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ABSTRACT
 
Mechanically ventilated patients are at risk of developing Ventilator-Associated Lung 

Injury (VALI). Improved ventilation strategies by lung-protective settings may cause 

hypercapnia. This study investigated whether attenuation of VALI is attributed to 

protective ventilation with low tidal volume (VT) or hypercapnia. Lung injury was 

induced in rats by instillation of 1.25M HCl. Ten rats each were ventilated for 4 hours 

with: Conventional Normocapnia (highVT), Lung-Protective Ventilation (VT 8mL/Kg), 

Injurious Normocapnia (highVT, added dead space), Conventional Hypercapnia 

(highVT, inhaled CO2), Protective Hypercapnia (VT 8mL/Kg, inhaled CO2) and 

Permissive Hypercapnia (VT 8mL/Kg, hypoventilation). Lung-Protective Ventilation 

reduced pulmonary edema compared to Conventional and Injurious Normocapnia. 

Therapeutic hypercapnia reduced alveolar damage and inflammation by reducing IL-6 

and MCP-1 in the lung, and IL-1  and TNF-  systemically. Therapeutic hypercapnia may 

be more effective in attenuating some of the biomarkers of VALI and protecting the lung 

than protective ventilation alone. 
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CHAPTER 1 INTRODUCTION

1.1   Acute Lung Injury 

1.1.1     Definitions and Prevalence
 
Acute Lung Injury (ALI) is a critical condition where damage to the lungs causes 

a severe impairment in gas exchange and hemodynamic deterioration, eventually leading 

to systemic inflammation and hypoxemic respiratory failure (Rubenfeld et al. 2005). 

Based on a survey in the United States, in North America ALI is estimated to develop for 

79 in every 100,000 individuals (Rubenfeld et al. 2005). On average, the mortality rate of 

ALI patients is approximately 38.5% (Rubenfeld et al. 2005), and has been reported to be 

as high as 50% in Europe (Brun-Buisson et al. 2004). The criteria for ALI diagnosis are 

defined by the acute onset of injury with a ratio of arterial partial pressure of oxygen to 

fraction of inspired oxygen (PaO2:FiO2) equal to or less than 300 mmHg (normally at 

500 mmHg), and the presence of bilateral pulmonary infiltrates of non-cardiogenic origin 

(Bernard et al. 1994; Ware and Matthay 2000). The bilateral chest infiltrates are not 

consistent with left atrial hypertension, and therefore suggest the presence of non-

cardiogenic pulmonary edema (Ware and Matthay 2000).  

Acute Respiratory Distress Syndrome (ARDS) is the more severe form of ALI, 

and is defined by a PaO2:FiO2 ratio that is equal to or less than 200 mmHg, along with 

the criteria used for ALI diagnosis (Ware and Matthay 2000). In addition to the impaired 

gas exchange and hemodynamic compromise that is characteristic of ALI, ARDS is 

marked by a hypoxemic state that is more severe than that of ALI (Thomsen and Morris, 

1995). ARDS is a more complex manifestation of ALI, and approximately 20-50% of 
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ALI patients progress to ARDS within seven days of developing ALI. In the United 

States, the ARDS mortality rate is estimated at approximately 41%, and almost 58% in 

Europe (Rubenfeld et al. 2005; Brun-Buisson et al. 2004).  

 
1.1.2     Causes of Acute Lung Injury 
 

Acute Lung Injury may be directly caused by pneumonia, aspiration of acidic 

gastric content or inhalation of toxic substances, and indirectly by sepsis and physical 

trauma, among other conditions (Ware and Matthay, 2000).  The resulting ALI leads to 

severe oxygenation impairment, and thus patients require ventilatory support. This is 

primarily achieved by mechanical ventilation, which is used to restore gas exchange 

(Tremblay and Slutsky, 2006).  However, it is now accepted that mechanical ventilation 

itself, while supportive, has the potential to exacerbate the existing lung injury, and may 

contribute to morbidity and mortality associated with ALI (Tremblay and Slutsky, 2006). 

This exacerbated state has been termed Ventilator-Associated Lung Injury (VALI), and is 

primarily caused by the addition of positive or negative pressure to the lungs during 

ventilation (Pinhu et al. 2003).  

1.1.3     Ventilator-Associated Lung Injury 

VALI subjects the injured lungs to further damage by four primary mechanisms: 

volutrauma, barotrauma, atelectotrauma, and biotrauma.  Volutrauma is the injury caused 

by mechanical ventilation using high tidal volumes (VT) (Dreyfuss et al. 1988). 

Volutrauma has been shown to be injurious to the lungs by causing overdistention  
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(hyperinflation), often to the total lung volume capacity (TLC) (Pinhu et al. 2003; 

Dreyfuss et al. 1988). Clinical trials have demonstrated that ventilation with a VT of 12 

ml/kg predicted body weight produced volutrauma, and resulted in morbidity and 

mortality in ventilated ALI and ARDS patients (Petrucci and Lacovelli, 2004; ARDS 

Network, 2000). Volutrauma is typically accompanied by barotrauma, a mechanism of 

injury caused by ventilation with high inspiratory plateau pressures (Oeckler and 

Hubmayr, 2007). Barotrauma causes severe damage to the connective tissue matrix 

around alveolar spaces, and leads to the leakage of various substances into extra-alveolar 

spaces, including proteins and air (Oeckler and Hubmayr, 2007). Together, volutrauma 

and barotrauma are the adverse effects of ventilatory attempts to restore physiologic gas 

exchange in the short-term, but actually cause VALI in the long-term.  

Atelectotrauma is another common mechanism of VALI, and is characterized by 

alveolar collapse resulting from cyclic opening and closing of alveoli during mechanical 

ventilation (Pinhu et al. 2003). The continuous recruitment and derecruitment of alveoli 

and small airways leads to airway collapse, and thus no gas exchange can occur at these 

collapsed and/or occluded airways. As such, pulmonary gas exchange deteriorates further 

and contributes to the potentiation of VALI. Positive-End Expiratory Pressure (PEEP) is 

often applied during mechanical ventilation in order to prevent repeated opening and 

closing of airways and ultimately improve gas exchange. However, PEEP itself, if 

applied excessively and continuously, has the potential to produce barotrauma by 

damaging the alveolar barrier membranes (Oeckler and Hubmayr, 2007).  

The VALI resulting from volutrauma, barotrauma and atelectotrauma is 

accompanied by excessive stress, strain and physical damage to epithelial cells. This 
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activates various chemical mediators that promote cell and tissue inflammation, a 

phenomenon known as biotrauma (Pinhu et al. 2003; Oeckler and Hubmayr, 2007). 

These chemical mediators are bioactive molecules involved in complex signaling 

pathways. Ultimately, biotrauma is an outcome of widespread inflammation by the 

release of additional cytokines and chemokines from leukocytes and epithelial cells, 

formation of reactive biological species (oxygen- and nitrogen-based), and activation of 

mediators that promote cell death, including tumor necrosis factor-  (Oeckler and 

Hubmayr, 2007). 

1.1.4     Local and Systemic Manifestations of VALI 

Mechanical stress on the lungs causes biotrauma on a local (pulmonary) and 

systemic level. Locally, the release of cytokines, chemokines and other chemoattractant 

molecules from alveolar macrophages and epithelial cells recruits polymorphonuclear 

(PMN) cells such as neutrophils, basophils and eosinophils to the lungs (Imanaka et al. 

2001). PMN cells infiltrate the lungs by adhering to the endothelial surface of pulmonary 

capillaries, aggregating and modifying their shape to translocate from the circulation into 

the lung interstitium (Reutershan and Ley, 2004). Upon entering the lungs, a complex 

network of cytokines and other pro-inflammatory mediators is released into the airspaces, 

thereby potentiating the inflammatory state of the lungs. This process involves activation 

of the transcription factor Nuclear Factor Kappa-B (NF- B), which mediates the 

production of pro-inflammatory genes coding for cytokines, chemokines and other 

inflammatory substances (Fan et al. 2001).  

In its inactive state, NF- B is bound to Inhibitory B (I- B) in the cytoplasm, 

which prevents its translocation to the nucleus. NF- B activation can be triggered by a 
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variety of stimuli, including pro-inflammatory signaling molecules (cytokines and 

chemokines), reactive oxygen species (ROS), and bacterial and viral products at the cell 

surface and intracellularly by toll-like receptor activation (Barnes and Karin, 1997). 

Activation of NF- B is the final stage of the signal cascade initiated at the cell surface, 

and leads to the phosphorylation of I- B, followed by its dissociation from NF- B (Fan et 

al. 2001). In turn, this leaves NF- B free to translocate to the nucleus, bind to and 

transcribe downstream pro-inflammatory mediators such as TNF- , interleukin (IL)-1 , 

IL-6, MIP-2  and IL-8. Anti-inflammatory mediators such as IL-1 receptor antagonist 

(IL-1RA), IL-4, IL-10 and IL-13 are generated in response to the pro-inflammatory 

agents (Goodman et al. 1996). However, in ALI and ARDS, there is a marked imbalance 

between pro- and anti-inflammatory cytokines that correlates with the severity of injury 

and mortality rates (Donnelly et al. 1996). In the lungs, this translates into a disruption in 

alveolar and endothelial barrier function, and programmed cell death (apoptosis), leading 

to deterioration of gas exchange, hypoxia, and acute respiratory failure (Ware and 

Matthay, 2000).  

Respiratory failure may also serve as the gateway to multiple organ failure, also 

known as Multiple Organ Dysfunction Syndrome (MODS). This is by way of a 

“spillover” of inflammatory mediators from the lungs into the systemic circulation (Plötz 

et al. 2004; Slutsky and Tremblay, 1998). The release of inflammatory mediators into the 

circulation from the lungs is facilitated by increased permeability of the alveolar-capillary 

interface, in addition to the fact that the large surface area of the lungs is exposed to a 

sizable fraction of the total circulating blood (Tutor et al. 1994; Debs et al. 1998). While 

the mechanisms of cytokine “spillover” remain unclear, it is possible that the 
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translocation of cytokines into the systemic circulation is mediated by the increase the 

permeability of the pulmonary endothelium. Under physiologic conditions, healthy 

pulmonary endothelium plays an important role in filtering the blood before it enters the 

systemic circulation (Orfanos et al. 2004). Since lung injury has been associated with 

extensive damage to endothelial cells (Orfanos et al. 2004), it is possible that damage to 

the endothelium mediates cytokine spillover from the lungs into the circulation. 

Effectively, this causes a systemic inflammatory response in mechanically ventilated 

ARDS patients, with elevated levels of tumor necrosis factor alpha (TNF- ), IL-6, IL-8, 

and IL-1  in bronchoalveolar lavage fluid (BALF) (Meduri et al. 1995). Though 

biotrauma plays a key role in potentiating VALI, it may not be the only factor associated 

with MODS secondary to mechanical ventilation. It is likely that multiple factors are 

involved in exacerbating the systemic inflammatory response associated with VALI.  

VALI has been shown to have downstream systemic effects on distal organs by 

compromising hemodynamic function. This is especially evident in the effects of 

mechanical ventilation on cardiac output, which is markedly reduced during ventilation 

(Slutsky and Tremblay, 1998). A reduction in cardiac output markedly decreases 

intestinal, hepatic and renal perfusion, leading to the dysfunction and potential failure of 

those organs. A limitation in organ perfusion impairs oxygen delivery to the distal 

organs, potentially leading to dysfunction in these tissues (Love et al. 1995; Gammanpila 

et al. 1977). While a direct relationship between mechanical ventilation and MODS is yet 

to be established, several studies have shown that varying the mechanical ventilation 

settings reduces the likelihood of developing MODS secondary to VALI, ultimately 
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reducing ALI/ARDS patient mortality rates (ARDS Network, 2000; Amato et al. 1998; 

Hickling et al. 1994).  

 

1.2   Mechanical Ventilation

1.2.1     Definition and Context 

Mechanical ventilation is the process whereby positive pressure is applied from a 

machine through the trachea in order to adequately provide fresh gas and ventilate the 

lungs. Mechanical ventilation is widely used in clinical practice to provide ventilatory 

support to critically ill patients. While these patients are typically admitted for conditions 

such as sepsis, trauma, or post-operative care, respiratory failure secondary to such 

conditions is not uncommon. For that reason, mechanical ventilation is the first standard 

of care to provide ventilatory support (Task Force on Guidelines, Society of Critical Care 

Medicine, 1991).  

1.2.2     Modes of Ventilation 

There are several modes of mechanical ventilation used to manage ALI and 

ARDS patients. Mechanical ventilation can provide additional support for spontaneously 

breathing patients, as well as patients that rely completely on mechanical breathing. 

Patients that exhibit some spontaneous breathing efforts can receive varying degrees of 

pressure support ventilation (PSV) to supplement their respiratory function. Patients that 

require complete artificial ventilation undergo controlled mechanical ventilation (CMV), 

a strategy in which the peak airway pressure, respiratory rate and tidal volume are set by 

the ventilator (Hooper, 1998). 
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To facilitate CMV in spontaneously breathing patients, neuromuscular blocking 

agents are sometimes used to abolish spontaneous breathing efforts and facilitate lung 

ventilation solely by the machine (Papazian et al. 2010). This has the added advantage of 

allowing more manipulation of the patient’s respiratory mechanics through changes in 

ventilator settings. A recent multicenter study demonstrated that the use of cisatracurium 

besylate (a neuromuscular relaxant) in patients with early and severe ARDS undergoing 

CMV was effective in improving the adjusted 90-day survival rate, and did not cause 

respiratory muscle weakness when discontinued (Papazian et al. 2010). This suggests that 

the use of neuromuscular blockade to facilitate CMV may improve the outcome of lung 

injury for ventilated patients. In the application of CMV and PSV, Dembinski et al. 

(2002) also showed a better outcome of VALI with an improvement in the 

ventilation/perfusion (VA/Q) distribution in CMV compared with PSV in a pig model of 

ALI caused by repeated lung lavage. However, in that model, PSV appeared to be more 

effective in improving pulmonary gas exchange (Dembinski et al. 2002). Interestingly, 

Putensen et al. (1999) showed that PSV with preserved spontaneous breathing is 

beneficial for ARDS patients, particularly because it improves pulmonary gas exchange 

by altering the VA/Q distribution in the ventilated lung. These studies demonstrate that 

both CMV and PSV contribute to the development and exacerbation of VALI. 

1.2.3     Ventilation Strategies 

CMV settings have been extensively studied and refined in an attempt to find the 

best means of restoring gas exchange and improving the outcome of VALI in patients. 

The conventional ventilation (CV) strategy constitutes the use of high tidal volumes  
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ranging from 10 to 15 ml/kg predicted body weight (Determann et al. 2010; Amato et al. 

1998; ARDS Network, 2000; Broccard et al. 1998; Marini, 1996). Large tidal volumes 

are traditionally used in the ventilatory management of ALI and ARDS patients in order 

to achieve adequate pH and arterial partial pressures of carbon dioxide (PaCO2) and 

oxygen (PaO2) (ARDS Network, 2000). Since large volumes are achieved by large 

inspiratory pressures, conventional ventilation often produces lung overdistention, 

leading to VALI by way of barotrauma, volutrauma, and a potentiated inflammatory 

response. Severe pulmonary inflammation has the potential to spread to other organ 

systems and has been associated with MODS, however this relationship has yet to be 

confirmed (Tremblay et al. 1997; Parker et al. 1993). These findings have also been 

demonstrated experimentally in large and small animal models, including rats, mice, 

rabbits and sheep (Dreyfuss et al. 1988; Veldhuizen et al. 2001; Wilson et al. 2003; 

Bellardine et al. 2006; Savel et al. 2001). 

These outcomes prompted intensive care clinicians to adopt the use of lower tidal 

volumes to promote lung-protective ventilation (LPV). This includes mechanical 

ventilation with tidal volumes ranging from 5 to 8 ml/kg predicted body weight and low 

plateau pressures (ARDS Network, 2000; Broccard et al. 1998; Brower et al. 1999). This 

ventilation strategy was incorporated into the standard management of ALI/ARDS 

patients to reduce VALI by decreasing the ventilation stress caused by excessive lung 

stretch (ARDS Network, 2000). While LPV indeed reduced lung stretch, it also proved 

effective in attenuating pulmonary inflammation by reducing the release of pro-

inflammatory substances and improved fluid clearance from the lungs, which improved   
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the patient mortality rate (Hickling et al. 1990; Hickling et al. 1994; Ware and Matthay, 

2001). However, ventilation with low VT tended to result in a decreased arterial 

oxygenation, increased PaCO2, leading to respiratory acidosis (Hickling et al. 1990; 

Hickling et al. 1994). Meanwhile, an experimental model of VALI using rabbits showed 

that LPV can improve oxygenation, hemodynamic stability and acid-base homeostasis 

(Savel et al. 2001). Overall, experimental models of VALI in rats, mice and rabbits are in 

agreement with clinical trials demonstrating the potential for LPV to attenuate the 

deleterious effects of VALI (Frank et al. 2002; Wilson et al. 2003; Savel et al., 2001).  

The low VT used in LPV can produce hypercapnia (high PaCO2), where the 

PaCO2 rises spontaneously due to the accumulating CO2 as an outcome of a decrease in 

minute ventilation (Hickling et al. 1994; Kavanagh and Laffey, 2006). This phenomenon 

has since been termed permissive hypercapnia (PHC), and is named accordingly because 

it is a tolerated side effect of LPV that has gained acceptance as a therapy for managing 

ALI/ARDS patients (Ismaiel and Henzler, 2011). The effects of PHC have never been 

directly examined clinically or experimentally. However, several clinical studies have 

investigated LPV with permissive hypercapnia as a tolerated side effect (Hickling et al. 

1990; Hickling, 1992; Hickling et al. 1994; Bidani et al. 1994). Though the direct effects 

of PHC remain unclear, PHC has been associated with a reduction in lung stretch, and 

improved patient survival (Hickling et al. 1994; Bidani et al. 1994).  

Realizing the potential benefits of PHC, hypercapnia may no longer be viewed as 

a side effect, but instead as a helpful ventilation strategy (Kavanagh and Laffey, 2006). 

This sparked interest in investigating the effects of therapeutic hypercapnia (THC), where 

a small fraction of inhaled CO2 is added to the gas mixture during ventilation, or 
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physiologic dead space is added (Kavanagh and Laffey, 2006; Ismaiel and Henzler, 

2011). This is used to “deliberately” increase the PaCO2 and induce hypercapnia 

exogenously. The concept of THC remains experimental, since there is evidence 

supporting and rejecting the effects of THC. THC was shown to attenuate pulmonary 

inflammation and free radical production, and preserved pulmonary mechanics in an 

ischemia-reperfusion-induced lung injury model in the rabbit (Laffey et al. 2000b) 

(Figure.1). In vitro, alveolar macrophages incubated with CO2 to induce significant 

hypercapnia (60-146 mmHg) showed a remarkable decrease in the production of free 

radical compounds, particularly the superoxide radical (O2
-) (Kogan et al. 1996). The 

effects of THC thus far have been attributed to the acidotic state that results from 

hypercapnia, termed hypercapnic acidosis (HCA) (Reviewed in Kavanagh and Laffey, 

2006), and is characterized by the decrease in intracellular pH due to the accumulating 

CO2 (Reviewed in Ismaiel and Henzler, 2011). HCA has been associated with a 

reduction in pulmonary inflammation, and cell death (Laffey et al. 2000b) (Figure.1), and 

protects other organ systems in several experimental models of ALI, including that 

induced by sepsis, ischemia-reperfusion, and mechanical ventilation (Reviewed in 

Ismaiel and Henzler, 2011).  

1.3   Hypercapnia and Hypercapnic Acidosis 

1.3.1     Anti-Inflammatory Effects 

Several studies have demonstrated the anti-inflammatory effects of HCA. Laffey 

et al. (2000b) showed a reduction in IL-1  and TNF-  in BALF collected from injured 

rabbit lungs treated with HCA. In this study, the pH was approximately 7.00 after 90 
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minutes of protective ventilation (VT=7.5 ml/kg) with inspired CO2 (Laffey et al. 2000b). 

In cultured human pulmonary artery endothelial cells incubated with endotoxin, HCA 

inhibited the activation of NF- B by a mechanism that reduced I B degradation 

(Takeshita et al. 2003).  This decreased the transcription of intracellular cell adhesion 

molecule (1-CAM) and IL-8 (Figure.1), and limited neutrophil adherence to pulmonary 

endothelial cells (Takeshita et al. 2003). HCA also reduced neutrophil counts in BALF 

and reduced alveolar wall thickening and inflammatory cell infiltration in a rat model of 

ALI induced by intratracheal instillation of endotoxin (Laffey et al. 2004).  

HCA has been reported to inhibit the production of nitric oxide (NO) and other 

NO metabolites such as peroxynitrite and nitrotyrosine in lung homogenates compared to 

untreated control animals, demonstrating a reduction in reactive nitrogen species (RNS) 

(Nichol et al. 2010). This may be mediated by a mechanism that inhibits nitric oxide 

synthase (NOS), thus reducing pulmonary oxidative reactions (Nichol et al. 2010). 

Kristof et al. (1998) provide evidence for this by demonstrating that knocking out 

inducible Nitric Oxide Synthase (iNOS), which produces NO, reduces the susceptibility 

to endotoxin-induced ALI in mice. Shibata et al. (1998) also showed that HCA attenuates 

the production of RNS. In that study, a model of isolated rabbit lung was used to show 

that HCA reduces the activity of the xanthine oxidase enzyme, which is responsible for 

the production of reactive oxygen and nitrogen species (Figure.1). These studies suggest 

an important role for HCA in the attenuation of pulmonary inflammation by reducing the 

production and release of pro-inflammatory mediators, as well as the production of NO 

and its metabolites.  
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Conversely, treatment with inhaled NO improved the histopathologic outcome, 

lung leukocyte counts, and reduced pulmonary oxidant stress in a rabbit model of saline 

lavage-induced ALI (Floretto et al. 2011). In a swine model of sepsis-induced ALI, 

pretreatment with inhaled NO also reduced the production of the superoxide anion and 

neutrophil counts in lavage fluid (Bloomfield et al. 1997). Therefore, the role of NO in 

ALI remains elusive, given the evidence implicating NO as a biomarker of ALI and as a 

potential therapy.  

To better model clinical sepsis, a cecal ligation model of ALI (secondary to 

sepsis) showed that HCA protects against ALI in early and prolonged sepsis (Costello et 

al. 2009). Similarly, Chonghaile and colleagues (2008) demonstrated that HCA 

substantially reduces bacterial counts in a model of bacterial pneumonia-induced lung 

injury in rats. In addition, HCA reduced structural lung damage and produced a lower 

grade of histologic injury compared to normocapnic animals.  

Sinclair et al. (2002) used a model of ALI induced by injurious ventilation in 

rabbits, and showed that HCA reduced pulmonary edema as measured by a decreased 

wet-to-dry lung ratio postmortem, and reduced protein concentrations in BALF. As well, 

HCA-treated animals showed lower inflammatory cell infiltration compared to untreated 

animals (Sinclair et al. 2002).  

More recently, Peltekova and colleagues (2010) provide additional evidence 

highlighting the therapeutic effects of HCA. In that study, a mouse model of ventilator-

induced lung injury treated with HCA exhibited a reduction in several key pro-

inflammatory mediators, including IL-6, Monocyte Chemoattractant Protein-1 (MCP-1), 

Matrix Metalloproteinase-9 (MMP-9), and Keratinocyte Chemoattractant factor (KC). 
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This effect was even more pronounced when HCA was coupled with protective 

ventilation settings. Inhibition of these inflammatory substances was also noted in a dose-

dependent fashion, such that HCA induced with 25% inspired CO2 had the greatest effect 

compared to 12% and 5% CO2, respectively (Peltekova et al. 2010). These effects were 

reflected in the histopathological evaluation of the lungs, which showed a reduction in 

PMN cell infiltrates.  

Therefore, there is a growing body of experimental evidence demonstrating the 

anti-inflammatory effects of therapeutic hypercapnia and hypercapnic acidosis, and lends 

support to its benefits in several experimental models of ALI. In fact, Laffey et al. 

(2000a) and Nichol et al. (2009) both showed that buffering HCA with sodium 

bicarbonate actually exacerbates the existing injury in the lungs and myocardium. This 

was supported by an increase in the wet-to-dry lung ratio and xanthine oxidase activity of 

the lungs after the HCA was buffered with bicarbonate (Laffey et al. 2000a). These 

findings suggest an increase in the production of pulmonary edema and reactive 

molecules with buffering, rendering the effects of HCA ineffective. In turn, this provides 

further support as to the important role of hypercapnic acidosis in the attenuation of 

VALI. Taken together, it is clear that therapeutic hypercapnia and the resulting 

hypercapnic acidosis are closely related, and have been associated with the attenuation of 

lung injury by reducing various biomarkers of VALI.  

1.3.2     Effects on Other Organs 

HCA has been shown to exert its therapeutic effects beyond the lungs in other 

organ systems. Early experiments with HCA in a model of cardioplegia (stopping of the 

heart during cardiac surgery) demonstrated the ability of HCA to protect the working 
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myocardium during ischemia-reperfusion injury and under hypoxic conditions (Nomura 

et al. 1994). Similarly, following ischemia, HCA at a pH of 6.6 was shown to reduce cell 

death upon reperfusion and protect the ventricular myocardium compared to reperfusion 

at a pH of 7.6, where significant cell death was noted (Kaplan et al. 1995). This effect 

was attributed to the inhibition of the Na+/H+ exchanger under acidotic conditions, 

thereby preventing H+ movement into the extracellular environment (Kaplan et al. 1995).  

In a canine model of cardiac infarction, HCA also reduced the infarct size during 

reperfusion (Kitakaze et al. 1997). Findings from these studies highlight the protective 

effects of HCA in the myocardium.  

 The protective effects of HCA have also been examined in the central nervous 

system. Vannucci et al. (1995) demonstrated the neuroprotective effects of HCA induced 

by therapeutic hypercapnia in a model of ischemia-reperfusion in the brain. In that study, 

treatment with 6% CO2 showed the greatest reduction in brain damage in rat pups 

compared to 3% and 9% CO2 (Vannucci et al. 1995). In fact, these same effects were 

exacerbated when hypocapnia was applied. Findings from this study showed that 

hypercapnia is neuroprotective compared to both hypocapnia and normocapnia in the 

developing rat brain. Other studies have also evaluated the protective effects of HCA in 

the brain, including a reduction in neuronal apoptosis, lipid peroxidation, and decreased 

production of free radical compounds (Xu et al. 1998; Barth et al. 1998). This effect is 

likely mediated by the inhibition of various biological enzymes that function optimally at 

physiologic pH. A similar effect has been noted in the liver, where cell death is 

attenuated in hepatocytes treated with HCA (Gores et al. 1989). Together, these studies 
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provide sufficient evidence to support the protective role of hypercapnia and hypercapnic 

acidosis in different organ systems.  

1.3.3     Potentially Harmful Effects 

While many studies (in vivo and in vitro) demonstrated the therapeutic potential 

of hypercapnia and hypercapnic acidosis, others have shown that THC and HCA also 

have deleterious effects. For example, two in vitro studies with rat alveolar epithelial 

cells showed that treating these cells with CO2 increases the production of RNS, and  

increases the expression and activation of iNOS (Lang et al. 2000; Briva et al. 2007). 

Lang et al. used the terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) stain to show that THC increases cell death in alveolar epithelial cells (Lang et 

al. 2000). Despite the conflicting results in the application of THC in vitro, it is important 

to possible that these negative effects were observed in alveolar epithelial cells, whereas 

THC reduced free radical production in alveolar macrophages (Kogan et al. 1996). 

Therefore, it is possible that THC has different effects on different lung cell populations.  

In an ex vivo perfused rat lung model of ventilator-induced lung injury, epithelial 

cell wound healing was impaired under hypercapnic conditions (Doerr et al. 2005). This 

study suggests that THC does not provide healthy physiologic conditions to facilitate 

lung cell repair after injury. Two in vivo rat models of ALI also provide evidence against 

HCA. In one study, hydrochloric acid (HCl) was injected intravenously to cause acid-

induced lung injury. That study showed that treatment with HCA potentiated the 

inflammatory response, increased NO production, and caused hemodynamic instability 

through severe hypotension in the rats (Pedoto et al. 1999). Therefore, Pedoto et al. 

showed that HCA has global deleterious effects in their model of acid-induced lung 
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injury. O’Croinin et al. (2008) used a rat model of endotoxin-induced lung injury by 

intratreacheal E.coli instillation to investigate the effects of HCA sustained for two days. 

In that study, prolonged HCA increased the animals’ susceptibility to subsequent 

bacterial infections, which exacerbated the existing ALI. This effect was likely mediated 

by the immunosuppressive effects of HCA (O’Croinin et al. 2008). As such, this study 

provides evidence that prolonged HCA has deleterious effects, but does not provide the 

same evidence for short-term HCA.   

 Recent work has also demonstrated that therapeutic hypercapnia does not improve 

the outcome of lung injury. Treatment with 5% CO2 in hyperoxic neonatal rats caused 

the greatest degree of histopathologic damage in the lungs, which were scored based on 

the presence of inflammatory cells and hemorrhages (MacCarrick et al. 2010). However, 

therapeutic hypercapnia appeared to reduce the release of pro-inflammatory cytokines IL-

1  and TNF-  (MacCarrick et al. 2010). Lang et al. (2005) also provide evidence against 

hypercapnia (induced permissively, causing acidosis) in a rabbit model of LPS-induced 

ALI. In that study, rabbits received protective ventilation (VT= 7 mL/Kg) for 6 hours 

under normocapnic or hypercapnic conditions. Hypercapnia was shown to increase total 

protein concentrations and cell counts in bronchoalveolar lavage fluid (BALF) compared 

to animals under normocapnic conditions (Lang et al. 2005). Hypercapnia also increased 

pulmonary edema, histopathologic injury, and the expression of iNOS, NO metabolites 

(nitrite and nitrate) and myeloperoxidase content in the lungs (Lang et al. 2005). 

Therefore, there is strong evidence against hypercapnia and hypercapnic acidosis in the 

context of ALI.  
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 Therapeutic hypercapnia has been shown to impair the diaphragmatic muscle 

function of rats. In that study, Kumagai et al. (2001) showed that diaphragmatic muscle 

fibers can degenerate following a 6-week exposure of rats in a 10 % CO2 chamber 

compared to rats exposed to a 6-week exposure in a normocapnic chamber. This study 

involved healthy rats, however the findings may have important implications for 

mechanically-ventilated animals with ALI. This is particularly true at the time of weaning 

from mechanical ventilation because it requires appropriate diaghragmatic function 

(Reviewed in (Ijland et al. 2010).  Jaber et al. (2008) provide additional evidence for the 

diaphragmatic impairment under hypercapnic conditions. In that study, ventilated piglets 

exposed to measured increases in PaCO2 (40, 50,70,90 and 110 mmHg) demonstrated a 

decrease in the contractile force of diaphragmatic muscle that was directly proportional to 

the increase in PaCO2. Impaired diaphragmatic activity may represent an important 

mechanism for worsening VALI as it reduces spontaneous breathing efforts and promotes 

increased dependence on controlled mechanical ventilation. Therefore, these findings 

contribute to the current body of literature demonstrating both the potentially benefical 

and harmful effects of hypercapnia and hypercapnia acidosis.   

 

1.4     Purpose and Hypotheses 

1.4.1     Purpose of the Study 

To date, multiple studies have demonstrated the potential benefits of lung-

protective ventilation, permissive and therapeutic hypercapnia for the attenuation of 

VALI. These effects have been evaluated in several experimental models of ALI, 

including ALI induced by mechanical ventilation, pneumonia, sepsis, and ischemia-
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reperfusion. However, no study has directly addressed whether the attenuation of VALI is 

attributed to lung-protective ventilation (with low tidal volumes and pressures) or the 

resulting hypercapnia (increased PaCO2). In addition, no study has investigated these 

effects in an acid aspiration model of ALI. For that reason, the purpose of this study was 

to determine whether the attenuation of VALI is mainly associated with protective 

ventilation settings or hypercapnia in an aspiration-induced model of ALI. An acid 

aspiration model of ALI was used as a representation of clinical ALI caused by the 

aspiration of gastric acids in patients. If the source of attenuation in VALI is indeed an 

outcome of hypercapnia, is there a difference in the effect of permissive and therapeutic 

hypercapnia? That is, does therapeutic hypercapnia by inhaled CO2 gas offer an 

additional benefit to permissive hypercapnia by endogenous CO2?  

These effects were investigated in a rat model of aspiration-induced ALI with 

different experimental groups subject to controlled mechanical ventilation with lung-

protective settings, permissive hypercapnia and therapeutic hypercapnia. The outcomes 

of the different ventilation groups were evaluated using parameters of hemodynamics, 

respiratory mechanics, gas exchange, histology, inflammation, and programmed cell 

death.   

1.4.2     Research Hypotheses 

There were three hypotheses in the present study. First, it was hypothesized that 

hypercapnia protects the lung from VALI by attenuating inflammation and alveolar 

damage. Second, it was hypothesized that protective ventilation with reduced pressures 

and tidal volumes attenuates VALI. Finally, it was hypothesized that therapeutic 
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hypercapnia with inhaled CO2 is more protective compared to permissive hypercapnia 

with endogenous CO2.  
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CHAPTER 2 MATERIALS AND METHODS 

2.1   Rat Handling and Instrumentation 

 Sixty Male Sprague-Dawley rats (weight, 400-490 g) were obtained from Charles 

River Laboratories (Saint-Constant, QC, Canada). The rats were maintained at the 

Carlton Animal Care Facility at Dalhousie University on  a 12-hour light/dark cycle. The 

rats were housed in conventional cages (10.5” W x 19” D x 8” H) in pairs with Beta Chip 

and hay in the cages. The room temperature was maintained daily at 21-22°C. The rats 

were given unlimited access to Prolab Rodent Chow and water. All rats received daily 

health checks by animal care staff at Dalhousie University to ensure the well being of all 

animals. 

 All experimental procedures and protocols were conducted with approval of the 

University Committee on Laboratory Animals and the Carlton Animal Care Facility at 

Dalhousie University (protocol No. 08-132). Rats were initially weighed using a balance 

scale (Ohaus, Explorer model E0D110, Parsippany, NJ, USA) to determine appropriate 

dosing for anesthesia, analgesia and calculating the appropriate tidal volume for 

ventilation. Rats were anesthetized by intraperitoneal injection of sodium pentobarbital 

(55 mg/kg). The neck and femoral regions of the body were shaved to facilitate access to 

those areas for vessel cannulation. The rats were laid in supine position on a Shor-Line 

stainless steel operating table (22” width x 60” length, distributed by Harvard Apparatus 

Canada, Saint-Laurent, QC, Canada) with an internal surface heater maintained at 37°C. 

Additional heat was also provided by an overhead lamp (Burton Medical, Chatsworth, 

CA, USA) as needed.  
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 During the instrumentation, the rats received oxygen therapy using 100% O2 

delivered from a neonatal ventilator (Evita XL, Draeger Medical Inc., Richmond Hill, 

ON, Canada). The oxygen was delivered through a tube attached to the facial region of 

the rats. An incision was made in the right femoral region, and the surrounding tissue was 

dissected, allowing the isolation of the right femoral artery. A thermocouple temperature 

probe was carefully inserted into the aorta through the right femoral artery to facilitate the 

monitoring of body temperature and the measurement of cardiac output (CO) (IT-21, 

Type T thermocouple copper-constantan, Physitemp Instruments Inc., Clifton, NJ, USA). 

An incision was then made in the neck, and connective tissue was dissected to expose the 

left jugular vein. A catheter was then inserted into the left jugular vein and secured to the 

vessel. The left carotid artery was isolated and cannulated to monitor mean arterial 

pressure (MAP). Finally, the trachea was isolated, and a tracheostomy was performed by 

inserting a 14G cannula into the trachea and securing it in place.  The temperature probe, 

two vessel catheters and tracheal cannula were secured in their positions using fine 

threads tied at the proximal and distal ends of the vessel or trachea.  

2.2   Equipment Calibration  
 
 ChartPro 6.0 software (ADInstruments, Colorado Springs, CO, USA) was run on a 

laptop computer (Fujitsu Siemens Lifebook S7110, Germany) and used to calibrate the 

PowerLab operating system (ADInstruments, Colorado Springs, CO, USA). The 

physiologic pressure transducers (SensoNor SP 844, ADInstruments, Colorado Springs, 

CO, USA) for measuring MAP and esophageal pressure were connected to the PowerLab 

system. Pressure transducers were calibrated with a sphygmomanometer using a two-

point calibration for each transducer. The MAP transducer was calibrated from 0 to 100 
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mmHg, and the esophageal pressure transducer was calibrated from 0 to 100 mmHg, 

which was then converted on a scale of 0 to 130 cmH2O units. The pneumotach (Series 

8420B, rat and guinea pig-specific, Hans Rudolph Inc., Shawnee, KS, USA) was used to 

measure spirometry flow and tidal volume (VT) during each experiment was calibrated 

using a 100 ml calibration syringe (Series 5510, Hans Rudolph Inc., Shawnee, KS, USA). 

The syringe was set to measure a 20 ml volume. Twenty ml of air was pushed through the 

pneumotach and the area under the flow curve was recorded and set to equal 20 ml.  

 The tissue implantable thermocouple temperature probe was calibrated once per 

week using a two-point calibration. The temperature-sensitive tip of the probe was 

submerged into a beaker containing water at 25°C and another beaker containing water at 

37°C, while the other end was plugged into an output port connected to the PowerLab 

operating system. The neonatal ventilator used for oxygen delivery and mechanical 

ventilation was automatically calibrated daily. The ABL 700 blood gas analyzer and the 

species adjusted co-oximeter OSM 3 (Radiometer Canada, London, ON, Canada) were 

automatically calibrated using one and two-point calibrations every 2 hours and 4 hours, 

respectively. The blood gas measurements obtained from the ABL 700 were 

automatically adjusted to barometric pressure.  

 

2.3   Physiologic Measurements 

2.3.1     Hemodynamics 

 The arterial catheter was attached to the physiologic pressure transducer calibrated 

to measure MAP. The thermocouple temperature probe was connected to an output unit, 

and cardiac output was measured using the thermodilution principle. Briefly, 0.5 ml of 

saline solution (0.9% NaCl) was administered as an intravenous bolus and temperature 
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changes were recorded. Cardiac output was computed by the ChartPro software. Two 

cardiac output measurements were taken at each time point, and the mean was calculated 

and recorded. Heart rate was measured using three electrocardiogram (ECG) leads 

positioned according to Einthoven’s Triangle (right arm, left arm and left leg). The ECG 

leads, temperature probe, and MAP transducer were connected to the PowerLab system 

and data was inputted into the ChartPro 6.0 software for live monitoring and recording. 

The cardiac output was measured at baseline and at the end of each hour of ventilation. 

Meanwhile, body temperature, heart rate and MAP were measured at baseline and six 

times during each hour of ventilation using live recordings.  

2.3.2     Respiratory Mechanics  

 The tracheal cannula was connected to the pneumotach, which was coupled to a 

signal amplifier (Series 1110, Hans Rudolph Inc., Shawnee, KS, USA). The ventilator 

was set to deliver mechanical ventilation, and the pneumotach was connected to the 

ventilator. The ventilator was set in BIPAP (Bi-level Positive Airway Pressure) mode. 

The inspiratory pressure on the ventilator was set to achieve a tidal volume of 8 ml/kg, 

PEEP (Positive End Expiratory Pressure) was set to 5 cmH2O, FiO2 (Fraction of Inspired 

O2) set to 1.0 (100% O2), and respiratory rate set to achieve a PaCO2 (arterial partial 

pressure of CO2) of 40-55 mmHg. The Tinsp (inspiratory time) was adjusted to achieve a 

1:1 ratio between inspiratory and expiratory time during ventilation.  

 This set-up provided live monitoring of airway pressure, tidal volume, flow, and 

respiratory rate. Elastance, which is the pressure required to displace lung volume, was 

also measured to indicate changes in the elastic properties of the lung. Mathematically, 

elastance is defined as the airway pressure divided by the tidal volume (E=P/V). Since 
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the mechanical ventilator measures airway pressure and tidal volume, the elastance in 

each group was calculated manually. The elastance was used to measure the presence of 

ALI, since an increase in elastance indicates that more pressure is required to ventilate 

with the set tidal volume. This is indicative of ALI because a higher airway pressure 

suggests that the lung is less compliant to inflate.  

 Esophageal pressure was measured by inserting a 16G cannula into the esophagus 

through the oral cavity. A catheter was attached to the physiologic pressure transducer 

calibrated to measure esophageal pressure, with the distal end inserted into the esophagus 

through the 16G cannula. Esophageal pressure was monitored to ensure that all 

spontaneous breathing efforts were eliminated to facilitate controlled ventilation. Tidal 

volume, flow, airway pressure, respiratory rate, elastance, and esophageal pressure were 

measured at baseline and six times during each hour of ventilation with live recordings.  

2.3.3     Gas Exchange 
 
 Blood gases were measured by collecting 0.3 ml of arterial blood and 0.3 ml of 

venous blood drawn into heparinized syringes. Arterial and venous blood gases and 

oxymetry were analyzed using the ABL 700 blood gas analyzer and the species adjusted 

co-oximeter OSM 3. The pH, PaCO2 and PaO2 in the arterial and venous blood gases 

were measured at baseline and at the end of each hour of ventilation. 

2.4   Experimental Protocol 

2.4.1     Sedation Protocol  

 The venous catheter was connected to a conventional syringe pump (Perfusor 

Space, Braun Medical, Melsungen, Germany) to facilitate the continuous intravenous 
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infusion of 20 g/ml remifentanil and 25 g/ml pancuronium (diluted in 0.9% NaCl in a 

60 ml syringe) at 5 ml/hour. The remifentanil was given at 0.4 g/kg/min to provide 

continuous analgesia and sedation, and the pancuronium was given at 0.2 mg/kg/hr to 

provide neuromuscular blockade to facilitate CMV. The remifentanil was obtained at a 

concentration of 10 g/ml, and the pancuronium was obtained at a concentration of 2 

mg/ml and were diluted with 0.9% NaCl solution to obtain the final concentration. The 

intravenous infusion of remifentanil and pancuronium was continuously delivered 

throughout the duration of the ventilation period. 

 
2.4.2     Acute Lung Injury 
 
 After baseline measurements were completed and respiratory paralysis was 

achieved, acute lung injury (ALI) was induced. Unbuffered hydrochloric acid (pH 1.25) 

was instilled into the trachea through the 14G cannula at 2.5 ml/kg. The acid was instilled 

such that 60% of the total volume was delivered to the right lung and 40% of the total 

volume was delivered into the left lung. First, the tracheal cannula was disconnected from 

the pneumotach and ventilator. The rat was elevated and tilted to the right side, and the 

acid designated for the right lung was slowly pushed through a syringe into the trachea. 

While still tilted to the right, the rat was shaken for approximately 15 seconds to allow 

the acid to spread evenly throughout the three lobes of the right lung. The trachea was 

then re-connected to the ventilator, and airway pressure was adjusted to achieve a tidal 

volume of 8 ml/kg. After ensuring the rat had stabilized after the first acid instillation, the 

same procedure was repeated for acid instillation into the left lung.   

 The rats were ventilated with the same BIPAP settings set at baseline with the 

exception of the airway pressure, which was increased in order to maintain a tidal volume 
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of 8 ml/kg and PaCO2 of 40-55 mmHg. These settings were maintained for one hour of 

CMV in order to allow ALI to develop. During that time, six 2-minute data recordings 

were taken by LabChart, each separated by an 8-minute unrecorded monitoring period. 

At the end of one-hour of CMV, two cardiac output measurements were taken (as 

described above). In addition, arterial and venous blood samples were collected in 

heparinized syringes to test blood gases and oxymetry, and the data were recorded. The 

extent of the lung injury was evaluated based on a marked decrease in the ratio of arterial 

partial pressure of O2 to the FiO2; PaO2/FiO2 or P/F ratio) from baseline. For this study, 

the development of acute lung injury was considered to be a P/F ratio equal to 300 mmHg 

or less, as defined clinically (Ware and Matthay, 2000; Hammer, 2000).  

2.4.3     Mechanical Ventilation  
 
 Once acute lung injury was established, a recruitment maneuver was performed. 

This was achieved by linking the airway pressure to the PEEP on the ventilator, and then 

increasing the PEEP from 5 cmH2O to 7 cmH2O and ventilating at this PEEP for one 

minute. The PEEP was subsequently increased from 7 to 9 cmH2O and held for one 

minute, and finally increased from 9 to 10 cmH2O and held for one minute. The 

recruitment maneuver was performed in order to recruit airways that became closed 

during the development of ALI. After the recruitment maneuver, the PEEP was once 

again returned to 5 cmH2O, and unlinked to the airway pressure.  

 A total of 60 rats were randomly assigned to six experimental groups (each with 10 

animals). The groups varied in the ventilation settings for respiratory rate (RR), VT, 

PaCO2, and the addition of inspired CO2 or dead space. Three groups were ventilated 

under normocapnic conditions (low CO2; PaCO2=40-55 mmHg) and three groups under 
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hypercapnic conditions (high CO2; PaCO2=60-70 mmHg). While ventilation with a low 

or ‘protective’ tidal VT was targeted at 8.0 mL/kg, ventilation with a high or 

‘conventional’ VT was defined by a volume high enough to achieve the target PaCO2. 

Similarly, the low and high respiratory rate settings were defined by a rate necessary to 

achieve the target PaCO2. Meanwhile, protective and conventional therapeutic 

hypercapnia groups received inspired CO2 (1.6%) to increase the PaCO2 to the desired 

target, and the injurious normocapnia group received 1.0 ml of additional dead space 

through added rubber tubing.  The settings for all groups are detailed in Table 1.  

 After random assignment to the groups, the rats were ventilated for three hours in 

each of their respective groups. During each hour of ventilation, six 2-minute data 

recordings were taken, each separated by an 8-minute unrecorded monitoring period. At 

the end of each hour, two cardiac output measurements were taken (as described above). 

Arterial and venous blood was sampled in heparinized syringes to evaluate blood gases 

and oxymetry, and the data were recorded. At the end of the three-hour ventilation in 

each group, 1 ml of arterial blood and 1 ml of venous blood were each drawn into 

syringes containing 0.10 ml ethylenediaminetetraacetic acid dipotassium dihydrate 

(EDTA) to prevent blood coagulation (EDTA was obtained from Sigma Aldrich, 

Oakville, ON, Canada). The blood samples were centrifuged (Brinkmann micro 

centrifuge model 5415, obtained from Eppendorf, Hauppauge, NY, USA) at 5000 rpm for 

15 minutes at room temperature, and the resulting supernatant (plasma) was collected in 

cryotubes. This experimental protocol is summarized in Figure 2.  

 
2.4.4     Tissue Dissection Protocol 
 
 After all recordings and measurements were taken, the animals were sacrificed 
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using 1.0 ml of potassium chloride (KCl) delivered as an intravenous bolus. The table 

surface heater and the overhead lamp were turned off to prevent early tissue degradation 

from the heat. The tracheal cannula was detached from the pneumotach and ventilator, 

and a cuff pressure gauge (VBM Medizintechnik GmbH, Germany) was attached 

immediately to the trachea with PEEP=20 cmH2O to maintain lung inflation during the 

dissection.  

 The thoracic cavity was opened by a straight incision from the trachea and through 

the abdominal cavity. The diaphragm was cut and the rib cage was removed, exposing the 

heart and lungs. The connective tissue surrounding the trachea was removed, and the 

heart and lungs were excised in a single block while the cuff pressure gauge still 

maintained the lungs inflated with 20 cmH2O of pressure. The middle lobe of the right 

lung was tied with thread, and the left hilus was clamped with a hemostat. The pressure 

gauge was removed, and broncheoalveolar lavage fluid (BALF) was collected by 

delivering 2 ml of 0.9% NaCl into the trachea and recovering as much fluid as possible. 

The BALF was centrifuged for 15 minutes at 5000 rpm, and the resulting supernatant was 

collected in cryotubes. The right hilus, including the main bronchus and associated 

vessels, was ligated. The upper and lower lobes of the right lung were cut off and placed 

in separate cryotubes for future analysis. The middle lobe of the right lung was cut off, 

placed in a pre-weighed glass scintillation vial, weighed again, and placed in a warming 

oven at 40°C for 48 hours. After that time, the dried lobe was removed from the oven and 

weighed. The weight of vial when empty, when containing the wet lung, and when 

containing the dry lung were all recorded and used to calculate the ratio of the wet to dry 

lung and used as a measure of pulmonary edema. The weight measurements were 

 29



 

collected using a precision balance scale (Sartoius GmBH, Gottingen, Germany). 

 The inflation of the left lung was maintained at 20 cmH2O, and the hemostat was 

removed. The left lung was perfused with 10 ml of 10% unbuffered formalin injected 

through the right ventricle of the heart. In its inflated state, the perfused left lung was tied 

off at the main bronchus using a thread and submerged in 10% formalin. The left kidney 

was isolated, submerging half of it in 10% formalin and transferring the other half to a 

cryotube for future analysis. Similarly, the right lobe of the liver was isolated, where half 

was submerged in10% formalin and the other half transferred to a cryotube for future 

analysis. Finally, all samples kept in cryotubes (plasma, BALF, lung lobes, kidney and 

liver) were frozen by submerging them in liquid nitrogen and stored at -80°C until 

analysis. 

2.5   Tissue Processing and Histological Preparation 

The left lung was removed from 10% formalin, cut into three pieces (top third, 

middle third, and bottom third of the lung) representing apical, middle and basal lung 

sections. The tissue pieces were placed into a plastic cassette, washed twice with 70% 

ethanol, and embedded in paraffin overnight at 60°C using an automated tissue processor 

from Leica Micosystems Inc. (Richmond Hill, ON, Canada). The paraffin-embedded 

tissue blocks were sectioned using a microtome (5 m section; Jung AG Heidelberg, 

Germany) and electronic tissue float water bath (model No. 375, Lipshaw MFG Co, 

Detroit, MI, USA) heated to 44°C. The tissue sections were subsequently transferred onto 

glass microscope slides and baked in an oven to ensure tissue adhesion to the slides.  

 The slides were stained with hematoxylin and eosin to evaluate morphological 

changes and determine the extent of ALI in the ventilated rat lung tissues. Briefly, the 
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slides were de-paraffinized, washed with xylene, alcohol and distilled water, and stained 

with freshly filtered hematoxylin for 2 minutes. The excess stain was washed away with 

water, and Scott’s Solution was added for 2 minutes. The solution was rinsed away, and 

each slide was briefly dipped in a 1% eosin stain solution 13 times to ensure thorough 

staining. Finally, excess eosin stain was washed away with ethanol and xylene washes. 

Glass coverslips were mounted onto the slides and sealed with Cytoseal solution 

(Electron Microscopy Sciences, Fort Washington, PA, USA), ensuring no air bubbles 

were under the coverslips. The slides were dried overnight under a fume hood and briefly 

examined to ensure proper staining of cellular structures. 

2.6   Histological Scoring and Analysis
 

 The lung tissue samples were scored by a blinded lung pathologist based on the 

presence of seven criteria: interstitial edema (within lung tissues), alveolar edema, 

hemorrhaging, polymorphonuclear (PMN) cell infiltrates, atelectasis (alveolar collapse), 

alveolar damage, and hyaline membranes (fibrous structures lining the alveoli) (Castro, 

2006; Henzler et al. 2011). The presence and severity of each criterion was rated from 0 

to 3. A score of 0 represents ‘no damage present’, 1 represents ‘mild damage, few 

lesions’, 2 represents ‘moderate damage, lesions in every visual field’ and 3 represents 

‘severe damage, lesions ubiquitous’. The arithmetic mean of all subscores was taken as 

the diffuse alveolar damage (DAD) score for each lung sample.  

2.7   Cytokine Analysis  

The inflammatory response associated with VALI was evaluated using a 10-plex 

Procarta Cytokine Assay kit (Affymetrix Inc., Santa Clara, CA, USA). The cytokines and 
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chemokines measured were interleukin (IL)-1 , ICAM-1, IL-6, TNF- , GM-CSF, IL-10, 

RANTES, KC, MCP-1, and MIP-1 . The bronchoalveolar lavage fluid (BALF) and 

arterial plasma samples collected from all animals at the end of each experiment were 

analyzed using the cytokine assay kit and Luminex Technology Analyzer and BioPlex 

Manager software from BIO-RAD (Mississauga, ON, Canada). The Luminex instrument 

was calibrated before every experiment, and validated once every 30 days. Calibration 

and Validation kits (BIO-RAD) were used to test and ensure the optimal performance of 

the Luminex instrument. The instrument was used to run cytokine assays only when the 

calibration and validation were successful.  

 The antibody beads (containing beads for the 10 selected cytokines) were loaded 

into all wells and washed by vacuum filtration.  Rat-specific bodily fluid buffer was 

added to all wells (25 l). The standards used to calculate cytokine concentrations in the 

samples were prepared by reconstituting the lyophilized premixed standard powder in 

500 l of rat-specific bodily fluid buffer. A total of 8 standards were prepared starting at 

10,000 pg/ml of each analyte and decreasing 4-fold with each standard. All standards and 

samples were loaded into a 96-well filter plate in duplicates (25 l/well for a final volume 

of 50 l/well). The standards and samples were incubated on a shaker at 500 rpm for 1 

hour at room temperature, and subsequently removed from the plate by vacuum filtration. 

The wells were washed with 1X wash buffer, and the detection antibody was added to the 

plate (25 l/well) and incubated on a shaker at 500 rpm for 30 minutes. The antibody was 

removed by vacuum filtration and the plate was washed with 1X wash buffer. 

Streptavidin-PE was added to each well (50 l/well) and incubated on a shaker at 500 

rpm for 30 minutes. Finally, the streptavidin-PE was removed by vacuum filtration and 
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washed with 1X wash buffer. Reading buffer (120 l/well) was added to all wells and 

incubated on a shaker at 500 rpm for 5 minutes and then inserted into the Luminex 

instrument for reading.  

 A separate standard curve was produced for each cytokine measured, with a limit of 

detection  1 pg/ml for each cytokine. Since each standard and sample were assayed in 

duplicates, the mean of the measured concentrations was taken. The final dilution of 

sample was 1:2, and the cytokine concentrations were calculated based on the set 

dilution. To ensure that an adequate standard curve was used for each analyte, the ratio of 

[observed/expected] x 100 standard concentrations was 100 ± 30, and all standard values 

were within this range.    

2.8   Tissue Homogenization 

 The right upper lobe was homogenized to probe for caspase-3 activation by western 

blotting. The right upper lobe was cut into smaller pieces using a razor and placed in a 

pre-weighed 15 ml Falcon tube. The lung was weighed again and the weight recorded. 

Ice-cold 1X radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology) 

was purchased through New England Biolabs (Pickering, ON, Canada).  The serine 

protease inhibitor phenylmethanesulfonylfluoride (1 mM PMSF; Sigma Aldrich, 

Oakville, ON, Canada) was added to the RIPA buffer prior to use (75 l PMSF/0.01 g of 

tissue). A tissue homogenizer (PRO200, Monroe, CT, USA) was used on high speed for 

45-60 seconds to mechanically break the lung tissue.  The homogenized tissue was placed 

at 4°C with gentle rocking (Rocker 25 from Labnet, Edison, NJ, USA) for 15 minutes, 

followed by 30 seconds of vortexing and repeated. The homogenates were then subject to 

3 cycles of sonication (30 seconds/cycle) using a probe ultrasonic homogenizer (4710 
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series, from Cole Parmer, Montreal, QC, Canada). The homogenates were centrifuged 

(MIKRO 120, Hettich, Beverly, MA, USA) at 8000 rpm for 10 minutes at 4°C, and the 

supernatant transferred into fresh tubes. This supernatant was once again vortexed, 

centrifuged at 13000 rpm for 20 minutes at 4°C, and the resulting supernatant was 

collected and stored at -20°C for future protein measurement and western blotting.  

2.9   Bradford Protein Assay 

 A protein assay was performed to determine the protein concentration in the rat 

lung homogenates (Kruger, 2002). A protein standard curve was created using bovine 

serum albumin (BSA; 2 mg/ml from BIO-RAD, Mississauga, ON, Canada) with five 

BSA standards (0, 2, 5, 10 and 15 g of BSA), run in duplicates. Bradford Reagent Dye 

(500 l), double-distilled water, 1X RIPA buffer were added to each standard for a final 

measuring volume of 1 ml. The lung homogenate test samples were prepared similarly in 

duplicates, adding 10 l of protein, double-distilled water, and Bradford Reagent Dye 

(500 l) for a final volume of 1 ml. The BSA standards and lung homogenate samples 

were measured on a 2802 UV/VIS spectrophotometer (UNICO, Dayton, NJ, USA) at 595 

nm, and the optical density (OD) values were recorded using the UV/VIS Analyst 

software. Based on the measured ODs of the standards, a curve was constructed and a 

linear regression was used to fit the ODs and calculate the R2 value. An R2 value between 

0.950 and 1.00 was considered adequate for estimating the protein concentrations in the 

lung homogenates based on the measured ODs. For this study, all standard curves 

constructed had an R2 value between 0.960-0.990. The lung protein concentration was 

calculated, and the loading volume was determined based on loading 50 g of protein in 

each well during the western blot. 
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2.10   Western Blotting for Caspase-3 and Actin 

To examine whether apoptotic activity was modified in the rat lung as an outcome 

of ALI, western blotting was used to probe for caspase-3 activation. This was determined 

by the expression levels of uncleaved (inactive) and cleaved (active) forms of caspase-3 

in the lung homogenates.  The lung homogenate samples were prepared based on the 

determined volumes from the protein assay (50 g loaded protein) and 5X sample buffer. 

Prior to loading, the samples were heated for 5 minutes at 85°C to denature the proteins, 

and the boiled samples were loaded into a 12% SDS-PAGE resolving gel. Alongside the 

samples, a Precision Plus Kaleidoscope 10-band protein standard (10-250 kD, from BIO-

RAD, Mississauga, ON, Canada) was used. The gel gasket chamber was filled with 1X 

running buffer and connected to a PowerPac HC from BIO-RAD, and run at 90V and 

300W for approximately 70 minutes.  

 Upon protein separation on the gel, the proteins were transferred onto a pure 

nitrocellulose membrane (Pall Corporation, Pensacola, FL, USA) in the gasket chamber 

(filled with 1X transfer buffer) for 2 hours at 45V. The membrane was saturated with a 

5% milk solution (made with 1X TBS and 0.2% Tween; 1X TTBS) for 1 hour with gentle 

rocking at room temperature (Stovall Lifescience Inc., Greensboro, NC, USA). The 

primary polyclonal Caspase-3 antibody (raised in the rabbit) detects the uncleaved 35 kD 

protein, as well as 17 and 12 kD cleaved fragments. The antibody has species cross-

reactivity for human, mouse, rat and monkey (Cell Signaling Technology). The primary 

antibody was added at 1:1000 dilution prepared with 5% milk and 1X TTBS and 

incubated overnight at 4°C with gentle rocking.  

 The primary antibody was removed, and the membrane washed with 1X TBS and 
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TTBS. The secondary antibody (Anti-rabbit IgG, HRP-linked, Cell Signaling 

Technology) was added at a 1:1000 dilution prepared with 5% milk and 1X TTBS and 

incubated for 2 hours with gentle rocking at room temperature. The secondary antibody 

was removed, and the membrane was washed with 1X TBS and TTBS. The membrane 

was imaged using the ECL Plus western blot detection system (GE Healthcare, purchased 

from Fisher Scientific, Ottawa, ON, Canada). The membrane was exposed to film for 10 

minutes and subsequently developed.  

 The primary and secondary antibodies were stripped off the membrane using 

Restore western blot stripping buffer from Thermo Scientific (from Fisher Scientific, 

Ottawa, ON, Canada). The membrane was saturated with 5% milk solution and re-probed 

with an actin antibody as a loading control. The membrane was incubated in a 1:400 

dilution of mouse monoclonal antibody of Actin HRP-linked IgG (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA, USA) overnight at 4°C with gentle rocking. The 

antibody dilution was prepared with 1X TBS and 0.2% BSA. The actin antibody was 

removed, and the membrane was washed with 1X TBS and TTBS and imaged using the 

ECL Plus detection kit. The membrane was exposed to film for 1 minute and 

subsequently developed.   

2.11   Densitometric Analysis of Caspase-3 Expression

The developed films were scanned and analyzed using the Image J software 

(National Institues of Health, Bethesda, USA). The images were inverted and the density 

of the uncleaved caspase-3 band (35 kD), cleaved caspase-3 band (17 kD), and 

background were measured and recorded. The difference between the measured bands 

and the background was calculated, and the ratio of active: inactive caspase-3 was 

 36



 

determined.  

2.12   Statistical Analysis 
 
 Two rats were excluded from the Injurious Normocapnia group, and two rats were 

excluded from the Permissive Hypercapnia group. These animals were excluded due to 

premature death before the end of the 3-hour ventilation period, and failure to meet the 

set PaCO2 targets for normocapnia and hypercapnia. Therefore, Conventional 

Normocapnia, Lung-Protective Ventilation, Conventional Hypercapnia and Protective 

Hypercapnia each had n=10 per group. Meanwhile, Injurious Normocapnia and 

Permissive Hypercapnia had n=10 rats per group. 

 Data are expressed as means ± SD or SEM. All statistical analysis was conducted 

using the SPSS 10.0 software (Chicago, IL, USA) and the GraphPad Prism 5.0 software 

(La Jolla, CA, USA). Data sets were tested for normality using the D'Agostino & Pearson 

Omnibus normality test (Graphpad Prism 5.0), and the data were normally distributed 

(p>0.05). Differences between groups were tested by analysis of variance (one-way 

ANOVA), followed by Tukey or Dunnett post-hoc tests, or a two-tailed Student’s t-test. 

Two-way ANOVAs were used to test differences between experimental time points 

(baseline, 1 hour, 4 hours) in each group. The repeated-measures ANOVA was used to 

compare within-subjects measurements at baseline, after 1 hour and 4 hours and between-

subjects interactions. The level of significance was set at P< 0.05.  
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CHAPTER 3 RESULTS

3.1   Hemodynamics 

 
 At baseline, all groups had equal hemodynamic functions, with no differences in 

the MAP, HR and cardiac index (cardiac output normalized to the body surface area of 

the rat) (CI). One hour (60 min) after induction of acute lung injury (ALI), the groups did 

not differ in MAP, HR and CI. After 4 hours of ventilation, all groups had equal MAP, 

HR and CI (p=0.5435, p=0.7254, p=0.9524, respectively). There were no time-dependent 

changes in MAP, HR and CI at baseline, 1 hour and 4 hours of ventilation in all groups. 

The MAP, HR and CI measurements at baseline, 1 hour and 4 hours of ventilation for 

each group are summarized in Table 2, and illustrated in Figure 3, Figure 4, and Figure 5.  

 

3.2   Respiratory Mechanics 
 
 At baseline, all groups were ventilated with equal equal VT, RR, and minute 

ventilation (VE),. Elastance was equal in all groups at baseline, demonstrating equal 

respiratory mechanics in all groups at baseline. One hour after induction of ALI, VT and 

RR, and VE were maintained from baseline, and hence did not differ between groups. 

The elastance increased significantly in all groups after 1 hour of ventilation (p<0.0001) 

(Figure 9).  

 
3.2.1     Confirmation of Experimental Design 

After 4 hours of ventilation in each group, VT, RR and VE differed in all groups 

as per the target group settings. Three groups were ventilated with a conventional VT 

(Conventional Normocapnia, Injurious Normocapnia, and Conventional Hypercapnia), 
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where VT was increased in order to achieve the target PaCO2 in each group. The three 

remaining groups were ventilated with a protective VT (Lung-Protective Ventilation, 

Protective Hypercapnia, and Permissive Hypercapnia), which was limited to 8 mL/Kg 

maintained from baseline. After 4 hours of ventilation, the Conventional Normocapnia, 

Injurious Normocapnia and Conventional Hypercapnia groups had significantly higher 

VT compared to Lung-Protective Ventilation, Protective Hypercapnia, and Permissive 

Hypercapnia (p<0.0001) (Figure 6). Meanwhile, the protective VT in Lung-Protective 

Ventilation, Protective Hypercapnia, and Permissive Hypercapnia groups also did not 

differ (p=0.4726). The conventional VT was higher in Conventional Normocapnia 

compared to Conventional Hypercapnia (p=0.0032) (Figure 6). There was a significant 

interaction between changes in VT and the ventilation duration (p<0.0001), indicating 

changes in VT over 4 hours of ventilation. 

 Respiratory rate was increased in three groups (Lung-Protective Ventilation, 

Injurious Normocapnia, and Protective Hypercapnia) compared to Conventional 

Normocapnia, Conventional Hypercapnia and Permissive Hypercapnia groups, which 

were ventilated with a reduced RR after 4 hours of ventilation (p<0.0001) (Figure 7). In 

addition, there was a significant interaction between the changes in RR and the 

ventilation duration, indicating changes in RR over time (p<0.0001). The changes in VT 

and RR resulted in VE that was significantly greater in Lung-Protective Ventilation and 

Injurious Normocapnia compared to other groups at the end of ventilation (p<0.0001) 

(Figure 8). There was also a significant interaction between changes in VE and the 

ventilation duration, indicating changes in VE over 4 hours of ventilation (p<0.0001). The 

Injurious Normocapnia group exhibited the highest VE due to a combination of increased 
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VT and RR, which represents a potentially injurious ventilatory mechanism. After 4 hours 

of ventilation, the elastance increased equally in all groups (p=0.3351). The increase in 

elastance was significant compared to baseline elastance, but not different compared to 

elastance after 1 hour of ventilation (Figure 9). The values are shown in detail in Table 3.  

  

3.3   Gas Exchange 
 
 Equal gas exchange was achieved at baseline, with physiologic values of pH, 

PaO2 and PaCO2 in all groups. The ratio of PaO2 to the FiO2 (P/F) ratio was used to 

evaluate oxygenation. After 1 hour of ventilation, The P/F ratio decreased equally in all 

groups, however this was not a statistically significant from baseline. At the end of 

ventilation period (4 hours), the P/F ratio deteriorated further in all groups compared to 

baseline (p<0.0001). All groups developed ALI per definitionem (P/F ratio  300 mmHg) 

(Table 4) (Figure 10).  

 The PaCO2 did not significantly in all groups at 1 hour compared to baseline. 

However, after 4 hours of ventilation, the three normocapnic groups (Conventional 

Normocapnia, Lung-Protective Ventilation, Injurious Normocapnia) had a PaCO2 

between 40-55 mmHg. The three hypercapnic groups (Conventional Hypercapnia, 

Protective Hypercapnia, Permissive Hypercapnia) had a PaCO2 between 60-70 mmHg 

(Table 4). The PaCO2 was significantly higher in the hypercapnic groups compared to the 

normocapnic groups (p<0.0001) (Figure 11) but the PaCO2 did not differ within the three 

normocapnia (p=0.1723) or the three hypercapnia groups (p=0.4158). There was a 

significant interaction between the changes in PaCO2 and the ventilation duration 

(p=0.0098), confirming changes in the PaCO2 over 4 hours of ventilation.  
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Permissive Hypercapnia was the only group to produce profound respiratory 

acidosis in the rats. This was defined by an arterial pH less than 7.20, and shown by a 

significantly lower pH in Permissive Hypercapnia compared to Lung-Protective 

Ventilation (p=0.0264) after 4 hours of ventilation (Figure 12). In addition, only in the 

Permissive Hypercapnia group was the pH significantly lower after 4 hours of ventilation 

compared to baseline (7.37 ± 0.08 vs. 7.17 ± 0.11, p=0.0009) (Figure 12). Interestingly, 

the inhaled CO2 in Conventional Hypercapnia and Protective Hypercapnia did not induce 

severe respiratory acidosis. These changes in pulmonary gas exchange are outlined in 

Table 4. 

 

3.4   Wet-to-Dry Lung Ratio
 
 Lung-Protective Ventilation resulted in a significantly lower wet-to-dry (W/D) 

ratio compared to Conventional Normocapnia (6.93 ± 0.86 vs. 8.62 ± 1.87, p=0.0186), 

with a similar difference found between Lung-Protective Ventilation and Injurious 

Normocapnia (6.93 ± 0.86 vs. 8.43 ± 1.79, p=0.0328) (Figure 13). In addition, the W/D 

ratio was significantly lower in Protective Therapeutic Hypercapnia compared to 

Injurious Normocapnia (6.37 ± 2.10 vs. 8.43 ± 1.79, p=0.0428) (Figure 13). Meanwhile, 

Conventional Therapeutic Hypercapnia and Permissive Hypercapnia produced similar 

W/D ratios at 7.81 ± 1.56 and 7.44 ± 2.03, respectively.  

 

3.5   Diffuse Alveolar Damage Lung Injury Score
 
 The Diffuse Alveolar Damage (DAD) score was significantly lower in 

Conventional Hypercapnia compared to Injurious Normocapnia (1.06 ± 0.27 vs. 1.64 ± 
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0.33, p=0.0317), Conventional Normocapnia (1.06 ± 0.27 vs. 1.49 ± 0.38) (p=0.0097), 

and Lung-Protective Ventilation (1.06 ± 0.27 vs. 1.44 ± 0.42) (p=0.0247) (Figure 14). 

The DAD scores for Protective Hypercapnia, and Permissive Hypercapnia were 1.34 ± 

0.38, and 1.23 ± 0.47, respectively (Figure 14).  

The DAD score was the arithmetic mean of seven subscores, which included 

alveolar edema, interstitial edema, PMN infiltrates, hemorrhaging, atelectasis, hyaline 

membranes and alveolar damage. The subscores for hemorrhages and PMN infiltrates are 

not shown because there were no differences between the groups. The subscores for 

alveolar edema, interstitial edema, atelectasis, hyaline membranes and alveolar damage 

are shown in Figure 15. Alveolar edema was lower in Protective Hypercapnia than 

Permissive Hypercapnia (p=0.0125), however interstitial edema (within lung tissues) was 

lower in Permissive Hypercapnia compared to Protective Hypercapnia (p=0.0295).  

Interstitial edema was lower in Conventional Hypercapnia compared to Injurious 

Normocapnia (p=0.0152). The alveolar damage subscore was also lower in Conventional 

Hypercapnia compared to Injurious Normocapnia (p=0.0214), with a similar difference in 

hyaline membranes (fibrous structures lining alveoli) (p=0.0101). The differences 

between Conventional Hypercapnia and Injurious Normocapnia in the alveolar damage, 

interstitial edema and hyaline membrane subscores are also reflected in the DAD score.   

The development of hyaline membranes was also greater in Injurious Normocapnia 

compared to Lung-Protective Ventilation, Protective Hypercapnia and Permissive 

Hypercapnia (p=0.0292). Atelectasis (alveolar collapse) was lower in Conventional 

Hypercapnia compared to Conventional Normocapnia and Lung-Protective Ventilation 

(p=0.0453). The presence of alveolar edema, interstitial edema, hyaline membranes, 
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atelectasis, alveolar damage, PMN infiltrates, and hemorrhages is also illustrated in 

representative lung tissues from each group (Figure 16).  

3.6   Cytokine Analysis 
 
3.6.1 Plasma Cytokines 
 

Ten inflammatory mediators were measured in the arterial plasma. These 

mediators were IL-1 , I-CAM, IL-6, TNF- , GM-CSF, IL-10, RANTES, KC, MCP-1, 

and MIP-1 . Plasma IL-1  concentrations were lower in Protective Hypercapnia 

compared to Conventional Normocapnia and Lung-Protective Ventilation (p=0.0042). 

(Figure 17A). Conventional Hypercapnia decreased IL-1  compared to Conventional 

Normocapnia (p=0.0196). TNF-  levels were lower in Protective Hypercapnia compared 

to Conventional Normocapnia (p=0.0194) (Figure 17D). Surprisingly, IL-10 levels were 

higher in the Conventional Normocapnia group compared to Protective Hypercapnia 

(p=0.0480) (Figure 17F). Meanwhile, I-CAM, IL-6, RANTES, KC, MIP-1  and MCP-1 

levels did not differ significantly between the groups, and GM-CSF was present in 

negligible concentrations (<10 pg/ml for all groups) (Tremblay et al. 1997; 

Venkataraman et al. 2002; Yang et al. 2000; Nanji et al. 1999).  

 
3.6.2  BALF Cytokines  
  
 IL-1 , I-CAM, IL-6, TNF- , GM-CSF, IL-10, RANTES, KC, MCP-1, and MIP-

1 . were also measured in bronchoalveolar lavage fluid (BALF) collected from the lungs 

after 4 hours of ventilation. IL-6 was significantly lower in Conventional Hypercapnia 

compared to Injurious Normocapnia (p=0.0206), and Conventional Normocapnia 

(p=0.0202) (Figure 18C). IL-10 levels were higher in Permissive Hypercapnia compared 
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to Lung-Protective Ventilation (p=0.0244) (Figure 18F). Monocyte Chemotactic Protein-

1 (MCP-1) levels were lower in all hypercapnia groups compared to Conventional 

Normocapnia (p=0.0021), Lung-Protective Ventilation (p=0.0189), and Injurious 

Normocapnia (p=0.0003) (Figure 18I). IL-1 , I-CAM, TNF- , RANTES, KC, and MIP-

1  concentrations did not differ significantly between all groups. Similar to plasma GM-

CSF, the concentration of GM-CSF in BALF was also negligible in all groups (< 

10pg/ml) (Tremblay et al. 1997; Beck-Schimmer et al. 1997; Yang et al. 2007; Miyake et 

al. 2004; Elgrabli et al. 2008).  

3.7   Caspase-3 Activation in Lung Homogenates 
  

Caspase-3 activation was measured in lung homogenates as an indication of 

apoptotic activity (programmed cell death) in the lung. The inactive (uncleaved) form of 

caspase-3 showed a 35 kD protein (Figure 19). Meanwhile, the prominent form of active 

(cleaved) caspase-3 showed a 17 kD band (Figure 19). Caspase-3 expression is shown as 

a ratio of active (17 kD) to inactive (35 kD) caspase-3. An increase in caspase-3 

activation was defined by a ratio of active: inactive caspase-3 that is greater than 1.0. 

While only Protective Hypercapnia showed an increase caspase-3 activation (ratio>1.0) 

(Figure 20), Lung-Protective Ventilation showed more activation relative to Injurious 

Normocapia  (p=0.0183).  

 



 

CHAPTER 4         DISCUSSION 

 

This study was designed to investigate whether the attenuation of VALI during 

protective ventilation is attributed to low tidal volume or the resulting hypercapnia. It was 

hypothesized that VALI attenuation is primarily attributed to hypercapnia. Rats were 

used in an acid aspiration model of ALI and assigned to six groups, where VT settings 

(protective vs. conventional) and PaCO2 targets (normocapnia vs. hypercapnia) were 

varied. The effect of permissive (endogenous) and therapeutic (inhaled) CO2 was also 

evaluated. The findings indicate that a protective VT alone only reduced lung edema, but 

increased apoptosis compared to a high VT. Meanwhile, hypercapnia reduced several 

biomarkers of systemic and lung inflammation, suggesting some potential anti-

inflammatory effects of hypercapnia via intracellular CO2-mediated mechanisms. 

4.1  Physiologic Effects 
 
  All groups were hemodynamically stable at baseline and throughout ventilation, 

as shown by no differences in MAP, heart rate and cardiac index. This demonstrates that 

protective ventilation and hypercapnia (permissive and therapeutic) do not compromise 

hemodynamic stability compared to conventional ventilation and normocapnia, and thus 

did not affect the hemodynamic outcome of VALI. Sinclair et al. (2002) also showed 

equal hemodynamic stability in hypercapnic and normocapnic animals. Costello et al. 

(2009) also showed hemodynamic stability in hypercapnic and normocapnic animals in 

lung injury secondary to prolonged systemic sepsis. In the same study however, Costello 

et al. reported that hypercapnia can increase MAP compared to normocapnia in early 

systemic sepsis. Changes in MAP were not noted in the present study, however this effect 
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may be specific to the model used (acid apsiration vs. sepsis-induced ALI), or the 

experimental time course (early vs. late phase of illness). It is possible that no significant 

hemodynamic changes were observed in our model of aspiration-induced ALI because 

the injury may have been largely localized to the lung and not systemic enough to cause 

hemodynamic changes. Therefore, the hemodynamic stability established in hypercapnia 

and normocapnia in this study is consistent with previous findings.  

 The increased elastance in all groups after 1 and 4 hours of ventilation confirms 

the progressive development of ALI (Figure 9). This is because more pressure is required 

to force air into the lungs and achieve the set tidal volume (protective or conventional). 

Elastance is inversely related to lung compliance, which is the ability of the lung to recoil 

to its original volume after inflation (Jonson et al. 1999). A highly compliant lung 

requires less pressure to inflate, while a reduction in compliance indicates a need for high 

pressures to inflate the lung adequately. The increased elastance indicates a decreased 

lung compliance, resulting in a lung which is less compliant to stretch during ventilation. 

This change in the mechanical properties of the respiratory system has been shown to 

correlate with the amount and increase of non-aerated lung in other acute lung injury 

models (Henzler et al. 2005) and can be regarded as a correlate of the severity of lung 

injury. 

Extreme changes in minute ventilation can also contribute to the development of 

lung injury. Minute ventilation that is too low (as seen in Permissive Hypercapnia) causes 

hypoventilation leading to alveolar edema (Figure 15), which, along with interstitial 

edema, contributes to the total lung edema measured by the wet-to-dry lung ratio (Figure 

13). Alveolar edema contributes to ALI because fluid accumulation in alveolar spaces 

 46



 

limits the amount of gas that can flow across alveolar walls. Though we did not show that 

Permisisve Hypercapnia causes atelectasis, this has previously been shown (Fehil et al. 

2000) and reviewed by Bigatello et al. (2001). Atelectasis may also result from 

hypoventilation, and can impair gas exchange and worsen VALI by alveolar collapse, 

such that fewer alveoli can participate in gas exchange. Therefore, while hypoventilation 

can reduce excessive lung stretch and tissue tearing during ventilation, it also has the 

potential to worsen VALI.  

While the optimal low (protective) tidal volume is yet to be determined for the 

attenuation of VALI, Frank et al. (2002) reported a reduction in epithelial and endothelial 

injury in the lungs of rats ventilated with 3 and 6 mL/Kg. However, Muscedere et al. 

(1994) ventilated isolated rat lungs with 5-6 mL/Kg. They concluded that ventilation with 

volumes below the inflection point on the pressure-volume curve (the volume at which 

the majority of alveoli are open) reduces lung compliance and increases the progression 

of ALI. This is likely an outcome of atelectasis, which contributes to the exacerbation of 

VALI. In the present study, atelectasis resulting from a low tidal volume was only present 

in Lung-Protective Ventilation (compared to Conventional Hypercapnia). Therefore, it is 

important to define the range of low tidal volumes that may be used in lung-protective 

settings without causing hypoventilation and atelectasis.  

Conversely, minute ventilation that is too high (as seen in Injurious Normocapnia) 

causes interstitial edema, alveolar damage and hyaline membranes (Figure 15). These 

changes represent important biomarkers which impair gas exchange and contribute to 

VALI. Interstitial edema is marked by fluid accumulation within lung tissue, making the 

lung less compliant to inflate adequately during ventilation. Alveolar damage is the 
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hallmark of high minute ventilation by causing excessive stretch and tissue tearing in the 

lung, which destroys the alveolar epithelium. Hyaline membranes are fibrous eosinophilic 

structures made of fibrin, collagen, elastin and cellular debris (Castro, 2006). The 

formation of hyaline membranes along alveolar walls disrupts gas exchange by creating 

an additional barrier through which gas exchange must occur, thereby worsening VALI.  

Therefore, minute ventilation that is too high exacerbates VALI in an injurious 

mechanism separate from the injurious mechanism caused by hypoventilation.  

These changes in minute ventilation may have also worsened VALI by causing 

hemorrhages. All groups showed equal lung hemorrhages, suggesting that the ventilation 

settings in each group may be causing equal amounts of tissue damage by a mechanism 

that disrupts the alveolar-capillary interface. Damage to the alveolar-capillary interface 

can facilitate the entry of extracellular fluids and red blood cells into the lung interstitium 

and alveolar spaces (Marini et al. 2003). Mechanical ventilation settings leading to 

increased microvascular pressure in pulmonary capillaries are enough to disrupt the 

alveolar-capillary interface and cause tissue hemorrhages by a process known as Stress 

Failure (West et al. 1991; Fu et al. 1992). Therefore, it is possible that all groups 

exhibited equal lung hemorrhages because of a high tidal volume (Conventional 

Normocapnia, Injurious Normocapnia, Conventional Hypercapnia), high respiratory rate 

(Lung-Protective Ventilation and Protective Ventilation) and extreme changes in minute 

ventilation (Injurious Normocapnia and Permissive Hypercapnia).  An increased 

respiratory rate can be particularly important in disrupting the alveolar-capillary interface 

because it increases cyclic opening and closing of alveoli during ventilation, which 

causes lung tissue tearing. 
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While Lung-Protective Ventilation also exhibited high minute ventilation by 

increased RR (Figure 8), hyaline membranes (Figure 15) and edema (Figure 13) were 

significantly reduced in this group compared to Injurious Normocapnia. Since both 

groups were ventilated under normocapnic conditions, the development of hyaline 

membranes in Injurious Normocapnia may be a function of high tidal volume. The 

hyaline membrane subscore in Conventional Normocapnia may show some support for 

this notion since this group also had a high volume, however this was not a statistically 

significant difference with Lung-Protective Ventilation (Figure 15). Conventional 

Hypercapnia had a high tidal volume as well, however it produced significantly fewer 

hyaline membranes and a lower grade of diffuse alveolar damage (DAD) compared to the 

three normocapnic groups (Figure 14). This may be due to the inhaled CO2 leading to 

hypercapnia, suggesting that hypercapnia may have a beneficial effect even in the 

presence of an injurious ventilation mechanism.  

The reduced wet-to-dry lung ratio in Lung-Protective Ventilation compared to 

Conventional and Injurious Normocapnia suggests that pulmonary edema may also be a 

function of high tidal volume (Figure 13). This is supported by reduced pulmonary edema 

in Protective Hypercapnia compared to Injurious Normocapnia, demonstrating the 

importance of a low (protective) tidal volume for reducing lung edema.  This finding also 

suggests that hypercapnia by inhaled CO2 does not attenuate edema. Interestingly, both 

Laffey et al. (2000b) and Sinclair et al. (2002) showed that therapeutic hypercapnia by 

inhaled CO2 reduces lung edema (lower wet-to-dry ratio) compared to normocapnia. The 

wet-to-dry lung ratio is a gross assessment of total lung edema, however it can be an 

effective technique for estimating fluid content in the lung.  
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Meanwhile, the detailed assessment of lung edema by the alveolar and interstitial 

edema subscores does not support for the findings of the wet-to-day ratio. We show that 

Protective Hypercapnia reduced alveolar edema compared to Permissive Hypercapnia, 

however Protective Hypercapnia produced more interstitial edema than Permissive 

Hypercapnia (Figure 15). The increased alveolar edema in Permissive Hypercapnia may 

be due to hypoventilation leading to atelectasis and fluid accumulation in collapsed 

alveoli. Both Permissive and Protective Hypercapnia had a low (protective) tidal volume, 

Protective Hypercapnia did not cause hypoventilation because of the increased RR as 

well as the flow of inhaled CO2, which may have maintained proper inflation of alveoli. 

However, the continuous flow of CO2 gas in addition to the oxygen from the ventilator 

may have pushed some fluid into the lung interstitium, causing interstitial edema. This 

likely did not occur in Permissive Hypercapnia because of the endogenous CO2, causing 

less interstitial edema in that group.  

Lung edema is believed to be an outcome of impaired fluid clearance from the 

lungs during ventilation, which has been shown in rats and in patients with ALI and 

ARDS (Lecuona et al. 1999; Ware and Matthay, 2001). This effect has been attributed to 

the endocytosis of the Na+/K+ ATPase in the membranes of alveolar epithelial cells 

(Lecuona et al. 2007; Dada et al. 2007). Endocytosis of the Na+/K+ ATPase has been 

described by the PURED (Phosphorylation-Ubiquitination-Recognition-Endocytosis-

Degradation) pathway, and may be used to explain impaired fluid clearance during 

ventilation  (Lecuona et al. 2007; reviewed in Ismaiel and Henzler, 2011).  High tidal 

volume in conventional ventilation or hypoventilation in Permissive Hypercapnia can 

impair gas exchange, leading to hypoxia (Dada et al. 2003; Lecuona et al. 2007). Hypoxia 
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can initiate the phosphorylation and ubiquitination of the Na+/K+ ATPase, leading to its 

internalization and lysosomal degradation (Dada et al. 2007). With fewer Na+/K+ 

ATPases, Na+ ion transport across the alveolar epithelium is markedly reduced, thereby 

reducing water transport by transcellular or paracellular mechanisms and allowing more 

fluid to accumulate in alveoli. 

Alternatively, the epithelial sodium channel (ENaC) and cystic fibrosis 

transmembrane conductance regulator (CFTR) chloride channel have also been 

implivated in alveolar fluid clearance (Folkesson et al. 1998; Fang et al. 2005). It is 

possible that impairment in the expression of these membrane proteins can lead to 

alveolar fluid accumulation leading to pulmonary edema in the ventilated lung. This has 

been attributed to the potential downregulation of ENaC in alveolar epithelial type II cells 

during high tidal volume ventilation by a cGMP-dependent mechanism (Frank et al. 

2003). In the present study, this may explain the increased pulmonary edema in the high 

tidal volume groups (Conventional and Injurious Normocapnia) compared to Lung-

Protective Ventilation. 

We have clearly demonstrated that mechanical ventilation has the potential to 

worsen the existing aspiration-induced ALI, leading to VALI that is marked by further 

deterioration of gas exchange and a less compliant lung. Indeed, gas exchange (measured 

by the P/F ratio) deteriorated equally in all groups (Table 4). It is possible that this equal 

deterioration may be attributed to the intitial insult to the lungs (acid aspiration). Since 

each group was ventilated for only 4 hours, and since all animals received the same dose 

of acid aspiration, it is likely that the deteriorated P/F ratio is primarily attributed to the 

aspiration. In addition, a 4-hour ventilation may not have been long enough to 
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significantly improve gas exchange with the different ventilation settings in each group. 

While we did not show an improvement in gas exchange, we established an experimental 

model of aspiration-induced ALI (1.25M HCl at 2.5 ml/kg) such that the injury is 

progressive over 4 hours without causing hemodynamic instability.  

We previously showed that inducing ALI by acid aspiration using 5 mL of 1M 

HCl caused significant ARDS, where the P/F ratio decreased significantly after 1 hour 

but did not deteriorate further after 5 hours (Henzler et al. 2011). While that model 

established lung injury more quickly than the present study, establishing ARDS within 1 

hour of ventilation increases the risk for hemodynamic instability and premature death. 

Our present model is particularly effective because it better reflects clinical aspiration-

induced ALI, which develops over several hours as opposed to a single hour. 

 Despite the changes in PaCO2, physiologic pH was maintained in all groups 

except for Permissive Hypercapnia, which caused profound respiratory acidosis relative 

to Conventional Normocapnia and Lung-Protective Ventilation (Figure 12). In the 

normocapnic groups, physiologic pH (approximately 7.30-7.40 in the rat, Fraser et al. 

1978) was maintained by limiting CO2 accumulation. This was achieved either by 

increased tidal volume or respiratory rate, which both facilitate CO2 clearance from the 

lungs by increasing minute ventilation. Permissive Hypercapnia was induced by 

decreasing minute ventilation, which lead to hypoventilation and accumulation of 

endogenous CO2. Interestingly, the Protective and Conventional Hypercapnia groups 

(inhaled CO2) did not induce respiratory acidosis. Hypercapnia by endogenous CO2 

caused respiratory acidosis, however inhaled CO2 did not affect the pH. This may be an 

outcome of a compensatory buffering mechanism in the presence of exogenous CO2 that 
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is otherwise not present or impaired when the CO2 originates endogenously and 

accumulates quickly. It is possible that bicarbonate (HCO3
-) plays an important role in 

this compensatory buffering mechanism. While HCO3
- concentrations were not analyzed 

in this study, sustained hypercapnia has previously been shown to activate renal 

acidification processes and prevent hypercapnic acidosis (Battle et al. 1985). This is 

likely achieved by increasing the secretion of hydrogen ions (H+) from the collecting duct 

of the nephron.  

 CO2 can be sensed by central and peripheral chemoreceptors (Lahiri and Forster, 

2003; Jiang et al. 2005). Central Chemoreceptors (which also sense H+) are located on 

medullary neurons in the medulla oblongata, while peripheral chemoreceptors are located 

in the carotid and aortic bodies (Lahiri and Forster, 2003). CO2 and H+ concentrations are 

specifically monitored by the CO2/H+ sensor-receptor (Lahiri and Forster, 2003; Forster 

and Smith, 2010). This chemosensor plays a key role in quickly detecting and buffering 

CO2 in order to prevent H+ accumulation leading to acidosis. In Permissive Hypercapnia, 

it is possible that the accumulated endogenous CO2 impaired or disrupted the function of 

the CO2/H+ receptors. This may have prevented the detection of accumulated CO2 to 

activate buffering mechanisms by HCO3
-, leading to H+ accumulation and respiratory 

acidosis. With Protective and Conventional Hypercapnia, inhaled CO2 may have been 

immediately detected by the peripheral CO2/H+ sensor-receptors. This may have 

activated downstream buffering mechanisms involving HCO3
- to increase renal clearance 

of H+ and prevent respiratory acidosis. However, the role of the CO2/H+
 sensor-receptor 

is still not well understood in the context of Permissive and Therapeutic Hypercapnia. 
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Perhaps future in vitro experiments using alveolar epithelial cells can uncover the role of 

the CO2/H+ receptor and its mechanism of action in preventing respiratory acidosis. 

Several other studies have demonstrated that Therapeutic Hypercapnia by inhaled 

CO2 leads to respiratory (hypercapnic) acidosis (Laffey et al. 2000b; Sinclair et al. 2002; 

Peltekova et al. 2010). Meanwhile, we showed that Permissive rather than Therapeutic 

Hypercapnia caused respiratory acidosis. This difference can be attributed to the fraction 

of inspired CO2, which was only 1.6% in this study, but was as high as 5-12% (Sinclair et 

al. 2002; Laffey et al. 2000b, Peltekova et al. 2010). A low inhaled CO2 fraction was 

chosen for this study to cause moderate hypercapnia and evaluate its true effects in the 

absence of hypercapnic acidosis.  

 
4.2   Systemic and Pulmonary Inflammation
 
 Protective Hypercapnia by inhaled CO2 reduced both IL-1  and TNF-  in the 

circulating plasma (Figure 17), suggesting a decrease in some of the important 

biomarkers of systemic inflammation. This effect may be attributed to the protective tidal 

volume or the inhaled CO2. In the case of IL-1 , it is likely due to the inhaled CO2 

because Protective Hypercapnia reduced systemic IL-1  compared to Lung-Protective 

Ventilation. Both groups had the same tidal volume and only differed in the PaCO2 target 

(normocapnia vs. hypercapnia). IL-1  was also reduced in Conventional Hypercapnia 

compared to Conventional Normocapnia, demonstrating a potential anti-inflammatory 

effect of hypercapnia by inhaled CO2 that is evident even in the presence of a high tidal 

volume. IL-1  is synthesized as a proprotein, after which it is cleaved by caspase-1 to 

produce active IL-1  and released by monocytes, dendritic cells and macrophages  
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(Eder et al. 2009).  IL-1  release can be triggered by a variety of stimuli. In the case of 

VALI, mechanical stress on the body during ventilation may have produced Damage-

Associated Molecular Pattern molecules (DAMPs) that induced IL-1  secretion (Eder et 

al. 2009; Lotze et al. 2007). It is possible that CO2 entry across leukocyte cell membranes 

in Protective Hypercapnia may have disrupted IL-1  cleavage and activation, thereby 

reducing its release from activated macrophages and monocytes. 

 TNF-  is another potent pro-inflammatory cytokine that can be released by 

activated macrophages, T-cells, B-cells and natural killer cells (Pradines-Figueres and 

Raetz, 1992). TNF-  is initially synthesized as a membrane-anchored proprotein and later 

proteolytically processed to produce the mature form (Gearing et al. 1994). TNF-  

inhibition in Protective Hypercapnia may be attributed to the protective tidal volume or 

the inhaled CO2. If it is due to the inhaled CO2, it is possible that the CO2 may have 

interacted with and inhibited the TNF-  converting enzyme (TACE) (Mohan et al. 2002). 

Inhibition of this enzyme would likely prevent the cleavage and activation of TNF- , 

rendering it biologically inactive.  

However, if the reduction in TNF-  in Protective Hypercapnia is due to the 

protective tidal volume, this may have been mediated by a mechanism involving the 

reduction of pulmonary edema (Figure 13). Dagenais et al. (2004) showed that TNF-  

can downregulate ENaC expression in alveolar epithelial cells, thereby reducing alveolar 

fluid clearance by impairing Na+ transport.  Interestingly however, in this study we did 

not show a reduction in TNF-  release in Protective Hypercapnia in BALF (Figure 18). 

This may be due to the activation of TNF-  that peaks approximately 90-120 minutes 

after the insult to the lungs (Horgan et al. 1993). Since cytokines were sampled 4 hours 
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after the insult to the lung, peak TNF-  activation may have been missed. Plasma 

cytokines were specifically sampled after the 4 hours to determine whether 4 hours of 

ventilation in each group is enough to modulate the inflammatory response associated 

with VALI. 

 Surprisingly, the anti-inflammatory cytokine IL-10 was present in higher 

concentrations in Conventional Normocapnia compared to Protective Therapeutic 

Hypercapnia (Figure 17). This difference is the reverse of the TNF-  concentrations in 

those groups. This is particularly surprising because IL-10 has been reported to reduce 

LPS-induced release of TNF-  and IL-1  from activated monocytes (Wang et al. 1994). 

Wang et al. (1995) later showed that IL-10 exhibits its anti-inflammatory effects in a 

mechanism that inhibits NF- B. Wang et al. (1995) showed that IL-10 inhibited NF- B 

translocation into the nucleus, suggesting that IL-10 may have prevented the proteosomal 

degradation of I- B and its dissociation from NF- B.  

Our data demonstrate that Protective Hypercapnia can reduce plasma IL-1  and 

TNF- , however this reduction is likely not mediated by IL-10-dependent inhibition of 

cytokine transcription. Rather, this reduction could be mediated by another anti-

inflammatory cytokine such as IL-4. While IL-4 does not inhibit NF- B (Wang et al. 

1995), it can effectively inhibit cytokine synthesis in monocytes (Wang et al. 1994). 

While we did not measure plasma IL-4 levels, it is still possible that IL-4 may have been 

involved in the inhibition of IL-1  and TNF-  in Protective Hypercapnia in an IL-10-

independent mechanism.  

Alternatively, previous reports indicate that physical stress caused by mechanical 

ventilation activates the -adrenergic signaling system by releasing catecholamines that 
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bind to 2 adrenergic receptors on leukocytes. This signaling cascade downregulates pro-

inflammatory cytokines such as TNF- , and upregulates anti-inflammatory cytokine 

activation such as IL-10 (Plötz et al. 2004; Kavelaars et al. 1997). In line with the present 

findings, Frank et al. (2002) also found elevated IL-10 plasma concentrations in rats 

ventilated with a high VT. This is likely due to the activation of innate immune responses 

that upregulate IL-10 to protect against the injurious ventilation mechanisms (Figure 17). 

Increasing IL-10 release during Conventional Ventilation may have limited the release of 

downstream pro-inflammatory cytokines in response to tissue damage not only in the 

lung, but also in distal organs such as the liver and kidney.  

Systemic inflammation is an important component of VALI because it contributes 

to multiple-organ dysfunction. The changes in IL-1  and TNF-  are likely not an 

outcome of a “spill-over” of cytokines originating from the lung because these cytokines 

were equally upregulated in the BALF of all treatment groups. Therefore, the systemic 

changes in IL-1  and TNF-  may have originated from circulating leukocytes and not 

from lung-infiltrating immune cells..  

 IL-6 was lower in the BALF of the Conventional Hypercapnia group compared to 

Injurious and Conventional Normocapnia (Figure 18). This reflects the same difference 

found in the DAD lung injury score (Figure 14), and confirms that inhaled CO2 has some 

therapeutic potential even in the presence of non-protective (high tidal volume) 

ventilation settings. Peltekova et al. (2010) also showed a downregulation in IL-6 content 

in the BALF of mice ventilated with therapeutic hypercapnia (inhaled CO2) compared to 

normocapnia using a model of ventilator-induced lung injury. Therefore, our results 
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demonstrating IL-6 reduction under hypercapnic conditions are supported by previous 

findings.   

This finding may be explained by a modification of IL-6 production in the rat 

lung. IL-6 is a pro-inflammatory cytokine that can be released from B and T-

lymphocytes, activated monocytes and endothelial cells (Kishimoto, 1989; Nishimoto 

and Kishimoto, 2006). IL-6 plays an important role in T-cell and macrophage 

differentiation, as well as the production of vascular endothelial growth factor (VEGF) 

leading to angiogenesis (Nishimoto and Kishimoto, 2006). In the lung, therapeutic 

hypercapnia may have reduced IL-6 production and release from resident alveolar 

macrophages and alveolar epithelial cells in a potential mechanism involving CO2 and 

IL-6 transcriptional enhancing elements (Kishimoto, 1989). This may be mediated by the 

inhibiting the binding of NF- B to IL-6 transcriptional elements such as activator protein-

1 (AP-1) and c-fos responsive element (CRE) (Tanabe et al. 1988), resulting in decreased 

IL-6 transcription by NF- B and subsequent protein synthesis and release by alveolar 

macrophages and epithelial cells. 

 IL-10 levels in BALF were higher in Permissive Hypercapnia compared to Lung-

Protective Ventilation (Figure 18). Since IL-10 is anti-inflammatory, this suggests that 

Permissive Hypercapnia may have an anti-inflammatory effect in the lung. This finding is 

particularly interesting because Permissive Hypercapnia is the ‘tolerated’ side effect of 

Lung-Protective Ventilation. Our data shows that the hypercapnia resulting from 

protective ventilation may have more benefit for the injured lung than ventilation with the 

protective tidal volume alone. This benefit is likely mediated by a CO2-dependent 

mechanism, since both groups shared the same tidal volume (Figure 6). This finding is 
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also interesting because Permissive Hypercapnia and Lung-Protective Ventilation have 

never been directly compared in experimental VALI.   

Monocyte Chemotactic Protein-1 (MCP-1) is a potent chemotactic cytokine. 

MCP-1 can be produced by epithelial cells, monocytes, and endothelial cells (Reviewed 

in Deshmane et al. 2009). MCP-1 in BALF was significantly lower in all three 

hypercapnia groups compared to all three normocapnia groups (Figure 18). This suggests 

that hypercapnia has the potential to reduce the recruitment of monocytes and other 

immune cells (T-cells, macrophages and dendritic cells) to the injured lung. Interestingly, 

MCP-1 levels were reduced in Permissive Hypercapnia (endogenous CO2) Conventional 

and Protective Hypercapnia (inhaled CO2) equally. This demonstrates that CO2 may play 

a role in reducing monocyte recruitment to the lung, regardless of whether the CO2 

originates endogenously or exogenously. As well, CO2 appears to reduce monocyte 

recruitment to the lung independently of tidal volume settings, since all three hypercapnia 

groups reduced MCP-1 equally. The mechanism of MCP-1 inhibition by CO2 is unclear, 

however it likely includes CO2 disruption of MCP-1 synthesis and release from 

monocytes. This may be mediated by the enzyme heme oxygenase-1, which has been 

shown to downregulate MCP-1 expression (Shokawa et al. 2006). 

 Meanwhile, no differences were found in the levels of I-CAM, GM-CSF, 

RANTES, macrophage inflammatory protein-1  (MIP-1 ), and keratinocyte 

chemoattractant (KC). This finding was surprising, since many of these biomarkers have 

previously been implicated in various models of lung injury (Nathens et al. 1998; 

Frossard et al. 2002; Shanley et al. 1995; Imanaka et al. 2001; Kwon et al. 1995; 

Yanagisawa et al. 2003). GM-CSF (Granulocyte Macrophage-Colony Stimulating Factor) 
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was present in extremely low concentrations (<10 pg/ml). However, GM-CSF has been 

reported to reduce normal neutrophil apoptosis, and has been measured in higher 

concentrations in the BALF of ALI/ARDS patients with a greater likelihood of survival 

(Goodman et al. 1999). We also did not show differences in MIP-1  levels in any of the 

groups. MIP-1  has previously been shown to play an important role in potentiating ALI 

in a neutrophil-dependent mechanism (Shanley et al. 1995). However, we did not show 

any differences in the PMN (primarily neutrophil) infiltration subscore in all groups. This 

may be attributed to the nature of the ALI model, where we used an acid-aspiration 

model while Shanley et al. (1995) used an IgG complex-mediated alveolitis model 

leading to ALI. We have previously used an acid aspiration-induced ALI model (Henzler 

et al. 2011) and also did not show differences in PMN infiltration subscores, suggesting 

that equal PMN infiltration in all treatment groups may be characteristic of this model of 

ALI.  

ICAM-1 is a cellular adhesion molecule that is expressed on the surface of 

leukocytes and endothelial cells (Lawson and Wolf, 2009). We did not find differences in 

soluble ICAM-1 levels in the treatment groups, despite the fact that ICAM-1 expression 

can be induced by IL-1  and TNF- , both of which exhibited differences in induction 

(Yang et al. 2005). We have previously shown no changes in plasma ICAM-1 levels 

using an acid-aspiration ALI model (Henzler et al. 2011), however Imanaka et al. (2001) 

showed an increase in plasma ICAM-1 levels during ventilation with a high VT, 

indicating the presence of endothelial injury. In the present study, it is clear that ICAM-1 

expression is elevated equally in all groups in BALF and plasma. This equal elevation in 

all groups could be attributed to the initial insult to the lungs by acid aspiration, since all 
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groups received the same dose and concentration of HCl. In addition, animals may not 

have been ventilated long enough (only 4 hours) to see effects of individual ventilation 

strategies on ICAM-1 expression.  

 
4.3   Apoptosis in the Lung
 
 We showed that Lung-Protective Ventilation produced more active caspase-3 

compared to Injurious Normocapnia (Figure 20). This finding was unexpected, since 

protective ventilation settings and hypercapnia were expected to reduce programmed cell 

death in the lung by decreasing caspase-3 activation. This is based on previous studies 

showing apoptotic activity in alveolar epithelial cells and endothelial cells in endotoxin-

induced ALI (Fujita et al. 1998; Kitamura et al. 2001). In addition, Laffey et al. (2000b) 

also showed a marked reduction in cell death in rabbits treated with therapeutic 

hypercapnia and hypercapnia acidosis using the TUNEL stain, with similar findings 

shown by Tateda et al. (2003) and Kawasaki et al. (2000). However, the TUNEL stain 

may not be a true indicator of apoptosis because it labels DNA fragments of dead cells in 

addition to cells in the process of apoptosis. Since cells can die by apoptotic or necrotic 

mechanisms, TUNEL staining may not be the most effective technique to evaluate 

apoptosis. Meanwhile, measuring active caspase-3 expression may be a better indicator 

of apoptotic cell activity. 

 Our findings may be explained if apoptosis is considered a protective rather than a 

harmful cellular regulatory mechanism. That is, Lung-Protective Ventilation may have 

increased apoptotic activity in the lung by caspase-3 activation in order to prevent cell 

death by necrotic cellular pathways. The fact that Injurious Normocapnia shows the 

lowest active: inactive caspase-3 ratio (Figure 20) may lend some support for this 
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concept, because a ratio of active: inactive caspase-3 less than 1.0 indicates less active 

caspase-3. If Injurious Normocapnia did not activate as much caspase-3 as Lung-

Protective Ventilation, cell death in Injurious Normocapnia may have been induced by 

necrosis as opposed to apoptosis.  

 Cells of the lung (epithelial cells and fibroblasts) are continuously replaced as 

aged or damaged cells undergo cell death and new cells differentiate into different types 

of epithelial cells (Bowden, 1983). Such a process is tightly regulated and involves basal 

apoptotic activity that creates a balance between the cells undergoing apoptosis and 

differentiation (Bowden, 1983). The use of a 1:1 ratio to quantify active:inactive caspase-

3 reflects this balance between the two biological forms of caspase-3. A ratio less than 

1.0 indicates a reduction in active caspase-3 expression. It is interesting to note that both 

Lung-Protective Ventilation and Injurious Normocapnia produced ratios less than 1.0, 

indicating a reduction in the basal 1:1 ratio of active:inactive caspase-3 expression. 

However, caspase-3 activation in Injurious Normocapnia deviates from basal levels more 

so than Lung-Protective Ventilation (Figure 20). This may be attributed to the injurious 

nature of mechanical ventilation, which is worse in Injurious Normocapnia than Lung-

Protective Ventilation.  

Alternatively, it is still possible that there were other undetected differences in 

cell death in the rat lung, however this cell death may be attributed to necrosis rather than 

apoptosis. Necrosis may have occurred as an outcome of volutrauma, barotrauma, and 

biotrauma in all groups, regardless of protective or conventional ventilation settings, 

normocapnia or hypercapnia, or the source of hypercapnia (endogenous or inhaled CO2). 

It is equally possible that no differences in cell death were observed in this study due to 
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the type of ALI model used and not the ventilation settings. For example, Laffey et al. 

(2000b) reported differences in cell death in rabbit lungs in an ischemia-reperfusion 

model of ALI, and Tateda et al. (2003) reported differences in cell death in a murine 

model of pneumonia-induced ALI. Therefore, the induction of cell death in lung tissue 

may be more dependent on the lung injury model as opposed to the ventilation settings.   

 
4.4   Permissive vs. Therapeutic Hypercapnia 

Although the mechanisms by which hypercapnia occurred were different in 

Permissive and Therapeutic Hypercapnia, the three hypercapnic groups did not differ in 

the overall effect on VALI, except for the profound respiratory (hypercapnia) acidosis in 

Permissive Hypercapnia. Previous studies have shown hypercapnic acidosis to be 

effective for the attenuation of VALI (Laffey et al. 2000b; Sinclair et al. 2002; Laffey et 

al. 2004). However, in all these studies, hypercapnic acidosis resulted from Therapeutic 

and not Permissive Hypercapnia.  

In this study, hypercapnic acidosis resulting from Permissive Hypercapnia did not 

attenuate VALI, since Therapeutic Hypercapnia by inhaled CO2 appeared to have a 

greater effect on reducing diffuse alveolar damage as well as some biomarkers of 

systemic inflammation. However, Permissive Hypercapnia upregulated the anti-

inflammatory cytokine IL-10 in the lung, which may suggest some benefit of endogenous 

CO2 and potentially hypercapnic acidosis. Meanwhile, previous studies have also 

described the deleterious effects of hypercapnic acidosis using in vivo and in vitro models 

(Lang et al. 2000; Doerr et al. 2005; O’Croinin et al. 2008). Although both in vitro and in

vivo studies are useful elements for investigating experimental ALI and VALI, both 

systems have their limitations. In vivo studies tend to provide more applicable results as 
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they test concepts in whole organisms, where as in vitro studies test the same concepts in 

isolated cell systems under artificial conditions. Conversely, in vitro models are optimal 

for evaluating cellular effects and mechanisms that are otherwise unclear on a global 

scale in in vivo models. These factors may explain some of the differences between the 

studies supporting therapeutic potential of hypercapnic acidosis for attenuating VALI, 

and studies reporting the potentially deleterious effects of hypercapnia and hypercapnic 

acidosis.  

 While we have demonstrated some potential benefit of Therapeutic Hypercapnia 

in an aspiration model of ALI, O’Croinin et al. (2008) demonstrated potential 

shortcomings. Their findings indicate that therapeutic hypercapnia leading to respiratory 

acidosis actually worsened VALI by causing immunosuppression in ALI induced by 

bacterial pneumonia infection. Therefore, Therapeutic Hypercapnia may have some anti-

inflammatory effects, but whether these effects are protective may depend on the in vivo 

model of experimental ALI (endotoxin-induced ALI vs. aspiration-induced ALI vs. 

ventilation-induced ALI).  

In vitro, these differences in outcome could be attributed to the difficulty of 

modeling ALI in culture. This is because most lung cell cultures cannot exactly mimic 

the lung cell interactions in vivo, and therefore may not be reliable models for 

understanding the effects of hypercapnia not only on lung cell populations, but also on 

the lung as a whole organ. The conflicting findings regarding the effects of hypercapnia 

and hypercapnic acidosis may also be attributed to differences in the target PaCO2 range 

used to achieve hypercapnia and acidosis. We showed that mild hypercapnia (PaCO2  

70 mmHg) leading to acidosis (Table 4) in Permissive Hypercapnia may not be entirely 
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protective. Meanwhile, Sinclair et al. (2002) treated with therapeutic hypercapnia (PaCO2 

 95 mmHg) causing more profound hypercapnic acidosis (pH 6.99) and shown effective 

in attenuating lung injury. These effects could be an outcome of the severity of acidosis, 

or the method by which hypercapnia was induced (permissive vs. therapeutic). Therefore, 

more experimental studies are still necessary in order to create a unified understanding of 

the effects of hypercapnia and hypercapnic acidosis in ALI and VALI.  

4.5   Limitations of the Study

4.5.1     Ventilation Settings 
 
 While the findings of this study are novel and scientifically applicable, there are 

several factors that may have limited the study. First, the ventilation settings assigned for 

each group did not differ sufficiently to produce greater difference in outcomes. The 

ventilation settings for all groups may have been too injurious to differentiate between 

those groups designated as ‘protective’ (Lung-Protective Ventilation, Protective and 

Permissive Hypercapnia) from the groups designated as ‘conventional’ (Conventional 

and Injurious Normocapnia, Conventional Hypercapnia). In this study, a protective VT 

was defined as 8 mL/Kg in order to limit lung stretch without causing hypoventilation. 

However, other studies have used a protective VT as low as 5-7 mL/Kg predicted body 

weight (Hickling et al. 1990; ARDS Network, 2000; Ranieri et al. 1999). These studies 

showed ventilation with VT between 5-7 mL/Kg to be significantly more protective 

compared to conventional VT by reducing lung stretch, inflammation, and improving 

survival. Therefore, a VT of 8 mL/Kg may not have been protective enough for the 

injured lungs in this model of acid aspiration-induced ALI. As a result, this may have 

diluted the differences between protective and conventional ventilation.  
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 Alternatively, it is also possible that the ventilation settings for all groups may 

have been fairly protective such that the differences between the ‘protective’ and 

‘conventional’ groups were lost. In the present study, a ‘conventional’ VT was achieved 

by increasing VT enough to achieve the target PaCO2, which was approximately 12-13 

mL/Kg in the conventional ventilation groups. This coincided with previously reported 

conventional VT that were shown to produce VALI in patients (ARDS Network, 2000; 

Amato et al. 1998). However, other studies previously reported the use of VT as high as  

15 mL/Kg during conventional ventilation of ARDS patients (Kollef and Schuster, 1995; 

Kacmarek and Venegas, 1987). In addition, a VT as high as 30 mL/Kg was used in a rat 

model of ALI as part of a conventional ventilation strategy in order to achieve significant 

injury compared to protective ventilation with low VT (Frank et al. 2003). Taken 

together, these studies suggest the potential need for higher VT in order to create a 

conventional ventilation strategy that is more likely to cause VALI. In the present study, 

the use of VT less than 15 mL/Kg for conventional ventilation could have made this 

ventilation strategy somewhat protective.  

 
4.5.2     Ventilation Duration 
 
 In this study, all rats were ventilated for one hour after the induction of ALI, and 

three hours in each of the assigned groups, for a total of four hours of ventilation. This 

was based on previous studies where four hours of a given ventilation strategy was 

enough to cause significant changes in gas exchange, inflammation, and lung damage 

(Rotta et al. 2001; Sinclair et al. 2002; Chiumello et al. 1999). A 4-hour ventilation 

period was also chosen for this study to minimize the risk for premature death in the 

animals, which we have shown previously (unpublished data). In the current study, four 
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hours of ventilation was long enough to detect differences in the inflammatory response, 

pulmonary edema and diffuse alveolar damage. However, it may not have been long 

enough to detect differences in gas exchange, hemodynamics and overall attenuation of 

VALI. For example, Laffey et al. (2004) ventilated rats with therapeutic hypercapnia for 

6 hours and showed a significant reduction in pulmonary nitric oxide metabolites, PMN 

infiltration and alveolar wall thickness in the lung, as well as improved respiratory 

mechanics and survival rate. In another study, a 5-hour ventilation period in healthy mice 

was enough to show the potentially deleterious effects of mechanical ventilation. These 

effects included the induction of ALI by an increase in neutrophil infiltration and protein 

concentrations in BALF, and an increase in pro-inflammatory cytokines in the lung and 

systemically (Wolthuis et al. 2009). 

 There are other studies that ventilated for less than four hours, and still achieved 

comparable results. For example, a ventilation period of only 90 minutes with protective 

ventilation and therapeutic hypercapnia significantly reduced IL-1  and TNF-  in BALF 

(Laffey et al. 2000b). Moreover, a 3-hour ventilation period in a mouse model of 

ventilator-induced lung injury with protective therapeutic hypercapnia showed a 

significant decrease in pro-inflammatory cytokine activation and PMN infiltrates in the 

lung (Peltekova et al. 2010). However, no differences in gas exchange or hemodynamics 

were noted in that model, similar to the findings of the present study. Meanwhile, 

mechanical ventilation in intensive care patients is often delivered for up to several days, 

weeks and even months, depending on the patient’s condition. In some clinical studies, a 

28-day survival period was used to evaluate the effects of mechanical ventilation  
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strategies in ALI and ARDS patients (ARDS Network, 2000; Amato et al. 1998; Ranieri 

et al. 1999). Therefore, there is evidence to suggest that ventilation periods longer and 

less than 4 hours have the potential to reduce the inflammatory and histopathological 

markers of VALI in experimental models.   

4.5.3     PaCO2 Targets 

 The PaCO2 targets for normocapnia and hypercapnia were well defined and 

limited, however they were relatively close in range. Since normocapnia was defined by a 

PaCO2 of 40-55 mmHg and hypercapnia by a PaCO2 of 60-70 mmHg, this increased the 

likelihood of overlapping PaCO2 measurements in the different groups. The hypercapnia 

range was chosen in order to induce hypercapnia without respiratory acidosis, in order to 

evaluate the true effects of hypercapnia independent of hypercapnic acidosis. This was 

successfully achieved in Protective and Conventional Hypercapnia (inhaled CO2) groups, 

but not in Permissive Hypercapnia (Figure 12). 

The normocapnia range was chosen so as to avoid hypocapnia, but still establish a 

physiologic range of PaCO2. While the PaCO2 target for normocapnia was successfully 

achieved, it may have been closer to hypercapnia than physiologic normocapnia. This 

could have made the Injurious and Conventional Normocapnia groups more protective 

than intended as per the experimental protocol. Therefore, having relatively close PaCO2 

target ranges for normocapnia and hypercapnia may have diluted the potentially 

therapeutic effects of hypercapnia.  

Interestingly, Peltekova et al. (2010) used a PaCO2 target for normocapnia similar 

to that of this study, however the PaCO2 target for hypercapnia was approximately 125 

mmHg, demonstrating a substantial difference in the two PaCO2 ranges, and the presence 
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of hypercapnic acidosis. Alternatively, Hickling et al. (1994) reported a mean PaCO2 of 

approximately 65 mmHg in ARDS patients ventilated with protective VT and permissive 

hypercapnia, and showed improved patient survival. This supports the present study in 

that a target PaCO2 range of 60-70 mmHg for hypercapnia may offer some benefit.  

 
4.5.4     Rat Strain 
 
 In this study, ALI was induced by acid aspiration in male Sprague-Dawley rats. 

One hour after the induction of ALI, the PaO2 decreased from baseline in all groups, 

however ALI per definitionem was only established in all groups at the end of ventilation 

(4 hours) (Table 4). Since it took 4 hours for ALI or ARDS to develop in all groups, it is 

possible that Sprague-Dawley rats may be somewhat robust and resistant to injury. 

Several studies have investigated the effects of hypercapnia and hypercapnic acidosis in 

ALI in different rat strains. Chonghaile et al (2008) also used Sprague-Dawley rats in 

their model of ALI induced by bacterial pneumonia. In that study, the rats that received 

E.coli instillation for 6 hours showed a small drop in PaO2 compared to untreated 

controls, however this difference was statistically significant (157 ± 6 vs. 114 ± 25 

mmHg). This may suggest some level of resistance to infection and injury in Sprague-

Dawley rats.  

 Alternatively, a study using a model of ventilator-induced lung injury in Wistar 

rats demonstrated more drastic changes than those observed in Sprague-Dawley rats. In 

that study, the PaO2 markedly dropped within 40 minutes of injurious ventilation with a 

high pressure (45 cmH2O) (139 ± 27 vs. 45 ± 8 mmHg). Interestingly, there was also a 

drop in the PaO2 of the rats ventilated with a low (protective) pressure (7 cmH2O) (133 ± 

25 vs. 84 ± 15 mmHg) (Imanaka et al. 2001). Although this drop in PaO2 was small, it 
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was significant compared to baseline. While it is not clear whether these effects are due 

to differences in rat strains or the nature of the ALI model, it is important to consider to 

that different rat strains may respond differently to lung injury and ventilatory 

interventions. Experimentally, it is important for animals to develop ALI as per protocol 

in order to model clinical lung injury and objectively evaluate the effects of a treatment 

or ventilation strategy on the animals.  

4.5.5     Assessment of Survival 
 
 After four hours of ventilation the animals were euthanized to eliminate any 

potential pain and suffering. This prevented assessing the effects of hypercapnia and 

protective ventilation on the survival of rats in this study. Laffey et al. (2004) 

demonstrated an improvement in the survival of rats treated with hypercapnic acidosis 

compared to untreated rats, after all animals were subject to endotoxin-induced ALI (89% 

vs. 33%). Clinically, the assessment of survival in ALI and ARDS patients is of the 

utmost importance. As such, protective ventilation and permissive hypercapnia have been 

reported to improve patient survival (ARDS Network, 2000; Hickling 1994; Amato et al. 

1998). This demonstrates the importance of evaluating the effect of ventilatory strategies 

on the overall survival of the study population. This assessment was not undertaken in 

this study and thus may have limited the findings.  

 
4.5.6     Representative Lung Sampling  

The upper lobe of the right lung was homogenized and used to analyze caspase-3 

activation as a measure of programmed cell death in the rat lung. This lobe was chosen 

because it was large enough to extract enough protein for western blot analysis of 
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caspase-3. The upper lobe was chosen over the lower lobe because the lower lobe is 

approximately twice the size of the upper lobe, and would in turn yield far more extracted 

protein than necessary. However, it is possible that the caspase-3 activity measured in the 

upper lobe is not representative of caspase-3 activation in the entire right lung, or both 

lungs, potentially yielding falsely negative results. This is because the lung injury may 

not have been homogenous throughout the lung, making it difficult to estimate caspase-3 

activation throughout the lung. Therefore, non-representative lung sampling may have 

limited the findings of this study.  

 
4.6   Support for Hypotheses
 
 The first hypothesis stating that hypercapnia protects the lung from VALI was 

supported with data showing a reduction in alveolar damage and some biomarkers of 

inflammation in the groups treated with therapeutic hypercapnia. This effect was also 

observed in ventilation settings that are not considered to be lung-protective. Since 

inflammation and alveolar damage are important markers of VALI, a reduction in these 

markers may suggest an attenuation of VALI. The second hypothesis stating that 

protective ventilation attenuates VALI was only partially supported. Under normocapnic 

conditions, protective ventilation only reduced pulmonary edema. However, protective 

ventilation in combination with Therapeutic Hypercapnia reduced inflammation, as well 

as edema. The third hypothesis stating that Therapeutic Hypercapnia is more protective 

than Permissive Hypercapnia was also partially supported. Therapeutic Hypercapnia by 

inhaled CO2 did not reduce histo-pathologic injury as compared to Permissive 

Hypercapnia by endogenous CO2, but maintained physiologic pH and reduced some pro-

inflammatory cytokine release.  
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4.7   Clinical Implications and Conclusions
 
 The findings of this study may be clinically relevant for ALI and ARDS patients 

that require mechanical ventilation. ALI and ARDS patients receive ventilatory support 

to restore physiologic gas exchange, however the ventilation settings used to achieve this 

outcome have the potential to cause VALI. To date, therapeutic hypercapnia has only 

been studied in experimental models, and has been shown to be protective by reducing 

inflammation, reactive oxygen and nitrogen species, and cell death. The current study 

presents clinically relevant findings showing that therapeutic hypercapnia in combination 

with protective ventilatory settings have the potential to attenuate VALI. These findings 

may be particularly relevant to patients that develop ALI and ARDS by aspiration of 

gastric acids. With additional research investigating the effects of therapeutic 

hypercapnia on VALI, it may become possible to induce hypercapnia in ALI and ARDS 

patients using a small fraction of inhaled CO2 to attenuate VALI and improve patient 

survival. 

In conclusion, this study investigated the effects of protective ventilatory settings, 

Permissive and Therapeutic Hypercapnia on the attenuation of VALI. The effects of these 

ventilatory strategies were studied in comparison to the effects of normocapnia and 

conventional ventilation settings. Protective ventilation has the potential to attenuate 

VALI in a mechanism which reduces pulmonary edema. Hypercapnia may also attenuate 

VALI, however its effects may be mediated by a mechanism which reduces diffuse 

alveolar damage, immune cell recruitment, and inflammation. Protective ventilation and 

hypercapnia did not improve oxygenation, however they also did not cause hemodynamic 

compromise. Therapeutic Hypercapnia by inhaled CO2 has the potential to reduce several 
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biomarkers of systemic inflammation without causing respiratory acidosis. This is the 

first study to directly compare the effects of Therapeutic and Permissive Hypercapnia, 

where Therapeutic Hypercapnia maintained physiologic pH without buffering. This study 

is also the first to evaluate the effects of protective ventilation and hypercapnia together 

in a rat model of acid aspiration-induced acute lung injury. We have demonstrated the 

therapeutic potential for inhaled CO2 and protective ventilatory settings to attenuate 

VALI and limit some of the biomarkers of inflammation, which should be continually 

tested in future experimental and clinical trials. 

Our results are encouraging, however there are various necessary experiments to 

validate our present findings and proposed cellular mechanisms. First, a longer 

ventilation duration (more than 4 hours) may allow us to better evaluate the effects of 

hypercapnia and protective ventilation on the attenuation of VALI. In addition, analyzing 

bicarbonate concentrations in arterial blood can help us better understand the 

compensatory buffering mechanism in therapeutic hypercapnia. Histopatholigic 

examination of liver and kidney tissues may give us an indication of multiple organ 

dysfunction secondary to VALI. As well, measuring reactive nitrogen species such as 

peroxynitrite and nitrotyrosine in urine samples may be useful for attributing some of the 

effects of VALI to the production of reactive biological species. Finally, measuring total 

protein concentrations (especially albumin) in BALF can serve as an indicator of vascular 

leakage of serum proteins into the lungs (suggesting endothelila damage). These 

experiments may allow us to better understand the global effects of VALI, as well as the 

potential cellular mechanisms involved in the development and exacerbation of VALI. 
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APPENDIX 1: TABLES 

     Group VT Target 
(mL/Kg) 

RR
(min-1)

PaCO2 Target 
(mmHg)

Added CO2 or 
dead space 

 
Conventional 
Normocapnia 

 
High 

 
 Low  

 
40-55 

 
 

 
Lung-Protective 
Ventilation 
 

 
Low (8.0) 

 
High 

 
40-55 

 
 

Injurious  
Normocapnia 
 
Conventional  
Hypercapnia 

High 
 
 

High 
 

High 
 
 

Low 

40-55 
 
 

60-70 

1.0 mL added dead 
space 

 
Inhaled CO2  

(1.6%) 
 
Protective 
Hypercapnia 
 
Permissive  
Hypercapnia 
 

 
Low (8.0) 

 
 

Low (8.0) 

 
High 

 
 

Low 

 
60-70 

 
 

60-70 

 
 Inhaled CO2 

(1.6%) 
 

Table 1. Summary of target ventilation settings, including tidal volume (VT, mL/Kg), 

respiratory rate (RR, breaths per minute, min-1), partial pressure of carbon dioxide 

(PaCO2, mmHg), and the addition of inspired CO2 gas or dead space for 3 hours of 

ventilation in each group. 
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Group Baseline 1 Hour 4 Hours 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

MAP  
(mmHg)

Permissive Hypercapnia 
 

 
158 ± 13 
152 ± 13 
156 ± 13 
150 ± 13 
146 ± 13 
157 ± 11 

 
129 ± 19 
123 ± 16 
117 ± 20 
119 ± 20 
129 ± 14 
119 ± 14 

 
116 ± 29 
134 ± 40 
120 ± 28 
121 ± 37 
140 ± 23 
126 ± 28 

 
 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

Heart Rate  
(BPM) 

Permissive Hypercapnia 
 

 
422 ± 36 
418 ± 44 
401 ± 44 
414 ± 43 
404 ± 41 
421 ± 30 

 

 
373 ± 56 
376 ± 68 
333 ± 39 
343 ± 50 
375 ± 55 
365 ± 28 

 
428 ± 64 
445 ± 63 
406 ± 52 
411 ± 59 
420 ± 53 
432 ± 55 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

Cardiac Index 
(Lmin-1m-2)

Permissive Hypercapnia 
 

 
2.55 ± 0.89 
2.59 ± 0.64 
2.50 ± 0.55 
2.46 ± 0.48 
2.47 ± 0.67 
2.33 ± 0.41 

 
2.36 ± 0.75
2.51 ± 0.56
2.40 ± 0.42
2.44 ± 0.67
2.45 ± 0.59
2.75 ± 1.10

 
2.27 ± 0.71 
2.19 ± 0.44 
2.22 ± 0.40 
2.31 ± 0.70 
2.08 ± 0.38 
2.24 ± 0.85 

 

 

Table 2. Hemodynamic measurements at baseline, 1 hour and 4 hours of ventilation in 

each group, including mean arterial pressure (MAP, mmHg), heart rate (beats per minute, 

BPM), and cardiac index (Lmin-1m-2). Values are expressed as mean ± SD. 

 

 

 

 

 

 

 

 91



 

Table 3. Respiratory mechanics measurements at baseline, 1 hour and 4 hours of 

ventilation in each group, including tidal volume (VT, mL/Kg), respiratory rate (RR, 

breaths per minute, min-1), minute ventilation (VE, mL/min) and elastance (cmH2O/L). 

Values are expressed as mean ± SD. 

 

*      p<0.0001 vs. baseline  
 
§      p<0.0001 vs. low VT groups (Lung-Protective Ventilation, Protective Hypercapnia, 
        Permissive Hypercapnia) at 4 hours 

 
#     p<0.01 vs. Conventional Hypercapnia at 4 hours 

 
@    p<0.0001 vs. low RR groups (Conventional Normocapnia, Conventional 
       Hypercapnia, Permissive Hypercapnia) at 4 hours 

 
¶      p<0.001 vs. Conventional Normocapnia, Conventional Hypercapnia, Protective 
       Hypercapnia and Permissive Hypercapnia at 4 hours  
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Group Baseline 1 Hour 4 Hours 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

VT
(mL/Kg) 

Permissive Hypercapnia 
 

 
8.3 ± 0.7 
8.3 ± 0.8 
7.9 ± 0.7 
8.4 ± 0.9 
8.3 ± 0.5 
8.3 ± 0.6 

 
8.2 ± 0.6 
8.1 ± 0.7 
8.6 ± 1.0 
8.5 ± 0.6 
8.9 ± 1.4 
8.3 ± 0.7 

 
13.4 ± 1.2 *§#

      8.4 ± 1.4 

      12.3 ± 1.4 *§ 
      10.9 ± 1.7 *§
       7.8 ± 0.7 
       8.1 ± 1.3 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

RR  
(min-1)

Permissive Hypercapnia 
 

 
69 ± 14 
68 ± 13 
72 ± 19 
68 ± 16 
68 ± 13 
68 ± 11 

 
69 ± 16 
68 ± 13 
72 ± 18 
69 ± 18 
68 ± 13 
68 ± 13 

 
       42 ± 10 * 
       92 ± 14 *@ 
       72 ± 16 @
       42 ± 11 * 
       68 ± 19 @
       52 ± 26 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

VE
(mL/min)

Permissive Hypercapnia 
 

 
261 ± 61 
256 ± 65 
252 ± 67 
258 ± 69 
261 ± 58 
253 ± 36 

 
260 ± 76 
252 ± 64  
275 ± 75 
267 ± 76 
279 ± 73 
256 ± 57 

 
       254 ± 56 
       347 ± 91 *¶

 367 ± 104 *¶ 
       204 ± 68 
       245 ± 66 
       191 ± 107 * 

Elastance
(cmH2O/L) 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 
Permissive Hypercapnia 
 

 
2.4 ± 0.4 
2.5 ± 0.7 
2.6 ± 0.5 
2.6 ± 0.7 
2.3 ± 0.5 
2.4 ± 0.4 

 
3.8 ± 0.7 * 
4.2 ± 0.7 * 
3.8 ± 0.8 * 
4.3 ± 1.2 * 
3.7 ± 0.7 * 
4.1 ± 1.1 * 

 
3.6 ± 1.0 * 
4.5 ± 0.8 * 
4.9 ± 2.3 * 
3.9 ± 1.4 * 
4.2 ± 0.8 * 
4.8 ± 1.8 * 
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Group    Baseline    1 Hour   4 Hours 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

pH

Permissive Hypercapnia 
 

 
7.40 ± 0.06 
7.38 ± 0.10 
7.37 ± 0.12 
7.38 ± 0.08 
7.38 ± 0.09 
7.37 ± 0.07 

 
7.35 ± 0.11 
7.29 ± 0.05 
7.37 ± 0.13 
7.33 ± 0.10 
7.36 ± 0.11 
7.29 ± 0.08 

 
7.29 ± 0.14 
7.32 ± 0.12 
7.33 ± 0.07 
7.20 ± 0.11 
7.26 ± 0.11 
7.17 ± 0.11 *§ 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

P/F Ratio  
(mmHg)

Permissive Hypercapnia 
 

 
444 ± 60 
420 ± 61 
431 ± 92 
442 ± 84 
414 ± 81 
421 ± 78 

 
315 ± 71 
247 ± 89 
365 ± 72 
304 ± 110 
304 ± 120 
239 ± 68 

 
222 ± 134 * 
279 ± 111 * 
242 ± 135 * 
242 ± 135 * 
265 ± 94 *  
204 ± 127 * 

 
Conventional Normocapnia 
Lung-Protective Ventilation 
Injurious Normocapnia 
Conventional Hypercapnia 
Protective Hypercapnia 

PaCO2
(mmHg)

Permissive Hypercapnia 
 

 
51 ± 11 
52 ± 17 
52 ± 19 
50 ± 14 
50 ± 8 
50 ± 11 

 
53 ± 12 
61 ± 12 
52 ± 16  
53 ± 19 
52 ± 13 
57 ± 11 

 
52 ± 9 
48 ± 9 
55 ± 7 
68 ± 8 #@ 
68 ± 15 #@ 
71 ± 14 #@ 

 

Table 4. Gas exchange measurements at baseline, 1 hour and 4 hours of ventilation in 

each group, including the pH, ratio of the partial pressure of O2 to the fraction of inspired 

CO2 (P/F ratio, mmHg) and partial pressure of CO2 (PaCO2, mmHg). Values are 

expressed as mean ± SD. 

 

*     p<0.0001 vs. baseline 
 
§    p<0.05 vs.  Conventional Normocapnia and Lung-Protective Ventilation at 4 hours 
 
#    p<0.001 vs. baseline 
 
@  p<0.0001 vs. normocapnic groups (Conventional Normocapnia, Lung-Protective 

                   Ventilation, Injurious Normocapnia) at 4 hours 
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APPENDIX 2: FIGURES 

  

Alveolar Epithelial 
Cell Type II

 
 
Figure 1. Hypercapnic acidosis (HCA) develops when carbon dioxide (CO2) 

accumulates in the cell and reduces intracellular pH. HCA inhibits the apoptotic activity 

of alveolar epithelial cells by reducing caspase-3 activity (1), reduces free radical 

production by inhibiting xanthine oxidase enzymatic activity (2), and decreases the 

production of pro-inflammatory cytokines by inhibiting NF- B activity (3). OH-: 

Hydroxide Radical; O2
-: Superoxide Radical; TNF- : Tumor Necrosis-alpha; NF- B: 

Nuclear Factor- appa B. Modified from Ismaiel and Henzler, Minerva Anesth 2011; 77: 

723-733. 
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Figure 2. The experimental protocol entails the instrumental of rats (N=60), induction of 

Acute Lung Injury (ALI) with hydrochloric acid (HCl) and allowing the injury to develop 

over 1 hour of protective settings under controlled mechanical ventilation (CMV) and 

respiratory paralysis. After establishment of ALI, animals were randomly assigned to six 

groups (n=10 per group), ventilated for 3 hours, and samples were collected. Legend: 

blue border: normocapnia (Partial Pressure of Arterial CO2, PaCO2 target= 40-55 

mmHg); pink border: hypercapnia (PaCO2 target=60-70 mmHg); solid background: 

conventional ventilation settings (high tidal volume, VT); blank background: protective 

ventilation settings (VT target of 8 mL/Kg).  
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Figure 3. The mean arterial pressure (MAP) at baseline, 1 hour and 4 hours of 

mechanical ventilation in Conventional Normocapnia, Lung-Protective Ventilation, 

Injurious Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective 

(Therapeutic) Hypercapnia and Permissive Hypercapnia. The MAP did not differ among 

the groups at baseline, 1 hour and 4 hours of ventilation, and there were no time-

dependent differences. Values are expressed as mean ± SEM. 
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Figure 4. The heart rate (HR) at baseline, 1 hour and 4 hours of mechanical ventilation in 

Conventional Normocapnia, Lung-Protective Ventilation, Injurious Normocapnia, 

Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) Hypercapnia and 

Permissive Hypercapnia. The HR did not differ among the groups at baseline, 1 hour and 

4 hours of ventilation, and there were no time-dependent differences in HR. Values are 

expressed as mean ± SEM. 
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Figure 5. The cardiac index (CI) at baseline, 1 hour and 4 hours of mechanical 

ventilation in Conventional Normocapnia, Lung-Protective Ventilation, Injurious 

Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) 

Hypercapnia and Permissive Hypercapnia. The CI did not differ among the groups at 

baseline, 1 hour and 4 hours of ventilation, and there were no time-dependent differences. 

Values are expressed as mean ± SEM. 
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Figure 6. The tidal volume (VT) at baseline, 1 hour and 4 hours of mechanical ventilation 

in Conventional Normocapnia, Lung-Protective Ventilation, Injurious Normocapnia, 

Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) Hypercapnia and 

Permissive Hypercapnia. The CI did not differ among the groups at baseline and 1 hour 

of ventilation. At 4 hours, VT was higher in Conventional Normocapnia, Injurious 

Normocapnia and Conventional Hypercapnia compared to Lung-Protective Ventilation, 

Protective Hypercapnia and Permissive Hypercapnia (§ p<0.0001). * p< 0.0001 vs. 

baseline and 1 hour, # p<0.01 vs. Conventional Hypercapnia. Values are expressed as 

mean ± SEM. 
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Figure 7. The respiratory rate (RR) at baseline, 1 hour and 4 hours of mechanical 

ventilation in Conventional Normocapnia, Lung-Protective Ventilation, Injurious 

Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) 

Hypercapnia and Permissive Hypercapnia. The RR did not differ among the groups at 

baseline and 1 hour of ventilation. At 4 hours, RR was higher in Lung-Protective 

Ventilation, Injurious Normocapnia and Protective Hypercapnia compared to 

Conventional Normocapnia, Conventional Hypercapnia and Permissive Hypercapnia (@ 

p<0.0001). * p< 0.0001 vs. baseline and 1 hour. Values are expressed as mean ± SEM. 
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Figure 8. The minute ventilation (VE) at baseline, 1 hour and 4 hours of mechanical 

ventilation in Conventional Normocapnia, Lung-Protective Ventilation, Injurious 

Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) 

Hypercapnia and Permissive Hypercapnia. The VE did not differ among the groups at 

baseline and 1 hour of ventilation. At 4 hours, VE was higher in Lung-Protective 

Ventilation and Injurious Normocapnia compared to all other groups (¶ p<0.001). * p<

0.0001 vs. baseline and 1 hour. Values are expressed as mean ± SEM. 
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Figure 9. The elastance at baseline, 1 hour and 4 hours of mechanical ventilation in 

Conventional Normocapnia, Lung-Protective Ventilation, Injurious Normocapnia, 

Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) Hypercapnia and 

Permissive Hypercapnia. The elastance did not differ among the groups at baseline. At 1 

hour of ventilation, elastance increased in all groups compared to baseline (* p< 0.0001). 

At 4 hours, elastance increased further in all groups compared to baseline. Values are 

expressed as mean ± SEM. 
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Figure 10. The partial pressure of arterial oxygen (PaO2) at baseline, 1 hour and 4 hours 

of mechanical ventilation in Conventional Normocapnia, Lung-Protective Ventilation, 

Injurious Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective 

(Therapeutic) Hypercapnia and Permissive Hypercapnia. The P/F ratio did not differ 

among the groups at baseline. At 1 hour of ventilation, the P/F ratio decreased in all 

groups compared to baseline, however not significantly. At 4 hours, the P/F ratio 

decreased further in all groups compared to baseline (* p< 0.0001). Values are expressed 

as mean ± SEM. 
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Figure 11. The partial pressure of arterial carbon dioxide (PaCO2) at baseline, 1 hour and 

4 hours of mechanical ventilation in Conventional Normocapnia, Lung-Protective 

Ventilation, Injurious Normocapnia, Conventional (Therapeutic) Hypercapnia, Protective 

(Therapeutic) Hypercapnia and Permissive Hypercapnia. PaCO2 did not differ among the 

groups at baseline and 1 hour. The PaCO2 was significantly higher in Conventional 

Hypercapnia, Protective Hypercapnia and Permissive Hypercapnia at 4 hours compared 

to baseline (* p< 0.001), and compared to Conventional Normocapnia, Lung-Protective 

Ventilation and Injurious Normocapnia at 4 hours (@ p<0.0001). Values are expressed as 

mean ± SEM. 
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Figure 12. Arterial pH at baseline, 1 hour and 4 hours of mechanical ventilation in 

Conventional Normocapnia, Lung-Protective Ventilation, Injurious Normocapnia, 

Conventional (Therapeutic) Hypercapnia, Protective (Therapeutic) Hypercapnia and 

Permissive Hypercapnia. pH did not differ among the groups at baseline and 1 hour. At 4 

hours, pH was significantly lower in Permissive Hypercapnia compared to Lung-

Protective Ventilation at 4 hours (§ p< 0.05), and compared to baseline pH in Permissive 

Hypercapnia (* p<0.0001). Values are expressed as mean ± SEM. 
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 Figure 13. Postmortem Wet-to-Dry Lung Ratio was lower in Lung-Protective 

Ventilation compared to Conventional Ventilation and Injurious Normocapnia. Protective 

Hypercapnia produced a lower wet/dry lung ratio compared to Injurious Normocapnia (* 

p<0.05). Legend: blue border: normocapnia (Partial Pressure of Arterial CO2, PaCO2 

target= 40-55 mmHg); pink border: hypercapnia (PaCO2 target=60-70 mmHg); solid 

bars: conventional ventilation settings (high tidal volume, VT); open bars: protective 

ventilation settings (VT target of 8 mL/Kg). Values are expressed as mean ± SEM. 
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Figure 14. Diffuse Alveolar Damage (DAD) lung injury score was lower in Conventional 

Injurious Normocapnia, Conventional Normocapnia and Lung-Protective Ventilation (* 

p<0.05). Legend: blue border: normocapnia (Partial Pressure of Arterial CO2, PaCO2 

target= 40-55 mmHg); pink border: hypercapnia (PaCO2 target=60-70 mmHg); solid 

bars: conventional ventilation settings (high tidal volume, VT); open bars: protective 

ventilation settings (VT target of 8 mL/Kg). Values are expressed as mean ± SEM. 
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Figure 15. Diffuse Alveolar Damage (DAD) subscores: Interstitial edema, alveolar 

edema, hyaline membranes, atelectasis, and alveolar damage. Legend: blue border: 

normocapnia (Partial Pressure of Arterial CO2, PaCO2 target= 40-55 mmHg); pink 

border: hypercapnia (PaCO2 target=60-70 mmHg); solid bars: conventional ventilation 

settings (high tidal volume, VT); open bars: protective ventilation  

settings (VT target of 8 mL/Kg). Values are expressed as mean ± SEM. 
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Figure 16. Morphological changes in lung tissue stained with hematoxylin and eosin after 4 

hours of ventilation, shown in 40X magnification. Lung tissues show the presence of 

polymorphonuclear (PMN) cell infiltration (P), atelectasis (A), hyaline membranes (HM), 

hemorrhages (H), and edema (E).  
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Figure 17. Cytokine and chemokine concentrations in plasma. IL-1  levels were lower in 

Protective Hypercapnia compared to Conventional Normocapnia and Lung-Protective 

Ventilation , and lower in Conventional Hypercapnia compared to Conventional Normocapnia 

(A). TNF-  levels were lower in Protective Hypercapnia compared to Conventional 

Normocapnia (D). IL-10 was present in higher concentrations in Conventional Normocapnia 

compared to Protective Hypercapnia (F), (* p<0.05). Legend: blue border: normocapnia 

(Partial Pressure of Arterial CO2, PaCO2 target= 40-55 mmHg); pink border: hypercapnia 

(PaCO2 target=60-70 mmHg); solid bars: conventional ventilation settings (high tidal volume, 

VT); open bars: protective ventilation settings (VT target of 8 mL/Kg). Values are expressed as 

mean ± SEM. (---) indicates normal levels in rat plasma, ND indicates not detectable.  
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Figure 18. Cytokine and chemokine concentrations in bronchoalveolar lavage fluid (BALF). 

IL-6 levels were lower in Conventional Hypercapnia compared to Conventional Normocapnia 

and Injurious Normocapnia (C). IL-10 levels were higher in Permissive Hypercapnia compared 

to Lung-Protective Ventilation (F). Monocyte Chemotactic Protein-1 (MCP-1) was lower in all 

hypercapnia groups (pink) compared to all normocapnia groups (blue) (J) (* p<0.05). Legend: 

blue border: normocapnia (Partial Pressure of Arterial CO2, PaCO2 target= 40-55 mmHg); 

pink border: hypercapnia (PaCO2 target=60-70 mmHg); solid bars: conventional ventilation 

settings (high tidal volume, VT); open bars: protective ventilation settings (VT target of 8 

mL/Kg). Values are expressed as mean ± SEM. (---) indicates normal levels in BALF, ND 

indicates not
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Figure 19. Western blot analysis of caspase-3 expression in lung homogenates. Inactive (uncleaved) caspase-3 (35 kD), 

active (cleaved) caspase-3 (17 kD and 12 kD) expression was detected. Caspase-3 activation was expressed as the ratio of 

active (17 kD): inactive (35 kD) caspase-3.  
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Figure 20. Ratio of active: inactive caspase-3 expression in rat lung homogenates after 4 

hours of ventilation, as measured by western blot densitometric analysis. Legend: blue 

border: normocapnia (Partial Pressure of Arterial CO2, PaCO2 target= 40-55 mmHg); 

pink border: hypercapnia (PaCO2 target=60-70 mmHg); solid bars: conventional 

ventilation settings (high tidal volume, VT); open bars: protective ventilation settings (VT 

target of 8 mL/Kg). Values are expressed as mean ± SEM. 
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