery of both SOD protein and adenoviral SOD blunted the HO-induced increase in 

alveolar wall thickness seen in NS/HO treated animals.  However, PFC and PFC 

delivered AOE’s protected lung architecture best.  
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Figure 4-19.  Alveolar Wall Thickness (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, and exogenous SOD, NSrhSOD and 
NSrAdMnSOD, blunted the HO-induced increase in alveolar wall thickness.  Compared 
to time matched NS/HO, the alveolar wall thickness was reduced (*p< 0.05) on day 3 for 
NS/NO, NSrhSOD/HO, NSrAdMnSOD, PFC/NO, PFC/HO, PFCrhSOD/HO and 
PFCrAdMnSOD/HO.  Alveolar wall thickness was less (#p<0.05) in all PFC groups 
compared to NSrhSOD/HO, and significantly reduced (**p<0.05) in animals treated with 
PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD, or NSrAdMnSOD.  There 
were no significant differences between NS/NO, NSrAdMnSOD/HO and all PFC treated 
groups.  (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant 
human superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese 
SOD). 
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Biomarkers of Muscle Injury: 

Diaphragm Inflammatory Profile (pg/mg protein):  Figures 4-20 to 4-23 shows the 

group dependent differences in the muscle cytokine (IL-6, and IL-10) and chemokine 

profile (GM-CSF and MCP-1).  Impact of vehicle alone (NS vs. PFC): As shown in 

Figure 4-20 - 4-23, HO-exposure resulted in an increase in the inflammatory profile of 

the diaphragm homogenates of the NS/HO control mice.  The expression of pro-

inflammatory cytokines/chemokines (IL-6, MCP-1, GM-CSF) and anti-inflammatory 

cytokine (IL-10) were reduced (p<0.05) in NS/NO, PFC/NO and PFC/HO diaphragms 

compared to NS/HO.  Impact of AOE protein or adenovirus (Figures 4-20 to 4-23):  IL-6 

and MCP-1 in the diaphragms of the NSrhSOD/HO group were significantly greater 

(p<0.05) than in NS/NO exposed mice. Compared to the NS/HO group, NSrhSOD/HO 

treatment resulted in a significant reduction (p< 0.05) in IL-6, but not IL-10, MCP-1 or 

GM-CSF.  NSrAdMnSOD/HO, compared to NS/NO, had an increased expression of 

GM-CSF while IL-6, IL-10 and MCP-1 were comparable.  Relative to the NS/HO group, 

NSrAdMnSOD/HO resulted in a significant reduction (p< 0.05) in   IL-6, IL-10, MCP-1 

and GM-CSF.  The MCP-1 concentration from NSrAdMnSOD/HO diaphragm 

homogenates was significantly greater (p<0.05) than following NSrhSOD/HO.  PFC 

delivery of AOE’s, PFCrhSOD and PFCrAdMnSOD, resulted in significantly lower 

(p<0.05) diaphragm concentrations of IL-6, IL-10, MCP-1 and GM-CSF compared to the 

NS/HO group and these PFC treated groups were equivocal to PFC alone.  In summary, 

perfluorochemical preconditioning, independent of SOD, attenuated the HO-induced 

increase in the inflammatory profile.  Compared to the NS/NO control, there were no 
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significant differences between PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD 

for IL-6, IL-10, GM-CSF and MCP-1.  Importantly, all proinflammatory cytokines and 

chemokine concentrations in diaphragm homogenates were less (p< 0.05) in PFC treated 

animals compared to the NS/HO group.  
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Figure 4-20.  Diaphragm Cytokine Profile – IL-6 (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, and exogenous SOD, NSrhSOD and 
NSrAdMnSOD, blunted the HO-induced increase in IL-6.  Compared to time matched 
NS/HO, the IL-6 concentration was reduced (*p< 0.05) in NS/NO, NSrhSOD/HO, 
NSrAdMnSOD, PFC/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  The IL-6 
concentration was reduced (†p<0.05) in NS/NO compared to NSrhSOD/HO, but NS/NO 
was not statistically different than NSrAdMnSOD/HO and all PFC treated groups. (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
 
 
 
 
 
 
 



 

 174

 
 
 
 
 
 
 
 

NS/N
O

NS/H
O

PFC/N
O

PFC/H
O

NSrh
SOD/H

O

PFCrh
SOD/H

O

NSrA
dMnSOD/H

O

PFCrA
dMnSOD/H

O
0

10

20

30

40

** ****

**

IL
-1

0
(p

g/
m

g 
pr

ot
ei

n) **

†

 
 
Figure 4-21.  Diaphragm Cytokine Profile – IL-10 (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, and exogenous SOD, NSrAdMnSOD, attenuated 
the HO-induced increase in IL-10.  Compared to NS/HO, the IL-10 concentration was 
reduced (*p< 0.05) in NS/NO, NSrAdMnSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO 
and PFCrAdMnSOD/HO, but was not statistically different in NSrhSOD/HO.  The IL-10 
concentration was reduced (†p<0.05) in NS/NO compared to NSrhSOD/HO, but there 
were no statistical differences between NS/NO, NSrAdMnSOD/HO and the PFC groups. 
(NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Figure 4-22.  Diaphragm Cytokine Profile – MCP-1 (Mean ± SE):  Perfluorochemical 
preconditioning and exogenous SOD, NSrAdMnSOD, attenuated the HO-induced 
increase in MCP-1.  Compared to NS/HO, the MCP-1 concentration was reduced (*p< 
0.05) in NS/NO, NSrAdMnSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO and 
PFCrAdMnSOD/HO.  Compared to NSrhSOD/HO, the MCP-1 concentration was 
reduced (#p<0.05) in NS/NO, NSrAdMnSOD and all PFC treated groups.  Diaphragm 
MCP-1 was significantly lower (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD.  NS/NO was not 
statistically different than PFC/NO, PFCrhSOD and PFCrAdMnSOD, but was reduced 
(†p<0.05) compared to PFC/HO and NSrAdMnSOD.  (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Figure 4-23.  Diaphragm Chemokine Profile – GM-CSF (Mean ± SE):  
Perfluorochemical preconditioning, independent of SOD, and exogenous SOD, 
NSrAdMnSOD, attenuated the HO-induced increase in GM-CSF.  Compared to NS/HO, 
the GM-CSF concentration was reduced (*p< 0.05) in NS/NO, NSrAdMnSOD/HO, 
PFC/NO, PFC/HO, PFCrhSOD/HO, and PFCrAdMnSOD/HO.  The GM-CSF 
concentration was reduced (†p<0.05) in NS/NO compared to NSrhSOD/HO and 
NSrAdMnSOD/HO.  There were no significant differences between NS/NO and the PFC 
treated groups. (NO: normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: 
recombinant human superoxide dismutase; rAdMnSOD: recombinant adenovirus 
encoding manganese SOD). 
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Diaphragm Oxidative Stress Profile: 

Diaphragm Protein Carbonyl (PC) (nmol/mg protein):  Figure 4-24 shows the group 

dependent differences in the muscle PC on day 3.  A total of 42 mice (N=4-6 per group) 

underwent measurement of muscle PC.  Impact of vehicle alone (NS vs. PFC):  

Hyperoxia exposure significantly increased (p< 0.05) the diaphragm PC concentration of 

mice in the NS/HO group compared to mice instilled with PFC alone.  The diaphragm PC 

concentration was significantly reduced (p<0.05) in NS/NO (-17%), PFC/NO (-16%) and 

PFC/HO (-26%) compared to NS/HO animals.  Impact of AOE protein or adenovirus:  

Relative to NS/HO group, the diaphragm PC concentration was significantly reduced (p < 

0.05) in the NSrhSOD/HO (-39%), NSrAdMnSOD/HO (-27%), PFCrhSOD/HO (-31%), 

and PFCrAdMnSOD/HO (-33%) groups.  Additionally, the PC concentration was not 

statistically different comparing NS/NO and NS treated groups to all the PFC treated 

groups.  PFC preconditioning, independent of SOD, and NS delivery of AOE’s reduced 

protein oxidation of the diaphragm.   
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Figure 4-24.  Muscle Protein Carbonyl (PC) (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, and NS delivery of exogenous SOD, NSrhSOD 
and NSrAdMnSOD, blunted the HO-induced increase in diaphragm PC formation.  
Compared to time matched NS/HO, the PC concentration was reduced (*p< 0.05) on day 
3 for NS/NO, NSrhSOD/HO, NSrAdMnSOD, PFC/NO, PFC/HO, PFCrhSOD/HO and 
PFCrAdMnSOD/HO.  Protein carbonyl formation was not statistically different 
comparing the NS treated groups and the PFC treated groups.  (NO: normoxia; HO: 
hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Diaphragm MnSOD (RLU x 107):  Figure 4-25 shows the group dependent differences 

in the muscle MnSOD on day 3.  A total of 46 mice (N=5-6 per group) underwent 

measurement of MnSOD.  Impact of vehicle alone (NS vs. PFC):  Hyperoxia exposure 

significantly increased (p< 0.05) the diaphragm MnSOD concentration of mice in the 

NS/HO group compared to mice instilled with PFC alone.  The diaphragm MnSOD 

content was significantly reduced (p<0.05) in NS/NO (-75%), PFC/NO (-76%) and 

PFC/HO (-77%) compared to NS/HO animals.  Impact of AOE protein or adenovirus:  

Relative to NS/HO group, the diaphragm MnSOD content was significantly reduced (p < 

0.05) with NSrhSOD/HO (-69%), NSrAdMnSOD/HO (-59%), PFCrhSOD/HO (-85%), 

and PFCrAdMnSOD/HO (-77%) groups.  Additionally, the MnSOD content of the PFC 

delivered AOE’s were reduced (p<0.05) compared to matched NS delivered AOE’s; PFC 

delivered AOE’s were comparable to the PFC alone groups.  Compared to NS/NO, there 

were no statistically significant differences in MnSOD content in NS delivered rhSOD or 

all PFC treated groups.  Perfluorochemical preconditioning, independent of SOD 

administration, blunted the HO stress-induced increase in muscle MnSOD.   

 
 

Diaphragm Histomorphometry: 

Histomorphometry:  Representative muscle micrographs are shown in Figure 4-26.  

Qualitatively, the NS/HO, NSrhSOD/HO and NSrAdMnSOD/HO diaphragm sections 

demonstrated increased cellularity and the muscle fibers appeared larger and more 

rounded in appearance.  There were no qualitative differences between the  
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Figure 4-25.  Diaphragm Oxidative Stress Profile – MnSOD Content (Mean ± SE):  
Perfluorochemical preconditioning, independent of SOD, and NS delivery of exogenous 
SOD, NSrhSOD and NSrAdMnSOD, attenuated the HO-induced increase in diaphragm 
MnSOD.  Compared to NS/HO, the MnSOD concentration was reduced (*p< 0.05) in 
NS/NO, NSrhSOD/HO, NSrAdMnSOD/HO, PFC/NO, PFC/HO, PFCrhSOD/HO, and 
PFCrAdMnSOD/HO.  Diaphragm MnSOD content was significantly lower (**p<0.05) in 
animals treated with PFCrhSOD or PFCrAdMnSOD as compared to NSrhSOD or 
NSrAdMnSOD.  Additionally, the MnSOD content was reduced (#p<0.05) in NS/NO, 
PFC/HO and PFCrhSOD compared to NSrAdMnSOD.  There were no significant 
differences between NS/NO and NSrhSOD or NS/NO and the PFC treated groups.  (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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appearances of muscle sections from the PFC/HO, PFCrhSOD/HO and 

PFCrAdMnSOD/HO treated mice.   

Muscle Damage Score (%):  Figure 4-27 shows the group dependent differences 

in the muscle damage score on day 3.  A total of 37 mice (N=4-8 per group) underwent 

measurement of muscle damage.  Impact of vehicle alone (NS vs. PFC):  Hyperoxia 

exposure significantly increased (p< 0.05) the diaphragm muscle damage score of mice in 

the NS/HO group compared to mice instilled with PFC alone.  The muscle damage score 

was significantly reduced (p<0.05) in NS/NO (-62%), PFC/NO (-72%) and PFC/HO (-

58%) compared to NS/HO animals.  Impact of AOE protein or adenovirus:  There were 

no significant differences in muscle damage score between NS/HO and NS delivered 

AOE’s groups.  The muscle damage scores were reduced in the PFCrhSOD/HO (-47%) 

and PFCrAdMnSOD/HO (-57%) groups compared to NS/HO.  Additionally, the muscle 

damage scores of the PFC treated groups were less (p<0.05) than NSrhSOD/HO and 

NSrAdMnSOD/HO.  There were no significant differences in the muscle damage scores 

among the PFC groups and the PFC groups were comparable to NS/NO.  Following 3 

days of HO exposure, the muscle damage scores in the PFC treated groups were 

significantly lower (p < 0.05) than the NS/HO, NSrhSOD and NSrAdMnSOD groups and 

comparable to NO controls. Perfluorochemical preconditioning, independent of SOD 

administration, blunted the HO-induced increase in muscle damage score seen in all NS 

treated animals.  
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Figure 4-26: Muscle Images, Hyperoxia (HO) groups (H & E; x 400 magnification):  Representative day 3 muscle sections 
showing normal diaphragm appearance in panels PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  NS/HO and 
NSrAdMnSOD/HO panels show increased presence of nucleated cells while NSrhSOD/HO reveal larger and more rounded 
appearing muscle fibers.   
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Figure 4-27.  Muscle Damage Score (Mean ± SE):  Perfluorochemical preconditioning, 
independent of SOD, blunted the HO-induced increase in the muscle damage score.  
Compared to time matched NS/HO, the muscle damage score was reduced (*p< 0.05) on 
day 3 for NS/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  The muscle 
damage score was reduced in NS/NO and all PFC groups compared to NSrhSOD/HO 
(#p<0.05) and NSrAdMnSOD/HO (†p<0.05); specifically, in the HO injured mice 
muscle damage was significantly lower (**p<0.05) in animals treated with PFCrhSOD or 
PFCrAdMnSOD as compared to NSrhSOD or NSrAdMnSOD.  There were no significant 
differences between NS/NO and all PFC treated groups.  (NO: normoxia; HO: hyperoxia; 
PFC: perfluorochemical; rhSOD: recombinant human superoxide dismutase; 
rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Muscle Fiber Diameter (μm):  Figure 4-28 shows the group dependent differences in 

the muscle fiber diameter on day 3.  A total of 36 mice (N=4-8 per group) underwent 

measurement of muscle fiber diameter.  Impact of vehicle alone (NS vs. PFC):  

Hyperoxia exposure significantly increased (p< 0.05) the diaphragm muscle fiber 

diameter of mice in the NS/HO group compared to mice instilled with PFC alone.  The 

muscle fiber diameter was significantly reduced (p<0.05) in NS/NO (-12%), PFC/NO (-

14%) and PFC/HO (-14%) compared to NS/HO animals.  Impact of AOE protein or 

adenovirus: Although, the muscle fiber diameters were reduced NSrhSOD/HO (-5%) and 

NSrAdMnSOD/HO (-7%) compared to NS/HO, there were no significant differences 

between these groups.  The muscle fiber diameters were reduced significantly (p<0.05) in 

PFCrhSOD/HO (-15%) and PFCrAdMnSOD/HO (+19%) groups compared to NS/HO.  

Additionally, there were no significant differences in muscle fiber diameters from 

diaphragm sections between NS/NO, and the NS/HO AOE treated and all PFC groups.  

Perfluorochemical preconditioning, independent of SOD administration, blunted the HO-

induced increase in muscle fiber diameter seen in NS/HO.  Importantly, the muscle fiber 

diameter in the PFC treated groups were significantly lower (p < 0.01) than the NS/HO 

and comparable to NO controls.  
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Figure 4-28.  Muscle Fiber Diameter (Mean ± SE):  Perfluorochemical 
preconditioning, independent of SOD, blunted the HO-induced increase in muscle fiber 
diameter.  Compared to NS/HO, the muscle fiber diameter was reduced (*p< 0.05) on 
day 3 for NS/NO, PFC/HO, PFCrhSOD/HO and PFCrAdMnSOD/HO.  There were no 
significant differences between NS/NO and all NS and PFC treated groups.  (NO: 
normoxia; HO: hyperoxia; PFC: perfluorochemical; rhSOD: recombinant human 
superoxide dismutase; rAdMnSOD: recombinant adenovirus encoding manganese SOD). 
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Discussion: 

The objective of this study was to compare the impact of PFC or NS delivery of 

exogenous antioxidants in HO exposed, spontaneously breathing mice on markers of 

survival as well as markers of lung and respiratory muscle injury.  These data provide 

evidence that PFC liquids alone and NS or PFC delivery of rhSOD and rAdMnSOD have 

differing roles in attenuating HO-induced lung injury.  It was determined that PFC alone 

and PFC delivery of AOE’s is superior to NS delivery of AOE’s in ameliorating HO-

induced alterations in the lung and respiratory muscle.   

The prophylactic treatment with PFC alone resulted in enhanced survival with 

improvements in lung structure and physiology in spontaneously breathing HO-exposed 

mice. rhSOD protein and exogenous SOD delivered in a viral vector, rAdMnSOD, 

delivered in PFC or saline attenuated oxidative stress and inflammation while 

maintaining lung architecture following prolonged HO exposure.  However, the 

combination of exogenous SOD and PFC augmented protection, improved outcomes 

likely due to superior distribution of SOD throughout the lung by PFC.   Superior 

distribution is supported by the LacZ and bioluminescence data showing more uniform, 

bilateral distribution of reporter genes throughout the lung fields.  The data from the 

pulmonary biomarkers confirms that HO damages lung structure and alters function, 

thereby increasing the load placed on the respiratory muscle pump.  Therapeutic 

interventions using PFC protected the HO-exposed lung leading to preservation of lung 

structure and function, and were superior to NS delivery of AOE’s in reducing diaphragm 

contractile demand, and ultimately superior in reducing diaphragm stress.   
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Under normal conditions, a delicate balance exists between the production of 

ROS and protective antioxidants. Many cell, animal and human studies have suggested 

that acute and chronic lung injury secondary to prolonged HO may be ameliorated by 

administration of AOE, with SOD appearing to have significant protective effects(37; 38; 

53; 67). Transgenic overexpression of MnSOD and CuZnSOD in pulmonary epithelial 

cells enhanced cell growth in HO in vitro(53; 67), and transgenic expression of MnSOD 

in mice enhanced HO tolerance resulting in prolonged survival(152).  Conversly, AOE 

knock-outs demonstrate earlier mortality following HO exposure(23).  Recent clinical 

trials have demonstrated that prophylactic, intratracheal (IT) administration of rhSOD to 

mechanically ventilated premature infants was associated with significant reductions in 

inflammatory changes in the lung and marked improvements in clinical pulmonary status 

(less severe respiratory illness, less hospital readmissions) at a median of one year 

corrected age(36). Thus, developing therapeutic strategies to supplement endogenous 

SOD activities in order to scavenge excess ROS represents a rational approach to 

minimizing lung injury due to oxidant stress. Importantly, this clinically significant 

reduction in respiratory morbidity was found despite the fact that the rhSOD was 

administered IT in small volumes of normal saline which would not be expected to 

distribute uniformly within the lung, especially at the alveolar level(74).  It is speculated 

that PFC properties may further improve the distribution and protective effects of SOD’s 

by enhancing alveolar recruitment and interfering with inflammatory processes, making 

them ideal agents for pulmonary drug delivery of antioxidants(21; 115). 

The current study shows that preconditioning the lungs with PFC enhanced 

survival, maintained pulmonary compliance and gas exchange, reduced markers of 
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oxidative stress and leukocyte activation, and maintained lung architecture.  PFC delivery 

of AOE provided additional benefits regarding oxidative stress and capillary leak.  

PFCrhSOD reduced protein carbonyl formation in lung homogenates and reduced the 

BALF protein concentration compared to PFC alone, PFCrAdMnSOD and NS delivery 

of AOE’s.  PFCrAdMnSOD pretreatment more favorably reduced the W:D ratio 

compared to PFCrhSOD.  Saline delivery of AOE’s did have statistically significant 

beneficial effects on pulmonary biomarkers compared to no intervention.   NSrhSOD and 

NSrAdMnSOD blunted the HO- induced increase in W:D ratio, MPO concentration and 

wall thickness and reduced the HO-associated increase in MCP-1.  In addition, NSrhSOD 

was superior in reducing markers of oxidative stress and more favorably reduced 

capillary leak as measured by BALF protein concentration.  Non-significant trends were 

noted for pulmonary compliance and gas exchange following NS delivery of AOE’s and 

trends were also noted for improved lung histomorphometry in NSrAdMnSOD compared 

to NSrhSOD.  

Hyperoxia with or without mechanical ventilation is used in the management of 

critically ill patients with a variety of clinical conditions. Prolonged exposure to HO 

alone increases the production of ROS resulting in significant damage to the cell 

including membrane destruction, mitochondrial injury, protein nitration, inactivation of 

growth factors, and damage to nucleic acids(45; 61; 163).  Hyperoxic damage to the lung 

is characterized by destruction of the alveolar-capillary barrier, leading to pulmonary 

edema, impaired gas exchange, and possible death(6; 30; 49; 113; 122; 146; 163). The 

current data supports the use of PFC preconditioning of the lung and the administration of 

exogenous AOE’s to protect the alveolar capillary barrier.  Recent studies have 
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demonstrated reduced pulmonary inflammation and improved lung morphology in animal 

models ventilated with PFC compared to conventional ventilation(120; 155; 166).  The 

present study extends this observation to spontaneous breathing and shows that saline and 

PFC delivery of rhSOD and rAdMnSOD along with PFC alone reduced capillary leak 

with PFC delivery of exogenous AOE being superior.  Severe pneumonitis is also a  

prominent feature of HO-induced lung injury, involving inflammatory cell infiltration 

resulting in an increased percentage of leukocytes, most notably neutrophils(122; 163), 

within the BALF and lung homogenates(39; 120) and increased presence of leukocytes 

within the interstitium and the alveolar lumen(35; 43; 146).  Saline delivery of AOE’s 

and PFC preconditioning, independent of SOD, were shown to attenuate HO-induced 

leukocyte activation. 

While surfactant and alternative ventilatory strategies have helped to attenuate 

acute lung injury, these therapies have had little success in reducing the inflammatory 

response associated with HO and mechanical ventilation. PFC liquids are well recognized 

to have high respiratory gas solubility which can effectively support gas exchange. 

Because of this, they can be used to deliver agents to the lung in relatively larger volumes 

of vehicle (i.e. compared to saline), thus facilitating lung recruitment and intrapulmonary 

drug distribution(21; 33; 74; 151).  These liquids mechanically support and protect the 

lung by reducing surface tension, improving lung volume and pulmonary mechanics, and 

lowering oxygen requirements and ventilatory pressures(48; 120; 153).  The PFC 

combination in the present study was chosen due to its demonstrated improvements in 

gas exchange and compliance in a saline-lavage, acute injury model(120).  Whereas these 

previous studies employed PFC liquids as a respiratory adjunct to mechanical ventilation, 
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the current results extend these beneficial findings independent of mechanical ventilation.  

The PFC liquid combination used in the present study was clearly protective against HO 

in this model, demonstrating improvements in survival, gas exchange, pulmonary 

mechanics, indices of capillary leak and oxidative stress.   

While the exact mechanisms that afford PFC liquids a cytoprotective role have yet 

to be definitively elucidated, a number of mechanisms, both indirect and direct, are 

hypothesized.  Indirect mechanism include the formation of a mechanical barrier against 

neutrophil and macrophage infiltration, or altering the diffusion and action of 

inflammatory mediators within the PFC.  Direct mechanism may include modifications of 

cellular responses by the actions of lipid-soluble PFC liquids within the cell membrane(7; 

123; 128; 131).  The current study supports these hypotheses where PFC preconditioning 

and PFC delivery of AOE was superior to saline as a delivery vehicle in decreasing 

leukocyte activation as reflected by the reduced MPO concentration and reducing 

markers of protein oxidative damage as reflected by the decreased PC content in the lung 

homogenates.  Given the physical properties, dose and administration of the PFC liquids 

it is unlikely that the effect is indirect.   

Prior studies have shown that PFC liquids are associated with reductions in the 

cytokine/chemokine concentrations in cell washings, lung and plasma samples when PFC 

is incubated in vitro with blood leukocytes or alveolar epithelial cells(7; 131).   

Moreover, when in vivo intrapulmonary PFC liquids are employed as rescue therapy in 

the treatment of acute lung injury of mechanically ventilated and HO-exposed animals or 

humans, intrapulmonary PFC has been shown to reduce the inflammatory response (32; 

115; 120). These in vivo outcomes reflected the improved gas exchange, lung mechanics, 
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and histological profiles as compared to ventilatory support by conventional positive 

pressure mechanical ventilation with gas.  Interestingly and in contrast to previous 

applications of intrapulmonary PFC liquids, in the current study, spontaneously breathing 

mice pretreated with PFC had increased cytokine and chemokine concentrations in lung 

homogenates compared to the NS groups whether exposed to normoxia or hyperoxia.  

These findings suggest that intrapulmonary PFC may prime the defense mechanisms of 

the lung against potentially noxious stimuli. The PFC-induced expressions of these 

biomarkers were not indicative of lung damage as demonstrated by the favorable 

improvement in lung physiology, oxidative stress, and histomorphometry as compared to 

the NS HO-exposed groups.  Perfluorochemical preconditioning attenuated the HO-

induced increase in proinflammatory cytokines/chemokines and the PFC delivery of 

AOE’s resulted in statistically significant reductions in MCP-1 and IL-6 providing 

evidence of a protective antioxidant effect following HO exposure.   

The observed cytokine profile in the PFC groups compares favorably with other 

studies that have focused on how pulmonary inflammation or antioxidant defenses may 

be manipulated by introducing “inflammatory mediators” into lung injury models.  In this 

regard,  in vitro endothelial cell systems were tolerant to oxidant stress induced by 

hydrogen peroxide following preincubation with IL-6 and resulted in a strong trend 

towards increased MnSOD(149).  Transgenic overexpression of IL-6 decreased 

endothelial and epithelial membrane injury with resultant reductions in markers of 

capillary leak, oxidative stress and, enhanced survival following HO exposure(144).  

Transgenic overexpression of GM-CSF has also enhanced survival, decreased lung 

histological injury scores and markers of apoptosis, and reduced alveolar protein leak 
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while maintaining alveolar fluid clearance(94).  Additionally, intraperitoneal 

administration of MCP-1 enhanced IL-10 and protected mice from endotoxin-induced 

lethality(168).  It is plausible in the current study that the increased SOD content and the 

increased expression of the cytokines IL-6, IL-10, and the chemokines MCP-1 and GM-

CSF found in the PFC preconditioned animals contributed to the observed morbidity and 

mortality benefit in the PFC groups.  Further studies are required to determine the 

mechanisms associated with these beneficial outcomes. 

The improvements in lung physiology, structure and oxidative stress were 

reflected in the biomarkers of muscle injury.  Enhanced muscle loading has been 

demonstrated to alter diaphragm contractility, alter force-frequency relationships and 

increase muscle fatigability(4; 5; 58; 81; 82; 90; 130; 136; 164).  Mechanical injury 

associated with intense muscle contractions results in morphologic changes including 

muscle fiber damage (10; 59; 89; 99) and inflammatory cell infiltration(56; 57) , 

increased expression of proinflammatory cytokines(13; 75; 96; 138; 139; 141; 147), 

markers of oxidative stress(99) and elevated  serum markers of muscle breakdown 

including creatine kinase and lactate dehydrogenase(59; 84).  By preventing untoward 

alterations in lung structure and function, the work of breathing in the PFC treated mice 

was ostensibly reduced compared to NS/HO animals, thus decreasing load and demand 

on the respiratory muscle pump.  The integrity of skeletal muscle fibers, specifically the 

integrity of the diaphragm is essential for development of muscle tension and 

maintenance of alveolar ventilation (165).  The current study provides evidence that 

preconditioning the lung with PFC, independent of SOD, reduced diaphragm demand as 

reflected by the maintenance of normal muscle histomorphometry and attenuation of the 



 

 193

inflammatory and oxidative profiles in the PFC groups.  Respiratory muscle load 

reduction with regards to compliance, gas exchange and histomorphometry was similar 

for PFC alone and the PFC delivered SOD’s, but superior to the NS treated groups.  

Therefore, it was not surprising that muscle alterations were equivocal across the PFC 

treated groups, but superior to the NS treated animals.   Saline delivery of AOE’s did 

result in attenuation of the inflammatory and oxidative stress profiles of the diaphragm in 

HO exposed animals.  Although saline delivery of rhSOD and rAdMnSOD did not 

demonstrate statistically significant differences in the muscle histomorphological profile, 

trends were noted for reduced muscle fiber diameter, and attenuation of the cytokine 

profile was illustrated in the NSrAdMnSOD group.  This is in agreement with reductions 

in leukocyte activation and capillary leak, along with improvements in the oxidative 

stress profile and lung histomorphometry associated with NS delivery of AOE’s.   

    It has been shown previously that PFC fluids are attractive respiratory media for 

pulmonary administration of various drugs by forming stable nanocrystal 

suspensions(33). Several studies have shown the feasibility and efficacy of using PFC 

liquid as a vehicle for the homogeneous delivery of a variety of therapeutic agents during 

mechanical ventilation, including biologically active proteins such as rhSOD and 

adenovirus vectors to distal regions of the lung parenchyma(21; 24; 74; 115; 154).  It is 

interesting that treatment with rhSOD and rAdMnSOD resulted in significant reductions 

in biomarkers of oxidation and inflammation, suggesting that ROS formation was 

significantly reduced in response to prophylactic administration of AOE, especially in 

PFC. However, the addition of SOD had no effect on survival. Previous studies in animal 

models and preterm infants have demonstrated that following intratracheal (IT) 
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administration, rhSOD is found in serum within 4-6 h and excreted in urine with a half-

life of 36-48 hours(37; 38).  Although we did not perform detailed pharmacokinetic 

profiles in the present study, significant amounts of rhSOD were probably metabolized 

during the 3 and 7 day experimental time periods. Repeated IT dosing every 48 hours is 

associated with significant clinical benefits compared to single dosing suggesting that 

further study in this spontaneously breathing, chronically hyperoxia mouse model is 

warranted to elucidate uncoupling between drug-specific targets (e.g. decreased protein 

oxidation and inflammation) and clinical endpoints (e.g. survival).  Additionally, since it 

is not clear how the nanocrystal suspensions of rhSOD in PFC influenced the established 

pharmacokinetics of rhSOD, future studies will utilize repeated dosing while examining 

serum, urine and lung tissue homogenates for SOD concentration and activity.  It is also 

possible that the replication deficient recombinant adenovirus employed as the vector for 

the MnSOD resulted in an immunogenic response(34; 160; 161) or, moreover, the 

upregulation of MnSOD may have reduced the expression of protective 

cytokine/chemokines by a feedback mechanism(134).  Alternatively, it has been shown 

that a 2 fold increase in MnSOD activity optimized epithelial cell survival in HO while 

greater AOE activity results in enhanced cell death(67).  In the current study, PFC 

delivery of rAdMnSOD resulted in an approximate 8 fold increase in MnSOD content.  It 

is possible that the increased SOD concentration impacted cell viability highlighting a 

narrow therapeutic window for AOE supplementation(67). It has also been shown that 

coexpression of AOE’s may provide improved oxidant protection highlighting that the 

balance between SOD, catalase, and glutathione peroxidase appears to be critically 

important(53; 67).  Further studies should investigate additional in vivo dosing for SOD 
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supplementation and PFC, and experiments should be performed to determine whether 

increased expression of MnSOD or PFC altered the balance between MnSOD and other 

AOE’s (e.g.: catalase, glutathione peroxidase).    

 

Summary: 

These data provide evidence that PFC liquids and the exogenous delivery of SOD 

protein and a viral vector encoding SOD play protective roles against HO-induced lung 

injury leading to reduced respiratory morbidity and mortality.  It was demonstrated that 

the delivery vehicle for intrapulmonary exogenous antioxidants can have a significant 

effect on outcomes. Since acute or chronic HO exposure plays a prominent role in 

neonatal, pediatric and adult lung disease, PFC liquid delivery of antioxidants appear to 

be a novel therapy to ameliorate HO-induced lung injury as well as an indirect 

intervention to reduce the load of the respiratory muscles.  When inspiratory muscles 

contract against an advanced load, they are able to maintain the target level of contraction 

for only a limited time period before muscle contractile failure(71; 100). It is believed 

that PFC preconditioning prior to chronic HO is an intervention that protects the lung 

directly and the diaphragm indirectly by modifying the loading conditions on the 

respiratory muscle pump.  Since respiratory pump failure is part of the final common 

pathway of respiratory insufficiency, PFC preconditioning and PFC delivery of AOE’s 

may be novel therapeutic strategies to mitigate the progression to respiratory failure and 

reduce or delay the need for mechanical ventilation in lung injury.  As such, PFC and 

intrapulmonary delivery of antioxidants may decrease long-term complications associated 

with hyperoxic ventilatory requirements.   
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Additional studies should investigate the benefits of additional dose ranges as 

well as determine the impact of repeated doses of intrapulmonary PFC and PFC delivered 

AOE’s in chronic HO.  The current study is a prophylactic approach to HO-induced lung 

and diaphragm injury.  Complementary research should address the temporal impact of 

intrapulmonary PFC and PFC delivered AOE’s as rescue therapy following initiation of 

HO injury as well as establish the benefits of a multiple dosing strategy as rescue therapy.  

Future studies should also investigate the mechanisms leading to the increased cytokine 

and SOD concentrations following intratracheal PFC instillation.  
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CHAPTER 5 
 

CONCLUSION 
 
 
 

Supraphysiologic concentrations of oxygen (O2) are used in the management of 

critically ill patients across the lifespan to correct hypoxemia as well as in more global 

applications such as respiratory support for cardiac or surgical cases. While hyperoxia 

(HO) is necessary to support oxygenation, HO is not a benign therapy.  Hyperoxia has 

been linked to the development of acute and chronic lung pathologies and the adverse 

effects of supplemental O2 are heightened due to the direct exposure of elevated oxygen 

tensions across the lungs' extensive cross sectional area (63).    Under basal conditions 

potentially toxic oxygen metabolites are generated at a low level in lung cells.  Normally, 

a delicate balance exists between the production of reactive oxygen species (ROS) and 

protective antioxidant enzyme (AOE) defense systems.  However, when the lung and its 

extensive surface area is subjected to supraphysiologic oxygen tensions, ROS production 

is increased, overwhelming or inactivating the antioxidant defense system, leading to 

lung injury and potentiating respiratory failure(30; 45). An imbalance between pro-

oxidants and antioxidants defenses leads to oxidative stress and this oxidant disparity is a 

pathologic mechanism underlying lung injury development(26; 145).  Hyperoxia causes 

extensive injury to the lung characterized by damage to the alveolar epithelium and 

capillary endothelium with accumulation of blood components in the interstitium and 

alveolar spaces(6; 49; 113; 122; 163).  Alveolar-capillary barrier disruption is represented 

by permeability pulmonary edema and pleural effusions(49; 122; 146) and increased 

protein content of BALF(65; 163).  The functional consequences of HO-induced damage 
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include altered lung structure and function resulting in impaired pulmonary mechanics 

and gas exchange, altered histomorphometry and eventually early death(49; 113; 122; 

146).   

Research aims of the preceding studies included characterizing the impact of 

normoxia (NO) and hyperoxia (HO) exposure in a spontaneously breathing animal model 

(Sham/ Control) on outcome parameters including survival, lung physiology, cytokine 

and oxidative stress profiles and histomorphometry. Additionally, since normal saline and 

perfluorochemical (PFC) liquids were to be employed as delivery agents of 

intrapulmonary antioxidant enzymes (AOE’s), the impact of intratracheal delivery of the 

vehicles alone, normal saline (NS) versus perfluorochemical (PFC) liquids, was assessed 

with regards to outcome parameters.  The current studies confirm previous findings 

where control mice who underwent Sham operation or intratracheal instillation of NS 

alone presented with increased W:D ratios and increased protein concentration in BALF 

as measure of indices of capillary leak.  This alveolar capillary barrier disruption was 

associated with reduced pulmonary compliance and gas exchange values, increased lung 

oxidative stress as reflected by increased protein carbonyl formation, enhanced 

inflammatory cytokines and ultimately a reduction in survival.   

Given that respiratory failure may be due to inadequacy of the gas exchanging 

function of the lungs and/or an impairment of the ventilatory pump (148), additional 

research aims of the current dissertation project included analyzing the impact of NO and 

HO exposures while determining the influence of intratracheal PFC liquids on the 

diaphragm cytokine and oxidative stress profiles and histomorphometry.  Abnormalities 

of pulmonary structure and function increase the work of breathing necessitating 
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increased respiratory muscle force production to maintain alveolar ventilation(60; 162).  

The diaphragm is a unique muscle with a primary role in inspiration accounting for 60-

70% of lung volume changes during quiet respiration (83; 100).  The diaphragm, as 

opposed to limb muscles, must continually contract and generate greater force during 

progressive loading unless mechanical ventilation or alternative therapies are initiated to 

modify the loading conditions (108).  However, it has also been established that 

mechanical ventilation is not a benign therapy with regards to the respiratory muscle 

pump.   Animal and human studies have shown diaphragm atrophy and weakness, 

decreased antioxidant enzymes concentrations, increased oxidative stress and increased 

proteolysis after relatively short periods of controlled mechanical ventilation(73; 119; 

159).  Unfortunately, there is a paucity of research investigating therapeutic modalities to 

unload the respiratory muscle pump in lung injury.  The current project is an addition to 

this body of literature. 

The integrity of skeletal muscle fibers, specifically the diaphragm, is essential for 

muscle fiber homeostasis and for the development of muscle tension and maintenance of 

alveolar ventilation (165).  When inspiratory muscles contract against an advanced load, 

they are able to maintain the target level of contraction and force development for a 

limited period of time after which the load cannot be sustained any longer (71; 100).  A 

threshold of loading necessary to produce respiratory muscle damage exists, but this load 

that initiates task failure is not defined at this time(14; 71).  This hypothesis is consistent 

with the “Overexertion Theory of Musculoskeletal Disorder Development”, a conceptual 

model where biologic-tissue tolerance is sufficient until a “threshold” is exceeded.  

Below this threshold, resolution of inflammation and adaptive remodeling proceeds 



 

 200

allowing maintenance of tissue integrity.   However, muscular activity that breach the 

tissue integrity threshold results in persistent inflammation, injury and maladaptive 

remodeling(10; 12; 69).  Studies involving muscle overload are consistent with this 

model.  Enhanced muscle loading alters limb muscle and diaphragm contractility, alters 

force-frequency relationships and increases muscle fatigability(4; 5; 58; 81; 82; 90; 130; 

136; 164).  Mechanical injury associated with intense muscle contractions results muscle 

fiber damage (10; 59; 89; 99) and inflammatory cell infiltration(56; 57), increased 

expression of proinflammatory cytokines(13; 75; 96; 138; 139; 141; 147), increased 

markers of oxidative stress(99) and elevated  serum markers of muscle breakdown(59; 

84).  The current data shows that the deleterious events associated with HO-induced lung 

injury in the Sham and NS instilled mice was also coupled with respiratory muscle 

alterations.  Hyperoxia-exposed Sham and NS alone instilled mice had comparable levels 

of respiratory muscle loading as defined by respiratory compliance and gas exchange, 

lung histomorphometry, indices of capillary leak and oxidative stress as well as survival.   

Reflecting these comparable loading conditions were the unfavorable diaphragm 

alterations including increased muscle damage with inflammatory cell infiltration, 

increased muscle fiber diameter as well as enhanced protein oxidation and expression of 

inflammatory cytokines and chemokines.   In addition, it was observed that Sham and NS 

mice were generally lethargic and demonstrated an abnormal breathing pattern following 

HO exposure possibly reflecting an impaired breathing reserve(18). 

Since the use of PFC liquids as a respiratory medium is effective in the treatment 

of severe respiratory disease when combined with mechanical ventilation, it was 

hypothesized that PFC liquids would reduce the HO-induced impairments in lung 
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structure and function, thus reducing the contractile load of respiratory muscles. It is 

known that PFC liquids have high respiratory gas solubility that supports gas exchange 

and that PFC in the lung recruits lung volume, reduces surface tension, improves lung 

mechanics, and lowers insufflation pressures during mechanical ventilation in animals 

and humans with respiratory compromise(48; 72; 95; 153).  Apart from the impact of 

reducing pulmonary mechanotrauma and thus inflammation, there is evidence suggesting 

that PFC liquids may be cytoprotective(120; 155).  Although the exact mechanisms that 

lend PFC liquids a cytoprotective role have yet to be elucidated, a number of mechanisms 

have been proposed including alterations in the diffusion and action of inflammatory 

mediators within the PFC liquids, the impact of lipid-soluble PFC liquids within the cell 

membrane, and the distribution and sustained presence of PFC liquids within the injured 

lung(85; 91; 158).  PFC liquids may reduce the biotrauma of pulmonary inflammation 

associated with mechanical ventilation and HO by indirect mechanisms, such as 

providing a mechanical barrier against neutrophil and macrophage infiltration and 

activation or by directly modifying cellular responses(7; 87; 88; 123; 131). Whereas these 

previous studies employed PFC liquids as a respiratory adjunct to mechanical ventilation, 

the current studies investigated the use of PFC liquids independent of mechanical 

ventilation in a spontaneously breathing model of lung injury. 

The data from the preceding studies provide evidence that PFC liquids play a 

protective role against HO-induced lung injury during spontaneous breathing leading to 

reduced mortality and respiratory morbidity.  The study hypothesis that preconditioning 

the lungs with intratracheal administration of PFC will have protective effects in the 

setting of HO-induced lung injury was supported by the observed reductions in 
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biomarkers of pulmonary and diaphragm injury and resultant reduced mortality.  

Additionally, the PFC instilled mice did not demonstrate any functional or structural 

abnormalities following normoxia (NO) revealing that PFC instillation does not harm a 

healthy lung.  Specific benefits attributable to PFC preconditioning in HO exposed mice 

included enhanced survival, improved lung mechanics and gas exchange, reduced 

leukocyte activation and oxidative stress and preserved lung architecture.  Interestingly, 

the expression of cytokine and chemokine in the lungs of PFC instilled mice were 

increased and the PFC-induced expression of these biomarkers was not indicative of lung 

damage.  The lungs of PFC instilled mice also showed an increased MnSOD activity 

independent of NO or HO exposure.  These findings suggest that intrapulmonary PFC 

may prime the defense mechanisms of the lung against potentially harmful HO exposure 

perhaps delaying cell injury and death or enhancing repair mechanisms.  Further 

investigation is required to determine the mechanisms associated with these beneficial 

outcomes.  As previously noted, HO-exposed mice were generally lethargic and 

demonstrated an abnormal breathing pattern after 72 hours of HO-exposure.  The PFC 

preconditioned mice maintained a more normal breathing pattern and continued with 

normal grooming and activity levels within their cages reflecting greater breathing 

reserve.  Supporting the concept of respiratory muscle unloading due to PFC-derived 

lung protection was the respiratory muscle findings.  Perfluorochemical preconditioned 

animals had reduced diaphragm damage scores, reduced diaphragm fiber dimensions and 

an attenuated inflammatory and oxidative stress profile compared to the Sham and NS 

alone mice.  Importantly, the biomarkers in the HO-exposed, PFC group were similar to 

the NO controls providing further evidence of respiratory muscle protection.   
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As previously noted, oxidative stress results from the development of ROS which 

overwhelm or inactivate the endogenous antioxidant defense systems.  Reactive oxygen 

species are toxic to cells leading to alterations in cell function due to damage of major 

cellular components including membrane lipids, proteins and nucleic acids. Research 

investigating therapeutic approaches designed to reduce oxidative stress have suggested 

that acute and chronic lung injury secondary to prolonged HO may be attenuated by 

administration of antioxidant enzymes (AOE), with the superoxide dismutases (SOD) 

having significant protective effects(37; 38; 53; 67).  In addition, since  PFC fluids are 

effective respiratory media for pulmonary administration of various drugs, and PFC 

liquids can improve pulmonary function while attenuating lung inflammation and 

oxidative damage following acute lung injury(21; 115; 120; 128), it was hypothesized 

that intratracheal delivery of antioxidant enzymes (AOE’s) by PFC liquids would be 

superior than NS delivery in reducing oxidative stress thereby  lessening harmful lung 

and respiratory muscle alterations.  Specific aims of the preceding studies were to 

compare the HO-induced lung and muscle alterations in spontaneously breathing mice as 

a function of delivery method, PFC versus NS, of recombinant human SOD (rhSOD) 

protein against replication deficient recombinant adenovirus encoding the gene construct 

for manganese SOD (rAdMnSOD).  

The results provide evidence that NS and PFC delivery of rhSOD and 

rAdMnSOD have differing roles in attenuating biomarkers of HO-induced lung injury.  

NS delivery of exogenous AOE’s did reduce leukocyte activation and capillary leak, 

modified the oxidative stress profile and improved lung histomorphometry.  These 

improvements in lung biomarkers were reflected in the attenuation of the diaphragm 
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cytokine profile.  Additionally, it should be noted that there were non-statistical 

improvements in pulmonary compliance and gas exchange in the NSrhSOD and 

NSrAdMnSOD groups which may also be reflected in the reduced inflammation of the 

diaphragm.   Although improvements in lung and muscle biomarkers were noted 

following NS delivery of AOE’s, it was determined that PFC alone and PFC delivery of 

AOE’s was superior in ameliorating HO-induced alterations in the lung and respiratory 

muscle following HO exposure and, more importantly, resulted in a survival benefit.  

Perfluorochemical delivery of AOE’s did affect pulmonary outcomes after 3 days of HO 

exposure. Perfluorochemical delivery of SOD protein, PFCrhSOD, reduced protein 

carbonyl formation maximally and survival of PFCrhSOD instilled mice was comparable 

to PFC alone while PFCrAdMnSOD was reduced.  Interestingly the cytokine profile, 

specifically IL-6 and MCP-1, was reduced following PFC delivery of exogenous SOD.  It 

was suggested that the enhanced cytokine/chemokine profile may prime the defense 

mechanisms of the lung against noxious stimuli.  Survival was reduced in 

PFCrAdMnSOD compared to PFCrhSOD and PFC alone.  However, the remainder of the 

pulmonary biomarkers were comparable between PFC alone, PFCrhSOD and 

PFCrAdMnSOD treated mice and most importantly, comparable to NO controls except 

for the protein concentration of BALF.  This equivalency of the pulmonary biomarkers 

may reflect the pharmacokinetics of rhSOD and rAdMnSOD.  Previous studies in animal 

models and preterm infants have demonstrated that following intratracheal 

administration, rhSOD has a half-life of 36-48 hours(37; 38) while cell culture studies 

using transgenic overexpression of MnSOD revealed that cell growth is maintained for up 

to 48 hours in HO, but initiated a decline by day 3(67).  It is also possible that the 
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replication deficient recombinant adenovirus employed as the vector for the MnSOD 

resulted in an immunogenic response(34; 160; 161) or, alternatively, the upregulation of 

MnSOD reduced the expression of protective cytokine/chemokines by a feedback 

mechanism(134).  Alternatively, PFC delivery of exogenous SOD was extremely 

effective resulting in an approximate 8 fold increase in MnSOD content.  It is possible 

that the increased SOD concentration impacted cell viability highlighting a narrow 

therapeutic window for AOE supplementation(67).  Further studies are required to 

explore these speculations.   

Regarding respiratory muscle following PFC delivery of AOE’s, the current data 

shows that PFC preconditioning of the lung, independent of exogenous SOD, reduced 

diaphragm muscular demand as reflected by the maintenance of normal muscle 

histomorphometry and attenuation of the inflammatory profile in the PFC groups.  

Respiratory muscle load reduction with regards to compliance, gas exchange and 

histomorphometry was similar for PFC alone and the PFC delivered SOD’s, but superior 

to the NS treated groups.  Therefore, it was not surprising that muscle alterations were 

equivocal across the PFC treated groups.   

In conclusion, since superphysiologic oxygen exposure plays a prominent role in 

the management of primary and secondary neonatal, pediatric and adult lung 

insufficiency, interventions that ameliorate HO-induced lung injury are important 

additions to patient management.  The current dissertation project provides evidence that 

PFC preconditioning and PFC delivery of AOE’s prior to constant HO exposure are 

interventions that protects the lung directly and the diaphragm indirectly by modifying 

the loading conditions on the respiratory muscle pump and appears to shift pulmonary 
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and muscular maladaption to a later time point.  Perfluorochemical liquids appear to be a 

novel therapy to attenuate HO initiated lung injury and may possibly mitigate the cascade 

of events leading to chronic lung disease subsequent to HO exposure. 

Future studies should investigate the benefits of additional dose ranges as well as 

determine the impact of repeated doses of intrapulmonary PFC and PFC delivered AOE’s 

in chronic HO.  Experiments should be performed to determine whether increased 

expression of MnSOD due to PFC delivery or if PFC itself altered the balance between 

MnSOD and other AOE’s (e.g.: catalase, glutathione peroxidase).   The current study is a 

prophylactic approach to HO-induced lung and diaphragm injury.  Complementary 

research should address the temporal impact of intrapulmonary PFC and PFC delivered 

AOE’s as rescue therapy following initiation of lung injury as well as establish the 

benefits of a multiple dosing strategy as rescue therapy.  Future studies should also 

investigate the mechanisms leading to the increased cytokine and SOD concentrations 

following intratracheal PFC instillation.   Additional neat PFC’s,  PFC combinations and 

delivery methods of PFC (e.g.: aerosols versus bolus intratracheal instillation) should be 

explored to determine the most advantageous PFC combination during spontaneous 

breathing to protect the lung and diaphragm.  Additional interventions should be 

investigated that also protect the HO-exposed lung (e.g.:  exogenous surfactant)  and 

determine the impact on respiratory muscle.  Finally, additional studies should include 

non-respiratory muscle analysis to serve as “unloaded” controls.   
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APPENDIX A 

MOUSE PREPARATION PROCEDURES 

 

Tracheal Drug Administration Procedures: 

1. Anesthesia:   

a. Weigh animal and record weight. 

b. Anesthetize animal with intraperitoneal (i.p.) ketamine (40 mg/kg), 

xylazine (8 mg/kg), mark tail, and secure mouse on a warming pad in 

supine position. Depth of anesthesia is assessed by lack of motor 

responses and alterations in respiratory pattern following deep paw pinch. 

c. Subcutaneous lidocaine (0.5%; 0.05 ml) is given prior to instrumentation. 

2. Trachea Drug Administration 

a. Perform tracheal cut down incision approximately 2-3 mm in length. 

b. Locate trachea and gently use forceps for stabilization followed by 

tracheal puncture. 

c. Tracheal puncture is 2 cartilaginous rings distal from the cricoid. 

d. Tracheal puncture is performed using a 29 gauge needle (0.5cc insulin 

syringe) at an angle of approximately 30-45 degrees from horizontal. 

e. The 29 gauge is attached to a 0.5 ml syringe and is inserted approximately 

1-1.5 mm into the trachea. 

f. Verify position of needle in trachea by pulling back on syringe and 

observe for air bubbles; if no air bubbles are observed, needle position is 

questioned and need to be repositioned. 
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g. Once needle position is verified, observe animal’s breathing pattern and 

administer normal saline (2 ml/kg) or PFC (PP2 25%/PP9 75% : 10 ml/kg) 

with/without rhSOD (5mg/kg) or rAdMnSOD (0.24 x 1011 viral particles) 

while animal inspires; observe animal closely for signs of respiratory 

distress (e.g.: agonal breathing pattern; gasping) and modify 

administration of PFC/ NS accordingly; provide supplemental oxygen 

during instillation. If animal suffers respiratory distress, stop instillation, 

lift body 45-60 degrees upward and provide flow-by oxygen. Minimize 

manipulation of trachea and make tracheal puncture as small as possible 

during instillation. 

h. Following instillation, continuously rotate animal until awake and 

recovered from anesthesia to facilitate NS/PFC distribution; grooming 

behaviors are typically observed within 30 minutes post anesthetia. 

3. Preparation of  rhSOD1 (Cu Zn SOD):  NSrhSOD and PFCrhSOD 

a. Each animal will receive 5 mg/kg rhSOD (CnZn SOD protein) in 2mL/kg 

saline or 10 mL/kg PFC 

b. All doses are prepared in 0.50 cc syringes  

c. Labeled SOD comes down from Winthrop as 5 mg SOD in 50 mL Falcon 

tubes. Stored in -20ºC freezer. 

i. Add 2 mL normal saline (NS) to 5 mg rhSOD 

ii. Add 10 mL PFC to 5 mg rhSOD  
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iii. Sonicate until fully suspended. Note: Add frozen gel pack to 

sonicator to offset the increase in water temperature to prevent 

potential SOD inactivation. 

d. Because SOD is more likely to come out of solution in PFC than NS, 

prepare 1 syringe/animal of 200 uL PFCrhSOD suspensions containing 

0.1mg SOD for 20g mouse. This exceeds dose of largest animal @ 

10mL/kg. We will assume that intermittent sonication will provide a good 

suspension but some SOD may come out. So, note volume injected into 

animal and save syringe so that the SOD remaining in the syringe can be 

subtracted.  

e. For saline/SOD, 40ul NSrhSOD suspensions contain 0.1mg SOD for 20g 

mouse.    

4. Preparation of  recombinant adenovirus encoding manganese SOD 

(rAdSOD2 Mn SOD): 

• Prepare all rAdSOD2 in the hood (make sure you are using proper protective 

procedures (ie: gowns/ gloves/ masks/ shoe covers…etc.)  

a. Stock: 2 x 1012
 vp/ml, Lot#: s121505A, 100ul/vial; store in -80°C 

freezer 

High dose:        2 x 1011
 vp =0.2 x 1012 = 100ul of stock 

Medium dose:   0.64 x 1011
 vp =0.064 x 1012 = 32ul of stock 

Low dose:        0.24 x 1011
 vp =0.024 x 1012 = 12ul of stock 

b. rAdSOD2 delivery by PFC (PP2 25%/ PP975%).  
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• Total volume: 10ml/kg.  

• PFC volume = total volume (10ml/kg) – virus volume (low dose:12ul 

= 0.24 x 1011
 vp ) 

• Place virus vials on regular ice to thaw slowly.  

• Weigh mice; mark mice tail; calculate PFC volume for each mouse. 

• Label eppendorf tubes, add corresponding volume of PFC. 

• In the hood, add rAdSOD2 virus (low dose 12ul) to each eppendorf 

tube. Withdraw virus-PFC mixture into 0.5cc insulin syringe and keep 

on ice before instillation.   

 

c. Prepare empty Ad-virus: lot #: K090304; stock 2 x 1012
  vp/ml. The 

procedures are same as above. 

 

• Note: Keep one vial with some amount of volume left for each lot # virus in -

80°C freezer for future test. 

 

5. Mice in Hyperoxia/ Normoxia Chamber(s):  

• 24 hours after tracheal administration, put cages (max. 5-6 mice/cage) in 

hyperoxia or normoxia chamber. Put soda lime in chamber to absorb carbon 

dioxide. Keep oxygen concentration above 95%. Monitor the oxygen 

concentration, carbon dioxide concentration, temperature and humidity 

continuously while mice are in chamber.  Record values on flow sheet. 
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APPENDIX B 

SURVIVAL & PHYSIOLOGICAL DATA COLLECTION 

 

Survival and Physiological Data Collection: 

Survival studies: record date & time of mice death and weigh dead mice. Each day 

divided into four quarter (ie. 1.25day; 1.5day; 1.75day; 2.0day).  Record day and 

weight on flow sheet and input data into GraphPad Prism software. 

 
Physiologic Data:  

Mouse quasi-static compliance measurements: 

• Turn on GRASS instrument approximately 20 minutes prior to measurements.  

• Prior to measurements of lung compliance, you must calibrate the Grass 

polygraph recording instrument.  See calibration procedures located on side of 

recorder. 

1. Anesthetize mice with 20 mg/kg ketamine; 4 mg/kg xylazine i.p.  

2. Isolate trachea and loop a suture around it.  Canulate trachea using the 

polyethylene tracheostomy tube (inner diameter 0.58mm) (insert tube into 

trachea ~ 3mm; careful NOT to perforate the trachea) and tie suture securely. 

Connect the tube to the pressure transducer.  Use 1cc syringe to inflate the 

lungs while observing the pressure tracing.  Increase volume to maximal 

pressure of 30 cmH2O, check for air leak (e.g.:  pressure drops quickly, no 

plateau) or tracheal tube blockage (e.g.:  little volume makes a large pressure 

deflection and maintains plateau). Normally pressure will drop about 25% and 

reach a plateau. Reattach syringe. Repeat inflation two more times.  
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3. Inflation: Use Resistor to adjust baseline before inflation. Fill syringe with 1cc 

air and connected to transducer, insufflate the lungs with 0.05 ml step volume 

changes (1 step= 0.05 ml; 2 step= 0.1 ml) and observe for pressure readings 

on polygraph recorder.  After the pressure reaches a plateau, inflate next 0.05 

to 0.1ml, repeat, till the pressure is approximately ≤ 30 cmH2O. 

4. Deflation: after the last inflation reaches a plateau, withdraw 0.05cc, when 

pressure gets reaches a plateau again, withdraw next 0.05ml, repeat, until the 

pressure decreases to baseline. 

5. Repeat the above inflation-deflation procedures two more times (inflation-

deflation P-V curve).  

 

Pulse Oximetry/ Room air (RA) oxygen challenge: 

1. Pre- anesthetize mice with 20 mg/kg ketamine; 4 mg/kg xylazine i.p.  This 

level of anesthesia should not alter the mouse’s respiratory efforts/ breathing 

pattern.  If alterations are noted, abort measurement.   

2. Place pulse oximetry probe on mouse’s tail.  Measure mouse’s pulse oximetry 

values at baseline condition in hyperoxic (>95% O2) or normoxia chamber; 

then remove mouse from chamber and record pulse oximetry values in room 

air at 2 & 5 minutes post removal from chamber. 
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Wet to Dry ratio measurement: 

1. Pre-weigh weight boats and record this number on flow sheet. 

2. Open chest, use suture to tie off the upper two (apical & cardiac) lobes of right 

lung (see image from: http://geocities.com/virtualbiology/lungs.gif) 

3. Excise the apical and cardiac lobes, place in weigh boat and record the 

number.  Keep the weight boats on bench for tissue drying. 

4. Continue to reweigh the weigh boat for determination of dry weight (dry 

weight) daily until weight stabilizes (< 5% change in daily weights after 

repeated measurements). 

5. Record the wet and dry weights in excel data base for calculation of the 

wet:dry ratio. 

 

Broncholalveolar  Lavage Fluid (BALF) collection: 

1. Lavage the remaining right lung lobes (azygous & diaphragmatic lobes) and 

the left lung with cold, normal saline. 

2. Use 1 ml syringe to instill 0.5ml NS (manipulate gently, keep watching the 

lungs and avoid leakage), apply gentle suction and withdraw slowly. Repeat 2 

more times. 

3. Record the volume (bronchoalveolar lavage fluid, BALF) collected each time 

(should be ~0.3 – 0.4 ml for 1st attempt, and ~ 0.4- 0.5ml for 2nd & 3rd 

attemps. Recovery rate should be ≥ 80%.  

4. Mark the BALF eppendorf tubes with animal ID# and put on ice. 

5. Centrifuge the BALF eppendorf tubes at 3,000rpm, 4°C, for 10 min 

http://geocities.com/virtualbiology/lungs.gif
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6. Remove the BAL supernatant to labeled eppendorf tube, keep on ice and 

transfer to -80 freezer for future use.  
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APPENDIX C 

TISSUE COLLECTION FOR BIOCHEMICAL & HISTOLOGICAL ANALYSES 

 

Lung Tissue Collection:   

After predetermined time point (e.g.:  day 1 or day 3), animal is anesthetized given a 

dose of ketamine (90 mg/kg), xylazine (100 mg/kg) i.p. followed by exsanguinations 

during perfusion for euthanasia.  

1. Isolate trachea and loop a suture posteriorly; tie suture loosely 

2. Perform small incision in trachea for tracheal tube placement 

i. Tracheal tube is PE (polyethelene) 50 tubing (inner diameter 0.58 

mm; 0.023 in.) from IntramedicTM. 

ii. Tubing is attached to a stopcock and 10 ml syringe 

3. Open chest, view heart and identify right superior vena cava (R- SVC), left 

superior vena cava (L-SVC), (right) inferior vena cava (R-IVC), aorta, pulmonary 

artery, right  atrium (RA) and ventricle (RV), left atrium (LA) and ventricle (LV). 

iii. Tie off R-IVC and L-SVC with suture 

iv. Loop suture around R-SVC and right atrium (RA) together and 

knot loosely. 

v. Make small incision in RA, insert catheter (PE  50 tubing attached 

to a stopcock, see above ) about 3-4 mm into RV through RA 

vi. Secure catheter by knotting suture securely around tubing using 

cuff of RA to buttress insertion site (purse string suture). 

vii. Perform small incision in LA 
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4. Inflate lung x 3 maintain static inflation at maximal pressure of 10, 12.5, and then 

15 mmHg (or 13.7 – 20.6 cmH2O). Close stop cock at 10-11 mmHg (~ 15 

cmH2O) 

5. Perfuse lung through RA catheter with cold Millinog’s Buffer x 5ml over 15 

minutes, or until perfusate runs clear from LA. 

viii. For lungs needed to measure oxidative stress (e.g.: SOD activity/ 

content; protein carbonyls) and inflammatory mediators (cytokine/ 

chemokines; MPO), excise both lungs en bloc.  Remove trachea, 

heart and esophagus.  Rinse lungs using 1x PBS buffer and blot 

dry.  Place lungs into a 1.5 ml tubes and snap freeze the lungs 

immediately in liquid nitrogen.  Store in -80 °C freezer until 

homogenization. 

ix. For lungs needed for histological/ immunohistochemical 

examination, fixate by perfusing lungs through RV catheter with 

10% Formalin 3-5 ml over 15 minutes.  Excise the lung en bloc - 

(easier to leave trachea and heart)-  and place the lungs in 10% 

Formalin for 48 hours; wash 30 minutes x 3 with 1x PBS (on 

rotator for 30min each time) and transfer to 70% ethanol. Collect 

and dispose waste formalin in the labeled waste container. 

x. Always store fluorescent labeled SOD lungs in the dark! 
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Respiratory and Skeletal Muscle Collection:  

Excise diaphragm and peripheral limb skeletal muscles from leg;  

i. For muscle sample that will be used to measure oxidative stress 

(e.g.: SOD activity/ content; protein carbonyls) and inflammatory 

mediators (cytokine/ chemokines; MPO):  Rinse muscle using 1x 

PBS buffer and blot dry.  Place muscle into a 1.5 ml tubes and snap 

freeze immediately in liquid nitrogen.  Store in -80 °C freezer until 

homogenization. 

ii. For muscle samples that will be used for histological/ 

immunohistochemical examination:  place the muscle samples in 

10% Formalin for 48 hours; wash 30 minutes x 3 with 1x PBS (on 

rotator for 30min each time) and transfer to 70% ethanol for 

storage. Collect and dispose waste formalin in the labeled waste 

container. 
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APPENDIX D 

IMMUNOHISTOCHEMISTRY PROCEDURES 

 

IL-6 & MCP-1 Procedures: 

 

Removal of Paraffin and Rehydration: 

1) Place the slides in a xylene bath 5 minutes x2.  

2) Shake off excess liquid and rehydrate slides in absolute ethanol (100% ETOH) for 2 

minutes x2.  

3) Shake off excess liquid and place slides in 90% ethanol for 2 minutes x2. 

4) Shake off excess liquid and place slides in 70% ethanol for 2 minutes x1.  

5) Rinse the slides in gently running tap water for 30 seconds (avoid a direct jet which 

may wash off or loosen the section).  

6) Place in 1x PBS wash bath for further rehydration 5 minutes x1.  

Mark/ Identify tissue sections: 

1) use PAP pen or wax pencil to circle tissue sections and create a well to prevent 

overflow of antibodies/ digestion solution 

Inactivation of Endogenous Peroxidase 

Note: This step is performed only when using peroxidase-conjugated secondary 

antibodies or ExtrAvidin-Peroxidase. 
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1) Place the slides on a flat level surface. Do not allow slides to touch each other. Do not 

allow the sections to dry out at any time.  

2) Add enough drops of 3% hydrogen peroxide to cover the whole section.  

a) For 3% H2O2, dilute 1 ml of 30% H2O2 (stored in room 205) with 9 ml of 

methanol (1:10 dilution) 

b) Or use 3% H2O2 stored in refrigerator in room 205 

3) Incubate in covered plastic trays lined with wet paper towels to avoid dehydration of 

tissue sections 30 min. at room temperature.  

4) Wash on shaker in 1x PBS x 5 minutes x3 

Antigen Retrieval - Unmasking of Antigen/ Blocking Buffer: 

Note: Antigen retrieval is performed only in cases where weak or no staining occurs, or 

for antigens requiring "unmasking" according to the primary antibody specifications.  

Antigen retrieval is recommended with formalin fixed tissues due to the formation of 

methylene bridges during fixation, which cross-link proteins and therefore mask 

antigenic sites.   

Enzyme Retrieval: 

1) Apply Pepsin (approximately 50- 100 μL) to cover tissue sections and incubate for 2-

30 min. at 37 °C. Extending the incubation time may also enhance specific staining, 

but need to be cautious since extended incubation may damage tissue or increase 

background staining. 

a) For mouse lung/ muscle: 10 minutes 

2) Wash on shaker in PBS for 5 minutes x 3  
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Blocking Step: 

• Pre-incubation of the sample with serum for 5- 30 min. prior to the primary 

antibody reaction may decrease background staining. For best results with animal 

tissues, use 5% to 25% normal serum from the same species as the host of the 

secondary antibody. 

• Optimal dilution and incubation times should be determined for each primary 

antibody prior to use.  

1) Dilute goat serum 1:4 with PBS (now 25%). Examples: 

a) Add 6 ml of PBS to 2 ml of pure aliquoted goat serum 

b) Add 3 ml of PBS to 1 ml of pure aliquoted goat serum – should allow 10 slides 

(assuming 3-4 tissue sections/ slide) 

2) Apply 25% goat serum to cover tissues (approx 100 µl/ section) and incubate x 30 

minutes at room temperature in covered, hydrated containers 

Primary Antibody Step: 

1) Allow the slides to drain, shake off excess fluid with a brisk motion and carefully 

wipe each slide around the sections.  

a) Don’t rinse off blocking solution, only tap off slides 

2) Dilute the primary antibody or negative control reagent to its optimal dilution in 

diluent. The diluent alone may be used as a negative control. A positive control slide 

(a tissue known to contain the antigen under study) should also be run.  
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IL-6 antibody: (MCA1490 rat anti-mouse IL-6 (purified monoclonal antibody (Abd-

serotec) stored in refrigerator in room 210. 

a) For mouse diaphragm:  1: 25 

i) 1: 25 :  20 μL of Ab to 480 μL of PBS 

(1) IL-6 antibody (MCA1490 rat anti-mouse IL-6 (purified monoclonal 

antibody (Abd-serotec) stored in refrigerator in room 210. 

b) For mouse peripheral muscle (e.g: gracilis):  1: 25 or 1:10 

c) For mouse lung:  1: 10  

d) Negative control – PBS (1x) only 

MCP-1 antibody: (Chemicon, Rabbit anti-rat MCP-1 affinity purified polyclonal 

antibody (#AB1834P) stored aliquoted in -80 freezer in room 214. 

e) For mouse muscle – diaphragm:  1: 500 

(1) 1:500:  2.5 µL MCP antibody in 1247.5 µL of 1x PBS (for 10- 12 slid  es) 

(2) 1: 500:  2 µL MCP antibody in 998 µL of 1x PBS (for 8- 10 slides) 

(3) 1: 500:  1 µL MCP antibody in 499 µL of 1x PBS (for 5 slides) 

f) For mouse peripheral muscle (e.g.: gracilis):  1:500 or 1:250 

g) For mouse lung:  1:250 

h) Negative control – PBS (1x) only 

 

3) Apply enough primary antibody solution to cover the tissue sections (~ 50- 100 μL ). 

DO NOT apply antibody to negative control. 
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4) Tilt each slide in different directions, so the liquid is spread evenly over the slide.  

5) Incubate overnight at room temperature in covered, humidified chamber.  

a) Longer incubations are advised for low density antigens.  

6) Wash the slides in 1x PBS for 5 minutes x 3 on shaker 

Enzyme-labeled Secondary Antibody 

1) Allow the slide to drain. Shake off excess fluid with a brisk motion and carefully 

wipe the slide as before.  

2) Dilute the peroxidase or alkaline phosphatase conjugated secondary antibody in the 

diluent to its optimal dilution.  

a) For IL-6 secondary antibody (Star72/ Goat anti-rat IgG: HRP): 1:50 dilution 

i) dilute 20 μL of Star72/ Goat anti-rat IgG: HRP with 980 μL of PBS (gives 1 

ml total) 

b) For MCP-1 secondary antibody (Peroxidase Goat anti-rabbit IgG): 1:50 dilution 

i) dilute 20 μL of Peroxidase Goat anti-rabbit IgG with 980 μL of PBS (gives 1 

ml total – good for 5-6  slides (consider 50- 100 µL per tissue section) 

3) Apply ~ 50- 100 µl to all slides, covering the tissue sections.  

4) Tilt each slide in two different directions.  

5) Incubate: 

a) IL-6:  3 hours at room temperature in humidified chamber. 

b) MCP-1:  2 hours at room temperature in humidified chamber. 

6) Wash in 1x PBS for   5 minutes x3 
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DAB Enzymic Reaction: 

• Substrate Preparation 

It is recommended to prepare the substrate mixture during the final wash step. 

Remove DAB tablets from freezer and let sit at room temp for 30 min. prior to 

wash step. 

1) Add 2 tablets (1 gold, 1 silver) to 5 ml of de-ionized water and vortex until tablets 

dissolve 

a) Add tablets during last wash step 

2) Apply DAB  to tissues and incubate x 10 minutes in humidified chamber 

3) Wash with PBS x 5 minutes x 3 

Counterstaining: 

• Nuclear Fast Red counterstaining is recommended for muscle, lung and other soft 

tissues 

1) Rinse with tap water 

2) Incubate sections for 2 minutes with Nuclear Fast Red counterstain 

3) Wash with tap water x 4 minutes x3 

4) Rinse with PBS x 5 minutes  

5) Rinse with dH2O x 1 minutes 

6) 70% alcohol x 2 minutes 

7) 95% alcohol x 2 minutes x2 

8) 100% alcohol x 2 minutes x2 
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9) Xylene x 5 minutes x 2 

10) Cover samples with Permount and cover slips 

11) Dry flat and at room temp overnight.  Clean slides with razor blade after slides have 

dried 

You should see a colored product at the site of antibody binding where the chromogen 

has precipitated.  This corresponds to the location of your target protein in the tissue 

section. 
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APPENDIX E 

CYTOKINE/ CHEMOKINE ELISA PROCEDURES 

Adapted from Q-PlexTM Mouse Cytokine Array, BioLegends, Inc.; San Diego, CA 

 

Precautions: 

• On the day of performing cytokine assay, first confirm that the FUJI camera is 

available for use later in day, and set up the camera parameter in accordance with 

the instructions. 

• Always keep unopened kit refrigerated at 4°C. Keep plate sealed until needed.  

• Prevent contamination by following instruction exactly, using properly 

functioning equipment and practice aseptic techniques. 

• Reagents should be at room temperature before they are added to the plate, with 

the exception of the Wash Buffer, which should be stored at 4°C. 

• Perform the test at room temperature: 20-25°C. 

• Do not mix Substrate A and B until instructed. 

• Do not take longer than 10 minutes to add standard and samples. 

• Storage of reconstituted reagents: a. Antigen Standard must be frozen at -20 °C 

after reconstitution for future use (good for 1 week). b. The remaining reagents 

can be stored at 4°C. c. Sample Dilution Buffer good for 6 months; d. Detection 

Antibody Mix and Streptavidin-HRP good for 1 week; e. Wash Buffer good for 1 

year; f. Substrate A&B mix stable for 4 months. g. Unused strip wells must be 
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covered and sealed in the Mylar ziplock bag to insure that the strip wells do not 

dry out; plates will be stable for 6 months at 4°C. 

• Do not touch the pipette tips on the side of the well when adding samples, 

standards, detection mix, Streptavidin-HRP and Substrate mix. 

• A video demonstration is available at www.quansysbio.com at “support- product 

support”. 

 

1. Check FUJI camera in Old Medical School (OMS) Room 222. 

2. Reconstitute Antigen Standard: add 300ul sterile dH2O to the vial, vortex until the 

lyophilized Antigen Standard is fully reconstituted. 

3. Reconstitute Sample Dilution Buffer: add 10ml of sterile dH2O, vortex, then mix 

solution thoroughly by hand for 30 seconds to make sure that the buffer is a 

homogeneous mix. 

4. Reconstitute Wash Buffer: place 50ml of the 20x Wash Buffer in a clean, sterile 1 

liter bottle or flask.  Bring up to 1 liter with deionized water.  Invert/ mix bottle or 

flask.   

5. Write date on reconstituted reagent vials and leave them on bench top until used. 

6. Record mouse ID number, tissue type (L-lung; D-diaphragm) and dilution ratio on 

a blank template form for 96-well plate assay. For standard curve, record Antigen 

Standard, 1:2, 1:4, 1:8, 1:16 and Sample Dilution Buffer from G1-G6 and H1-H6, 

make G1 and H1 duplicated, and so on. 

http://www.quansysbio.com/


 

 251

7. You will need:  2 “cold” racks; mega titer plate for serial standard dilutions and 

sample dilutions; 8-channel pipette; check the accuracy of the multi-channel 

pipette prior to use.  

8. After thawing samples on ice, place tubes in a “cold” rack in the order as recorded 

on template form.  

a. For mouse lung supernatant dilution(1:5): 

i. Add 60ul of Sample Dilution Buffer to each well in columns 1, 3, 

5, 7, 9, 11 of the mega titer plate (easier way: pour sample dilution 

buffer into small tray container, use 8-channel pipette to add 

buffer. (Hint: before addition of samples, place a cover over G1-6 

and H1-6 wells which are for the standards). 

ii. Vortex lung supernatant tubes and spin tubes in a mini centrifuge 

for 1min to avoid precipitate. 

iii. Remove 15ul of lung supernatant and expel carefully into the 

corresponding well on the mega titer plate (make sure the well 

contains the correct sample buffer volume); gently pipette/ mix the 

sample/ buffer. Place the supernatant tube on the other “cold” rack 

at the same position.  

iv. When finished one row, cover that row with a plate cover. Repeat 

above steps, until all samples are diluted and mixed thoroughly. 

b. For mouse muscle (diaphragm, limb/ peripheral (e.g.: gracilis) muscle) 

supernatant dilution (1:2):  
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i. Add 35ul of Sample Dilution Buffer to each column of wells:  #1, 

3, 5, 7, 9 and 11 columns on the mega titer plate. 

ii. Vortex muscle supernatant tubes and spin tubes in mini centrifuge 

for 1min. 

iii. Remove 35ul of muscle supernatant to the corresponding well 

(containing the correct sample buffer volume); gently pipette mix 

the sample/ buffer.  

iv. Repeat above steps. 

c. For BAL supernatant 3 day group 

i. PFC Groups: 1:3 dilution ( 50ul of sample dilution buffer + 25ul 

BAL supernatant) 

ii. Other groups: 1:1 dilution ( 65ul BAL supernatant) 

9. Six Point Standard curve Preparation 

a. Add 65ul of Sample Dilution Buffer to each well from G2-6 on the mega 

titer plate. 

b. Transfer 65ul from Antigen Standard to well G1 on the mega titer plate. 

c. Transfer 65ul from Antigen Standard to G2 and pipette mix thoroughly. 

d. Remove 65ul from G2 to G3, pipette mix thoroughly. 

e. Carry out these serial dilutions from G3 to G5 (no G6) with one pipette 

tip.  

f. The serial standard dilutions are G1 antigen standard; G2 1:2; G3 1:4; G4 

1:8; G5 1:16; G6 sample dilution buffer. 
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10. Addition of Antigen Standard Dilutions and diluted samples to the Q-Plex 

cytokine plate (reminder:  Do not take longer than 10minutes to load samples). 

a. Open a 96-well cytokine array plate and set up 8-channel pipette to 

dispense 30ul per channel. 

b. Remove diluted sample 30ul from each well of the mega titer plate to the 

Q-Plex plate in the order outlined on the plate template form (Before 

adding samples, place a small plate cover over the standard wells (ie.  G1-

6 and H1-6). 

c. After loading one row, cover that row with plate cover. Repeat steps a-c. 

d. Remove 30ul of each serial diluted standard from mega titer plate G1-G6 

to the Q- Plex plate rows G1-6 and H1-6 in duplicate.  

e. Place a cover over the entire Q-plex plate. Place the plate back on the 

orbital shaker at #7/ 160rpm, for 1 hour at room temperature. 

f. Put Antigen Standard vial into -20 °C freezer, and Sample Dilution vial to 

4°C refrigerator.  

11. Reconstitute Detection Antibody Mix: add 3.5ml of sterile dH2O to the vial 

labeled Detection Mix, vortex the vial until it is fully reconstituted. Write date on 

vial and leave it on bench top. 

12. Wash the plate 4 times with Wash Buffer: 

a. Take out Wash Buffer from refrigerator, and pour into the labeled plastic 

container. 

b. Remove the cover from the plate and aggressively flick the solution out of 

the plate over the sink. 
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c. Pipette 200ul Wash Buffer into each well with 8-channel pipett 

d. Aggressively flick the wash buffer from the plate over the sink. 

e. Tap the plate upside down against paper towels to remove any excess 

wash solution. Remove the wet paper towel between washes. 

f. Repeat step c to e 2 more times. 

g. Inspect the plate for residual wash solution. If there is residual wash 

solution, tap the plate more aggressively against clean paper towels. 

13.  Addition of Detection Mix. 

a. Pour Detection Mix to a labeled plastic container (tray). 

b. Add 30ul Detection Mix to each well with 8-channel pipette from the left 

column of the pate to the right. 

c. Replace the seal cover to the plate. 

d. Place the plate back on the orbital shaker at 160rpm for 1 hour at room 

temperature.  

e. Recollect Detection Mix and put vial in 4°C refrigerator.  Wash the 

Detection Mix container with dH2O and put on bench to dry. 

14. Check and set up camera. 

15. Reconstitute Streptavidin-HRP: add 3.5ml sterile dH2O to the vial, vortex, until 

the lyophilized streptavidin-HRP is fully reconstituted. Keep vial on bench top. 

16. Wash out Detection Mix from the plate x 4 times with the predetermined wash 

method (step10). 
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17. Addition of Streptavidin-HRP to the Plate. 

a. Pour Streptavidin-HRP into labeled plastic container. 

b. Add 30ul of Streptavidin-HRP to each well with 8-channel pipette. 

c. Place the cover over the plate. 

d. Place the plate back on the orbital shaker at 160rpm for 15 minutes at 

room temperature. 

e. Recollect HRP and put vial in refrigerator.. 

18. Remove and wash the Streptavidin-HRP from the plate using the same wash 

method above (step 10) x 7 times. Vigorously tap plate on paper towel between 

washes and frequently change wet paper towels. Check plate for residual solution 

and tap 2-3 more times to make sure the wells are dry. This wash is very 

important for diminishing the background. Place a new plate cover on the plate 

for transport to camera room. (You can skip step 19 to 20 if calibration step 

already completed). 

19. Prepare Calibration Strip, while Streptavidin-HRP plate is on orbital shaker. 

a. Put one calibration strip securely in the plate rack. Keep unused strips in 

refrigerator in a sealed bag. 

b. Add 30ul of Calibration Detection Mix to each well of the strip. (Note: the 

calibration detection mix is different with the detection mix in the Q-plex 

kit. The latter does not work on calibration strip). 

c. Put a plate cover on the plate and rotate on the orbital shaker at 160rpm 

for 5 minutes at room temperature. 

d. Wash the plate 6 times with the same method above (step 10). 
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e. Cover plate/ calibration strip for transport to camera room. 

20. Take LAS-3000 Q-Plex NP tray, mouse pad, 8-channel pipette, a box of 200ul 

pipette tips, Substrate A and B, one substrate mix container, Q- Plex array plate 

with plate cover, calibration strip with plate rack and flash drive to camera room 

(OMB Rm. 222). 

21. Check camera setting: 

a. FUJI camera power is on. 

b. Put the mouse pad beneath the glass of the tray, open the door of the 

imaging box, place the tray and gently push forward until hear “click” 

sound, close door. 

c. Open “Image Reader LAS-3000” on desktop.  

d. Set up image parameters (the door of imaging box remains closed):  

i. Lite (if “proto” is on, click it, then click OK) 

ii. Exposure type: Precision, 3 minute;  OR select “ Incremental  30 

seconds” 

iii. Sensitivity Resolution: High Resolution 

iv. Invert Pixels: off  

v. Camera temperature: Ready -30°C 

e. Click on “Darkbox Option Setting”, tray position: 3 (180 x 120mm), click 

on “NEXT”, confirm settings: 

i. FUJI- chemilumi- 3- NP 

ii. Light: None (no light needed for Q-plex plate while imaging) 

iii. Filter: 1 through 
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iv. Iris: F 0.85 

v. Then click OK 

f. On screen, click “Adjust Focus”, use the “up” or “down” to make the 

spots on mouse pad clearer, and then click “Return”. (Hint: focus 

adjustment is usually minor; if large corrections are required, confirm that 

camera function is OK – use mouse pad and/ or calibration strips). 

22. Combine similar volumes of Substrate A and Substrate B into a labeled plastic 

container (tray). Gently mix substrate well by hand. Allow the mixed Substrate to 

sit at room temperature (You can skip steps 23-25 if not performing calibration 

strip). 

23. Add 40ul substrate mix to each calibration strip well with 8-channel pipette.  

24. Remove mouse pad from the tray, put calibration strip plate into the tray, and 

close the door. 

25. Click “Start”, the camera takes image. If the image of the spots on calibration 

strip is clear, click “STOP”, save image as both .img and 16bit.tiff file. Click 

“Complete”, the camera will be ready for next image with the same setting from 

last image.  

26. Add 40ul substrate mix to each well on the Q-plex plate with 8-channel pipette 

(avoid making bubbles; push the pipette to the first stop. i.e.: do not “blow-out” 

the pipette). Inspect plate and make sure that there are no bubbles in the wells.  If 

bubbles are present, gently touch bubbles with clean pipette tip. Allow the 

substrate to incubate in the wells for 30 seconds prior to imaging the plate. 

27. Precaution: 
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a. Do not touch the pipette tips on the side of the well when adding substrate. 

b. The plate should be handled gently after addition of substrate with no 

unnecessary bumping or vibration. 

28. Take out calibration strip plate, put in Q-plex cytokine assay plate beneath the 

glass of the tray, close the door. 

29. Click “START” 

a. For “Precision” exposure, it will take one picture after a pre-selected 

exposure time (e.g.: 3 minutes). If the spots on the wells are dim, increase 

exposure time and click “START” again. Otherwise click “Complete” and 

save data.  

b. For “Increment” exposure, the camera will continuously take pictures at 

pre-selected time (e.g.: 30 seconds) intervals. After taking several pictures, 

when the spots on the image become red (saturated), stop imaging (totally 

it will spend about 5 minutes, and you will get 12-16 pictures). Make sure 

that the top two points on the standard cure are not saturated. 

30. Save data: click the picture which you want to save, open “Wolfson” folder, 

create a new folder/ name it, and save each picture as both FUJI .Img and 16 bit 

linear TIFF Format. 

31. After saving, click “Complete”, system will be ready for imaging next plate. You 

can take 2 minute and/or 4 minute precision image and save each. 

32. Open saved file: click on “Multi Gauge” on desktop, open file from “Wolfson” 

folder, open a file, click “image”, go to “display color”, then click “positive”, the 
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picture will be changed from white background black spots to black/white. 

Confirm that image is of usable quality for Q- Plex analysis. 

33. All images for analysis will need to be resaved in TIFF format for analysis by Q- 

Plex software 

a. Open Adobe Photo Shop. 

b. Open TIFF image file from “Wolfson” folder and resave as 16 bit TIFF in 

IBM/ PC format. (Click IBM on a new window).  

c. If images are not saved a second time (using Adobe Photoshop), the 

images are not recognized by the Q- Plex analysis software. Images will 

appear “grey” in color with no clarity.   

34. Connect the flash drive to PC and transfer files for analysis on lab computer.  

35. Open Adobe Photoshop, open image file from flash drive. The image will be 

black spots with white background. Click “image” then “invert”, the image will 

change to white spots with black background, save the image. 

36. Quantify and analyze image data. Open “Quansys Array Software” and then open 

the Adobe Photoshop saved file.      

37. Adjust the image quality. Press “Zoom in” icon until the spots are easily visible. 

Press “Gamma +” to make the image brighter. Press “Sharpen” to make the edges 

more distinct and define boundaries…etc.  Sharpening filter can bring out hidden 

information in the image. 

38. Select the “Ellipse” tool to outline each spot; ensure that the ellipse/ object 

encompass the brightest points of the spot you wish to analyze.  First, circle the 

G1 (antigen standard) left uppermost spot, click on that object and press “P” on 



 

 260

the keyboard to make a copy, click on the copied ellipse/ object and drag to the 

next spot. Select the first two objects, press “P” to copy, then press “shift” key 

while using the computer mouse to drag theses two objects to the next two spots 

on the right. Adjust the objects position to ensure they encompass the brightest 

spots/ pixel intensity for analysis. Select the first row of spots, press “P”, and then 

press “shift” and drag objects down with mouse to next row of spots. Repeat 

above steps to finish the first row of standard wells from G1-6. (hint:  use image 

scaling- zoom width to maximize view of plate).  Select all ellipses/ objects from 

G1-6, press “P” to copy, press “shift” and drag the copied ellipses/ objects to H1-

6. Repeat procedure to analyze the entire plate.     

39. Analyze standard spots: circle standard wells G1-6 and H1-6, click Microarray 

Analysis – analyze spots – dialog window – save (SRF Imager Files. csv ) – 

jichuan folder – Q-plex data – name as “standard today’s date (e.g.: standard 

11/20/08)”, close dialog window.  Continue for the remainder of the plate. 

40. Open Excel – open file – q-plex data – click “all files” – open saved data – save as 

( from csv file to Microsoft Excel). In Excel window, open an old data analysis 

file, click data input, copy saved data from the standard excel file, back to excel 

data analysis window, paste on “exported standard curve column “C”, delete old 

exported standard curve value on column “B”, paste the new data. Click “standard 

curve graphs”, review the standard curves and data. 
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APPENDIX F 

PROTEIN CARBONYL ELISA PROTOCOL  

 
Adapted from OxiselectTM Protein Carbonyl ELISA Kit, Cell Biolabs, Inc. 

 
I. Reagent Preparation 

a. 1X Wash Buffer 

i. Dilute 10X wash buffer to 1X using deionized water and stir. 

1. 100mL of 10X buffer in 900mL deionized water 

2. Can be Stored at 4oC but WARM UP to room temperature 

prior to use 

b. Blocking Solution 

i. UP TO A WEEK BEFORE ASSAY DAY: Dissolve 2g of 

Blocking Reagent in 40mL 1X PBS.  This can be stored at 4oC for 

up to a week. 

c. DNPH Working Solution 

i. UP TO A WEEK BEFORE ASSAY DAY: Dissolve 1-5mg of 

DNPH in 1-5mL of DNPH diluent.  The volume of diluent should 

be equal to the mass of DNPH to ensure a 1 mg/mL concentration.  

This solution can be stored at 4 oC in the dark for up to a week. 

ii. RIGHT BEFORE USE:  Freshly prepare by diluting 1mg/1mL 

solution above to 0.04mg/mL using DNPH diluent as the solvent.  

USE IMMEDIATELY after dilution is performed. 

1. 100ul of diluted DNPH (0.04mg/mL needed per well)  

d. Anti-DNP Antibody and Secondary Antibody 
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i. RIGHT BEFORE USE:  Dilute Primary and Secondary antibodies 

to 1:1000 with 1X Blocking Solution from above.  THIS CAN 

NOT BE STORED. 

1. 100ul of each diluted antibody required per well 

2. (Number of wells) x (0.125uL of Antibody) in (Number of 

wells) x (124.875uL 1X Blocking solution) 

e. Other Reagents 

i. 1X PBS 

ii. 50% 1X PBS/Ethanol (v/v) (make fresh before use) 
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II. BSA Standards (~30 minutes) 

a. RIGHT BEFORE USE:  Prepare 10ug/mL solutions of reduced and 

oxidized BSA by diluting 1mg/mL BSA standards in 1X PBS. 

i. To be done in duplicate per assay, 2.00mL of both diluted BSA 

standards are required.   

1. Add 20uL of 1mg/mL oxidized BSA standard to 1.98mL 

1X PBS. 

2. Add 45uL of 1mg/mL reduced BSA standard to 4.455mL 

1X PBS. 

3. Standards/ dilutions are as follows: 

 
Protein Carbonyl BSA Standards 

   
Protein 

Carbonyl 
Standard 

Tubes 
Oxidized BSA 

(uL) 
Reduced BSA 

(uL) (nmol/mg) 
1 400 0 7.5 
2 320 80 6 
3 240 160 4.5 
4 160 240 3 
5 80 320 1.5 
6 40 360 0.75 
7 20 380 0.375 
8 0 400 0 
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III. Protein Assay (Time Required ~7-8 hours) 

a. Dilute protein samples to 10ug/ml in 1X PBS (protein concentration 

previously determined by Bradford Assay).  Each sample and the BSA 

Standard should be assayed in duplicate on the plate. 

i. Perform a 1:10 dilution of mouse tissue samples prior to loading 

the plate.  Use the Reduced BSA standard as the solvent to 

maintain the same overall protein concentration. 

b. Add 100uL of each 10ug/ml protein sample and BSA standards to the 96 

well plate.  Cover Top Plate with clear plastic from the drawer and 

incubate at 4 oC overnight OR for 2hrs at   37 oC.   

c. Wash wells 3 TIMES with 250uL 1X PBS per well.  Aspirate first then tap 

on absorbent paper to remove excess wash solution. 

d. Add 100ul of DNPH Working Solution per well.  Incubate for 45 minutes 

at room temperature in the dark. 

e. Wash with 250uL of 1X PBS/Ethanol (1:1, v/v) per well.  Incubate for 5 

minutes on an orbital shaker.  Aspirate then repeat this step for a total of 5 

times.  Tap on absorbent paper after the 5th wash to remove excess wash 

solution (BE VERY AGGRESSIVE). 

f. Wash 2 times with 250uL of 1X PBS per well. Tap on absorbent paper 

after the last wash to remove excess wash solution. 

g. Add 200uL of Blocking Solution per well. Cover Top Plate with sticky 

clear plastic and incubate at 4 oC overnight. 
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h. Wash wells 3 times with 250uL of 1X Wash Buffer. Tap on absorbent 

paper after the 3rd wash to remove excess wash solution. 

i. Add 100 uL of the diluted anti-DNP antibody to each well. Cover Top 

Plate with sticky clear plastic and incubate for 1 hour at room temperature 

on a slowly spinning orbital shaker.   

j. Wash wells 3 times with 250uL of 1X Wash Buffer. Tap on absorbent 

paper after the 3rd wash to remove excess wash solution. 

k. Add 100 uL of the diluted HRP secondary antibody to each well. Cover 

Top Plate with sticky clear plastic and incubate for 1 hour at room 

temperature on an orbital shaker. 

l. Wash wells 5 times with 250uL of 1X Wash Buffer. Tap on absorbent 

paper after the 5th wash to remove excess wash solution. 

m. Warm Substrate Solution to room temperature.  Add 100uL of Substrate 

Solution to each well.  Cover Top Plate with sticky clear plastic and 

incubate at room temperature for 15 minutes on an orbital shaker. 

n. Add 100 uL of Stop Solution to each well.  Wipe Bottom of Plate and read 

results immediately at 450nm. 

o. Save data in the Protein Carbonyl folder. 

p. Take the plate out from the holder. 

q. Check R-squared and linearity of standard curve. If sample ODs are 

beyond the standard OD range, the sample dilution should be changed and 

the assay should be repeated. 
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APPENDIX G 

MUSCLE HISTOMORPHOMETRY PROCEDURES 

I.  Muscle Damage Grading System: 

The muscle damage score is a numerical scoring system where a 48 point grid is 

superimposed on fixed cross-sections and grids are scored as either normal or abnormal 

muscle morphology.  A grid is categorized as abnormal based on the presence of 

inflammatory cells, pale or variable staining of the cytoplasm or central nucleated fibers .   

• Score a minimum of 3-5 separate, non-continuous sections per mouse ID# 

o Use H&E stained muscle slides 

 

Procedures: 

• Initiate Image Pro Software & open images you wish to analyze: 

o Select 1st image you wish to analyze 

o Apply “Grid mask” from “Process” drop down menu on tool bar 

o Set “LineOrth.grd @ 175 x 175 and hit apply (this creates an 8x6 grid on 

the 40x images) 

o To Analyze: 

o Use scoring system to determine “Normal” versus “Abnormal” 

score of “0” or “1” on data collection sheet 

 Make sure you identify the ID# of the slide. 

o Only score (“0” or “1”) grid box if : 

 > ½ of box is occupied by muscle fibers 
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• If < ½ of box is muscle fibers, record “0” for both 

normal and abnormal 

o Do not score vasculature or nerve 

o Do not score soft tissues/ connective tissues 

 Muscle fibers on slide are oriented in cross section (not 

longitudinal sections) 

o Count and record the “Normal Score” and the “Abnormal Score” 

on data collection sheet and enter into Excel data base. 

 
Criteria for Scoring: Grading 
 
Normal Score (NS) 

o Angular in appearance 
o Peripheral nuclei (may be multi-

nucleated) 
o Uniform staining 

 
0:  abnormal  
1:  normal muscle architecture 

 
Abnormal Score (AS) 

o Abnormal muscle morphology 
o Disruption of sarcolemma 
o Central nuclei 
o Large, rounded fibers 
o Variable staining of fibers 

(pale or alternate staining of 
fibers) 

o Infiltration of muscle fibers by 
inflammatory cells (cellular in 
appearance) 

o Fragmentation of fibers 

 
0:  normal  
1:  abnormal muscle architecture 
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The scoring sheet is as follows: 
 
Mouse ID #:  __________________ 
 
Group:  _______________________ Normal Score (NS):        Abnormal Score (AS):   
 
NS AS NS AS NS AS NS AS NS AS NS AS NS AS NS AS

                

                

                

                

                

                

 
Normal Score:  NS/ NS + AS 
 
Abnormal Score:  AS/ NS + AS 
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II. Muscle Fiber Diameter: 

Myofiber diameter is defined as the maximum diameter across the lesser aspect of the 

muscle fiber and was measured in muscle fibers oriented in cross-section.  This procedure 

(see diagram below) minimizes the distortion which occurs when a muscle fiber is cut 

obliquely during sample preparation(1). 

 

• Using Image Pro Software, measure a minimum of 40-60 individual muscle fibers 

per image section 

• Measure a minimum of 3-5 separate, non-continuous sections per mouse ID# 

o Use H&E stained muscle slides 

o Only use muscle oriented in cross section; avoid longitudinal sections 

o Hint:  sometimes “inverting” image may help distinguish muscle borders 

more effectively. 

• Transfer data output to Excel spread sheet and enter into data base.  
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Cross 
section

Oblique 
section 

Kinking of 
muscle fiber 

Example of the measurement of “lesser” diameter of muscle fibers 
(adapted from Dubowitz Victor and Sewry Caroline A. Muscle 
biopsy: a practical approach. Philadelphia, PA: Saunders Elsevier 
Limited, 2007.  
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