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“All truths are easy to understand once they are discovered; 

the point is to discover them” 
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Chapter 1.                                                                         

GENERAL INTRODUCTION 

1.1. Definition, aetiology and incidence of intraperitoneal adhesions 

Adhesions are pathological bonds between surfaces within body cavities. These bonds can 

be a thin film of connective tissue, a thick fibrous bridge containing blood vessels and nerve 

tissue, or a direct contact between two organ surfaces (1). Adhesions can be found in abdomi-

nal, pericardial, pleural, uterine and joint cavities, and in the chamber of the eyes. Adhesions 

in the abdominal cavity are also known as intraperitoneal or peritoneal adhesions because the 

peritoneum is always involved. 

Intraperitoneal adhesions may be classified, according to the aetiology, in congenital or 

acquired, which can be postinflammatory or postoperative (2). Abdominal surgery is the most 

common cause of adhesions, 70-85% of all adhesions being attributed to previous surgery (3). 

On the other hand, abdominal surgery has been documented as almost universally adhesio-

genic and the reported incidence of adhesions in patients undergoing surgery varies from 55% 

to 100% (4). These observations are supported by a large prospective study that evaluated two 

cohorts of patients undergoing laparotomy, i.e. patients without any previous abdominal sur-

gery and patients with at least one previous abdominal surgery. In the former group, adhe-

sions were found in 10% of the cases (9% postinflammatory and 1% congenital), whereas in 

the latter group adhesions were found in 94% of the cases (92% postoperative, 1% postin-

flammatory and 1% congenital) (5).  

Among postoperative adhesions, different processes can be distinguished. Unfortunately, 

similar processes have received different names by different authors, introducing a confound-

ing terminology. Pouly et al differentiate adhesion formation (adhesions formed at operative 

sites), de novo adhesion formation (adhesions formed at non-operative sites) and adhesion 

reformation (adhesions formed after the lysis of previous adhesions) (6), which will be fol-

lowed in this thesis. Diamond et al distinguish adhesions type 1 or de novo adhesion forma-

tion (adhesions formed at sites that did not have adhesions previously), including type 1A (no 

previous operative procedures at the site of adhesions) and type 1B (previous operative pro-

cedures at the site of adhesions), and adhesions type 2 or adhesion reformation (adhesions 
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formed at sites where adhesiolysis was performed), including type 2A (no operative proce-

dures at the site of adhesions besides adhesiolysis) and type 2B (other operative procedures at 

the site of adhesions besides adhesiolysis) (7). 

1.2. Clinical significance of intraperitoneal adhesions 

Depending on their location and structure, adhesions may remain silent or cause clinically 

important complications, such as intestinal obstruction, chronic pelvic pain, female infertility 

and difficulties at the time of reoperation. 

Intestinal obstruction is the most serious complication of intraperitoneal adhesions as it can 

be life-threatening due to strangulation. Adhesions are the leading cause of intestinal obstruc-

tion in the Western World, accounting for more than 40% of all cases of intestinal obstruction 

and for 60-70% of those involving the small bowel. Risk factors and timing of intestinal ob-

struction due to adhesions remain unpredictable (2). 

Adhesion formation is a major cause of chronic pelvic pain and it has been reported as the 

primary cause in some 25% of patients with chronic pelvic pain (8). It was suggested that pel-

vic pain is a consequence of the restricted organ mobility imposed by adhesions and several 

authors reported a relief of symptoms after adhesiolysis. From a clinical point of view, how-

ever, the relation between adhesions and chronic pelvic pain is unclear since their association 

does not necessarily imply a causal relationship. Indeed, it was demonstrated that a large 

number of infertility patients with adhesions do not experience pelvic pain (8). 

Intraperitoneal adhesions are well recognised as a cause of female infertility. The proposed 

mechanism of infertility is that adhesions restrict the sweeping of the fimbria over the ovary. 

Periadnexal adhesions were found in some 20-30% of infertile women and marked increases 

in pregnancy rates were reported after adhesiolysis (9). 

The presence of adhesions increases the technical difficulty of surgeries, increasing the dif-

ficulty of accessing the abdomen or the operation site, the complication rates, the anaesthesia, 

operating and recovery time, the use of surgical materials and the need for blood transfusion. 

Therefore, the magnitude of adhesions related disorders (ARD) is larger than could be antici-

pated and is better illustrated by the reports showing that hospital readmission for ARD rival 

the number of hip replacements, heart bypass or appendix surgeries, that 35% of women hav-

ing open gynaecologic surgery are readmitted 1.9 times in 10 years for operation due to adhe-

sions or complicated by adhesions, and that the estimated annual cost for ARD in the USA is 

1.3 billion US$ (10;11). 
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1.3. Pathogenesis of intraperitoneal adhesions 

The peritoneum is one of the largest organs in humans with a surface of some 10.000 cm2 

in adults. It serves to minimise friction and facilitate free movement of abdominal viscera, to 

resist and localise infections, and to store fat, especially in the greater omentum. It forms a 

close sac in males and an open sac in females, lining the abdominal walls (parietal perito-

neum) and the viscera (visceral peritoneum). It is composed of a continuous layer of mesothe-

lial cells and a layer of loose connective tissue (12). 

The peritoneal mesothelial cells are highly differentiated, as well as pleural and pericardial 

mesothelial cells, and their apical surface contains abundant long microvilli that increase the 

functional surface of the peritoneum for absorption and secretion. Mesothelial cells are con-

nected to one another by desmosomes and very loosely attached to the underlining basement 

membrane. The connective tissue is composed of bundles of collagenous and elastic fibres 

oriented in different directions and a rich network of blood and lymphatic vessels. Inter-

spersed among these fibres and vessels there are poorly differentiated epithelioid-like cells, 

similar to fibroblasts, macrophages, mast cells and fat cells (12).  

The intact peritoneal cavity contains 3-50 ml of fluid with a pH of 7.5-8.0 and with a sig-

nificant buffering capacity. The peritoneal fluid (PF) contains plasma proteins, including a 

large amount of fibrinogen, and a variety of free-floating cells, including macrophages, lym-

phocytes, eosinophils, mast cells and desquamated mesothelial cells (12). 

Peritoneal injury, due to surgery, infection or irritation, initiates an inflammatory reaction 

that increases all components of the peritoneal fluid, i.e. proteins and cells, generating a fibri-

nous exudate and the formation of fibrin (13). Fibrin formation is the result of the activation 

of the coagulation cascade, which includes two pathways, i.e. the contact factor or intrinsic 

pathway and the tissue factor or extrinsic pathway. Activation of these pathways transforms 

prothrombin (Factor II) into thrombin (Factor IIa) via the common pathway. Thrombin then 

triggers the conversion of fibrinogen into monomers of fibrin, which interact with each other 

and polymerise. The initially soluble polymer becomes insoluble by some coagulation factors 

such as Factor XIIIa and is deposited on the wound surface (12;13).  

Within this fibrinous exudate, polymorphonuclears (PMN), macrophages, fibroblasts and 

mesothelial cells migrate, proliferate and/or differentiate. During the first two postoperative 

days, a large number of PMN enter and, in the absence of infection, depart within 3-4 days. 

Macrophages increase in number and change their functions, becoming the most important 

component of the leukocyte population after day 5. They phagocyte more accurately, have 
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greater respiratory burst activity and secrete a variety of substances including cytokines and 

growth factors that recruit new mesothelial cells onto the injury surface. Mesothelial cells mi-

grate, form islands throughout the injured area and proliferate in order to cover the denuded 

area. This reepithelialisation process is different from that occurring in the skin because the 

entire surface becomes epithelialised simultaneously from the islands of mesothelial cells and 

not gradually from the borders. Therefore, it is irrespective of the size of the injury and is 

complete in 5-7 days (12).  

These cells release a variety of substances including plasminogen system components, ara-

chidonic acid metabolites, reactive oxygen species (ROS), cytokines and growth factors such 

as interleukins, tumour necrosis factor α (TNF-α), transforming growth factors α and β (TGF-

α and TGF-β), which modulate the process of peritoneal healing and adhesion formation at 

different stages (13;14).  

This fibrinous exudate and fibrin deposition is an essential part of normal tissue repair, but 

its complete resolution is required to restore the preoperative conditions. The degradation of 

fibrin is regulated by the plasminogen system. In this system, the inactive proenzyme plasmi-

nogen is converted into active plasmin by plasminogen activators, which are inhibited by 

plasminogen activator inhibitors (PAIs) (15). 

Plasminogen is a glycoprotein synthesised in the liver that is abundant in almost all tissues. 

It is the inactive precursor of plasmin, a serine protease that is highly effective in the degrada-

tion of fibrin into fibrin degradation products (FDP) and that has a role in other stages of tis-

sue repair, such as extracellular matrix (ECM) degradation (16), activation of proenzymes of 

the matrix metalloprotease (MMP) family (17), and activation of growth factors (18). 

The principal activator of plasminogen is the serine protease tissue-type plasminogen acti-

vator (tPA), which is expressed in endothelial cells, mesothelial cells and macrophages. Tis-

sue-type plasminogen activator has a high affinity for fibrin and binds to a specific receptor, 

which exposes a strong plasminogen-binding site on the surface of the fibrin molecule. There-

fore, in the presence of fibrin the activation rate of plasminogen is strikingly enhanced, 

whereas in the absence of fibrin tPA is a poor activator of plasminogen (19;20). This results 

in higher plasminogen activation on the sites where it is required, whereas systemic activation 

is prevented. The other activator of plasminogen is the serine protease urokinase-type plasmi-

nogen activator (uPA). The properties of uPA differ from those of tPA as it lacks high-affinity 

binding for fibrin and thus the increased activity in the presence of fibrin. Therefore, uPA is 

limited in its capacity to activate plasminogen (21). 
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FIGURE 1.1: Pathogenesis of adhesion formation 
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The action of the plasminogen activators is counteracted by plasminogen activator inhibi-

tor-1 (PAI-1) and plasminogen activator inhibitor-2 (PAI-2) through the formation of inactive 

complexes. The most potent inhibitor of tPA and uPA is the glycoprotein PAI-1, which is ex-

pressed in endothelial cells, mesothelial cells, macrophages, platelets and fibroblasts. The 

glycoprotein PAI-2 is a relatively poor inhibitor of tPA and uPA and is expressed in mesothe-

lial cells, macrophages and epithelial cells. Other two plasminogen activator inhibitors have 
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been identified, i.e. PAI-3 and protease nexin 1, but their roles in peritoneal fibrinolysis re-

main unknown. Plasmin can be directly inhibited by plasmin inhibitors, i.e. α2-macroglobulin, 

α2-antiplasmin and α1-antitrypsin, but their roles in peritoneal fibrinolysis are not well defined 

either (15). 

The balance between fibrin deposition and degradation is critical in determining normal 

peritoneal healing or adhesion formation. If fibrin is completely degraded, normal peritoneal 

healing will occur. In contrast, if fibrin is not completely degraded, it will serve as a scaffold 

for fibroblasts and capillary ingrowth. Indeed, fibroblast will invade the fibrin matrix and 

ECM will be produced and deposited. The ECM can be completely degraded by MMPs, lead-

ing to normal healing. However, if this process is inhibited by tissue inhibitors of MMPs 

(TIMPs), peritoneal adhesions will be formed. In addition to fibroblast invasion and ECM 

deposition, the formation of new blood vessels has been universally claimed to be important 

in adhesion formation (12). This process, meditated to a large extent by the so-called angio-

genic factors, has been, however, poorly addressed. 

1.4. Laparoscopic surgery and adhesion formation 

It has been claimed that laparoscopy is less adhesiogenic than laparotomy but the data are 

not conclusive. In animals, some authors reported less adhesion formation after laparoscopy 

in rats (22), dogs (23), pigs (24) and rabbits (25), whereas others failed to show differences in 

rats (26) and in rabbits (27;28). It was also reported less de novo adhesion formation and less 

adhesion reformation after laparoscopy in rabbits (25), which was not confirmed in other 

studies on rabbits (28). In humans, a prospective randomised trial of patients with ectopic 

pregnancy undergoing surgical treatment by either laparoscopy or laparotomy demonstrated, 

during a second look laparoscopy, less adhesion formation and less de novo adhesion forma-

tion in the laparoscopy group (29). Other non-randomised clinical studies also demonstrated 

less adhesion formation and less de novo adhesion formation after laparoscopy (30;31), 

whereas others reported a very low frequency of de novo adhesion formation, an insignificant 

frequency of adhesion formation and a high frequency of adhesion reformation after laparo-

scopy (32). From all these animal and human data, no definitive conclusion can be drawn but 

they strongly suggest that laparoscopy has some advantages in terms of adhesion formation, 

that laparoscopy very seldom induces de novo adhesion formation, and that laparoscopy is 

similar to laparotomy in terms of adhesion reformation (6). 

To interpret these data it is important to highlight the differences between laparoscopy and 

laparotomy in terms of the direct surgical trauma and the peritoneal environment. On the one 



General Introduction  7 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

hand, laparoscopy induces less direct surgical trauma because of gentle tissue handling, me-

ticulous haemostasis, constant irrigation, the use of microsurgical instruments and the smaller 

operative field, which may reduce the risk of adhesion formation. On the other hand, laparo-

scopy and laparotomy are performed in different gas environments, CO2 pneumoperitoneum 

for the former and air for the latter. Indeed, during laparoscopy pneumoperitoneum is neces-

sary and CO2 is generally used for safety reasons, i.e. its high solubility in water and its high 

exchange capacity in lungs. CO2 pneumoperitoneum, however, induces adverse systemic and 

local effects. Systemically, CO2 pneumoperitoneum induces acidosis/hypercarbia (33;34) and 

hypothermia (35-37). Locally, CO2 pneumoperitoneum induces desiccation (38), decreases 

the pH (39), alters the peritoneal fluid (40), the microcirculation (41) and the morphology of 

the mesothelial cells in a time- and pressure-dependent manner (35;42;43).  

It has been recently demonstrated that adhesion formation increases with the duration of 

the CO2 pneumoperitoneum in rabbits (44) and mice (45) and with the insufflation pressure in 

rabbits (46). Indeed, longer laparoscopic surgery was reported to be associated with more ad-

hesions in a study evaluating simultaneously the effect of training in rabbits (44). Both dura-

tion of surgery and adhesion formation decreased with training. Since the surgeries were 

longer at the beginning of the study, it was assumed that the surgical trauma was also more 

severe. Therefore, it was not possible to determine whether more adhesions were found be-

cause of the more severe surgical trauma or because of the longer duration of surgery and 

pneumoperitoneum (44). In a subsequent study in the same model, the time required to per-

form peritoneal lesions to induce adhesions was standardised and the specific effect of the 

pneumoperitoneum was evaluated by maintaining it for different time periods. Adhesion for-

mation increased with the duration of the pneumoperitoneum (unpublished data). Subse-

quently, the effects of the insufflation pressure, together with flow rate, upon adhesion forma-

tion were evaluated in rabbits. Different pressures, i.e. 5 and 15 mm Hg, were used to evalu-

ate the effect of pneumoperitoneum-induced ischemia/hypoxia, whereas different flow rates, 

i.e. 1 and 10 l/min, were used to evaluate the effect of desiccation, since in vitro studies dem-

onstrated that higher flow rates induce more desiccation. Adhesions increased with the insuf-

flation pressure and the flow rate suggesting that both ischemia/hypoxia and desiccation play 

a role in adhesion formation (46). These effects of the pneumoperitoneum were also evaluated 

in mice. A preliminary laparoscopic mouse model was developed and it was confirmed that 

adhesion formation increased with the duration of the pneumoperitoneum and the flow rate 

(45). All these data together indicate that the CO2 pneumoperitoneum plays a role in adhesion 

formation but the intrinsic mechanisms remain unclear.  
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1.5. Adhesion prevention 

A considerably effort has been made and a variety of approaches have been developed to 

prevent adhesions, but results so far have been variable and inconsistent. Historically, these 

treatments fall into the following five categories described in 1942 as the “five fundamental 

attacks directed towards the prevention of adhesions” (47): 

1. Limitation or prevention of initial peritoneal injury. 

2. Prevention of coagulation of the serous exudate. 

3. Removal or dissolution of deposited fibrin. 

4. Prevention of the adherence of surfaces of adjacent structures by keeping them apart. 

5. Prevention of the organisation of the persisting fibrin by means of inhibiting the fibro-

blastic proliferation. 

1.5.1. Limitation or prevention of initial peritoneal injury 

The avoidance of damage to the peritoneum is universally accepted as an effective ap-

proach for prevention of postoperative adhesions. This can be achieved by careful tissue han-

dling, meticulous haemostasis, continuous irrigation, and by avoiding unnecessary drying, su-

turing and clamping of tissue. These principles are known as the “Halstedian principles” after 

W.S. Halsted (1852-1922), the first surgeon who recognised the importance of these measures 

(48). The use of fine and biocompatible suture material, atraumatic instruments, starch-free 

gloves and non-linting swabs, as well as the avoidance of peritoneal closure, were reported to 

reduce adhesion formation (49).   

1.5.2. Prevention of coagulation of the serous exudate  

Therapeutic attempts to prevent fibrin formation and deposition include peritoneal lavages 

to dilute or wash away fibrinous exudates and anticoagulant solutions. Peritoneal irrigation 

with saline or Ringer’s lactate, with or without anticoagulant agents such as heparin, was of-

ten used in an attempt to reduce adhesion formation, but clinical and animal studies reported 

contradictory results (50).  

1.5.3. Removal or dissolution of deposited fibrin 

Fibrinolytic agents may supplement the deficiency in endogenous fibrinolytic activity fol-

lowing peritoneal injury and, therefore, they have been applied to prevent adhesion formation. 

Recombinant tPA, uPA and streptokinase were reported to be effective in preventing adhe-

sions in animals and humans, and ongoing efforts are focused on finding optimal delivery sys-

tems and minimising potential complications (50).   
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1.5.4. Prevention of the adherence of surfaces of adjacent structures by keeping them 

apart 

Surgically traumatised surfaces can be kept separated during the 5-7 days required for peri-

toneal reepithelialisation, thus preventing the adherence of adjacent structures and reducing 

adhesion formation. Barrier mechanisms have been extensively studied for adhesion preven-

tion and can be achieved by either mechanical devices or a macromolecular solution. An ideal 

barrier must be biodegradable, safe, non-inflammatory, non-immunogenic and rapidly and 

easily applied (50;51). 

Mechanical barriers 

Oxidized regenerated cellulose (ORC) (Interceed), expanded polytetrafluoroethylene 

(ePTFE) (Preclude) and hyaluronic acid-carboxymethylcellulose (HA-CMC) (Seprafilm) are 

the most commonly used mechanical barriers. These products have been evaluated with 

promising results in several clinical and experimental studies, but a series of limitations for 

their clinical use have been reported (50;51). Indeed, Interceed can only be applied in dry, 

non-bleeding surfaces, Preclude is non-degradable and requires a second operation for re-

moval, while Seprafilm is difficult to handle and cannot be applied during laparoscopy. A 

new mechanical barrier has recently been developed, i.e. polyethylenglycol (SprayGel). This 

product has the advantage of being easily used during both laparotomy and laparoscopy with 

promising results in reducing adhesion formation.  

Liquid barriers: peritoneal instillates 

Peritoneal instillates, such as crystalloids, dextran, hyaluronic acid, cross-linked hyaluronic 

acid and icodextrin, have been used to separate injured surfaces by “hydroflotation” and to re-

duce adhesion formation (50;51). Crystalloids, such as saline and Ringer’s lactate, are used in 

large amounts but they are rapidly absorbed and their effectiveness is controversial. Clinical 

data on the use of Ringer’s lactate show no beneficial effects (52). Hypertonic solutions have 

the potential to form enough transudate and therefore can be used in smaller quantities. The 

most commonly used hypertonic solution was 32% dextran 70 (Hyskon), but it was aban-

doned because of the controversial results and the serious complications reported. Other liq-

uid barriers that have the advantage of a longer residence time in the abdominal cavity, such 

as hyaluronic acid (Sepracoat), cross-linked hyaluronic acid (Intergel), and icodextrin 

(Adept), have shown promising results in experimental and clinical studies (51). 
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1.5.5. Prevention of the organisation of the persisting fibrin by means of inhibiting the 

fibroblastic proliferation 

This principle of inhibition of fibroblast proliferation has been extended later to the inhibi-

tion of the inflammatory reaction in general. This has been attempted by corticosteroids, non-

steroidal anti-inflammatory drugs (NSAIDs), calcium channel blockers, histamine antago-

nists, antibiotics, antioxidants, progesterone, colchicines and selective immunosuppressors 

(50). The efficacy of these agents has been demonstrated in some studies but the overall re-

sults remains controversial.  

1.6. Rationale, frame and aims of this thesis 

A role of the CO2 pneumoperitoneum in adhesion formation after laparoscopic surgery has 

been reported previously. It was demonstrated that adhesion formation increases with the du-

ration of CO2 pneumoperitoneum and the insufflation pressure (44-46). The intrinsic mecha-

nisms remain, however, unexplained and unexplored. The general objective of this work is to 

gain further insights in the pathophysiology of adhesion formation after laparoscopic surgery. 

Therefore, the effects of different pneumoperitoneum parameters upon adhesion formation are 

investigated in detail. In addition, the systemic effects of the pneumoperitoneum are evalu-

ated, together with their association with adhesion formation. In order to achieve these objec-

tives, the following studies are performed: 

1.  A series of experiments are performed in rabbits (53) and in mice (54) (chapter 3) to as-

sess whether the CO2 pneumoperitoneum increases adhesion formation, and if so by in-

ducing acidosis or by inducing peritoneal ischemia/hypoxia. A laparoscopic mouse model 

suitable for laparoscopic surgery at high insufflation pressure is developed. The relative 

importance of acidosis is evaluated by comparing the effects of CO2 and helium pneu-

moperitoneum. The role of ischemia/hypoxia is assessed by adding oxygen to the pneu-

moperitoneum.  

2.  Because of the availability of transgenic mice, under or over expressing the genes encod-

ing for some factor regulated by hypoxia, we test the hypothesis of peritoneal hypoxia by 

evaluating adhesion formation in these mice. This approach has the additional advantage 

of evaluating the specific role of these factors in adhesion formation.  

• In chapter 4, adhesion formation is evaluated in mice deficient for the genes encod-

ing for hypoxia inducible factors (HIFs) (55).  
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• In chapter 5, adhesion formation is evaluated in mice deficient for the genes encod-

ing for some members of the vascular endothelial growth factor (VEGF) family. In 

order to confirm the role of these factors and to evaluate some alternatives for adhe-

sion prevention, mice are treated with monoclonal antibodies (56). In addition, the 

time course of expression of VEGF in mice exposed to CO2 pneumoperitoneum is 

assayed by ELISA.  

• In chapter 6, adhesion formation is evaluated in mice deficient for the genes encod-

ing for some members of the plasminogen system. In addition, the time course of 

expression of PAI-1 and tPA in mice exposed to CO2 pneumoperitoneum is assayed 

by ELISA (57).  

3.  In parallel experiments, and knowing the profound effects of the CO2 pneumoperitoneum 

upon blood gases and pH, systemic effects are evaluated in our laparoscopic mouse 

model, as well as the association between CO2 pneumoperitoneum-induced acidosis and 

CO2 pneumoperitoneum-enhanced adhesion formation (chapter 7).  

4.  Finally, the effects of the addition of oxygen to the pneumoperitoneum are evaluated in 

more detail: 

• In chapter 8, the dose-response effect of the addition of oxygen to the pneumoperi-

toneum upon adhesion formation is evaluated in mice using different insufflation 

times and pressures. High oxygen concentrations are used since laparotomy is per-

formed in air, an environment with high oxygen tension for cells.  

• In chapter 9, the effects of the addition of oxygen to the pneumoperitoneum upon 

CO2 absorption are evaluated in rabbits by measuring acid-base parameters, oxi-

metry parameters, oxygen parameters and metabolic parameters (58;59). 
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Chapter 2.                                                                         

GENERAL MATERIALS AND METHODS 

This work has been performed in two animal models, i.e. rabbits and mice. The rabbit 

model was used because it is a well-established model for the study of adhesion formation 

and prevention and because it had been earlier used by the group for adhesion formation stud-

ies as well as for training in laparoscopic surgery. Rabbits also allow repetitive sampling of 

tissue and blood over time. The laparoscopic mouse model was developed in order to fully 

benefit of the available technology, e.g. transgenic mice. All studies were approved by the 

Ethics Committee for Animal Experimentation of the Katholieke Universiteit Leuven (KUL). 

2.1. Studies on rabbits 

2.1.1. Animals 

The studies were performed in 117 adult, female, New Zealand, white rabbits weighting 

2.5-3.0 kg. The animals were kept under standard laboratory conditions (18°C, relative hu-

midity 40-70%, 14 hours light and 10 hours dark) at the animals’ facilities of the KUL and fed 

a standard laboratory diet (Hope Farms, Woerden, The Netherlands) ad libitum.  

2.1.2. Anaesthesia, ventilation and preparation 

Anaesthesia was induced with IM ketamine (50 mg/kg) and xylazin (6 mg/kg) and main-

tained with inhalational halothane (2%) and oxygen mixed with room air (1.5 l/min) using a 

vaporizer (Drägerwerk, Lubeck, Germany). The abdomen was shaved and the animal was se-

cured to the table in supine position. According to the experimental design, animals breathe 

either spontaneously or with assisted ventilation. In spontaneously breathing rabbits, anaes-

thesia was administrated by mask. In mechanically ventilated rabbits, endotracheal intubation 

was performed with a 3.5-mm endotracheal tube (Sheridan Catheter Corp., New York, NY, 

USA). The tube was connected to a ventilator (Small Animal Ventilator, Model ‘683’, Har-

vard Apparatus Inc., Holliston, MA, USA) and the animal was ventilated with the mixture of 

halothane, oxygen and room air. The fraction of oxygen in inspired air (FiO2) was 70%. The 

ventilation pattern was determined according to the experimental design. 
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2.1.3. Laparoscopy  

The abdomen was shaved and disinfected with polyvidone iodine and the procedures were 

performed under strict aseptic condition. A 15-mm midline incision was performed caudal to 

the xyphoides and a 12-mm trocar was introduced into the abdominal cavity by open laparo-

scopy. To avoid a variable gas leakage and thus a variable flow through the abdomen, the in-

cision was closed gas-tight around the trocar with 2/0 polyglactine suture. The gas for the 

pneumoperitoneum was insufflated through the main port using the Thermoflator or the 

Thermoflator Plus (Karl Storz, Tüttlingen, Germany), which allows the mixture of the insuf-

flation gas with up to 12% of oxygen. A water valve was used to ascertain a continuous insuf-

flation pressure. The insufflation pressure setting in the insufflator device was slightly higher 

than in the water valve, knowing that any excess of gas freely escapes from the water valve, 

whereas pressure is maintained accurately in the water valve and pressure changes are mini-

mized. The gas was heated at 37° C with a heating device, i.e. Optitherm (Karl Storz, Tüt-

tlingen, Germany) and humidified with the Aquapor (Dräger, Lübeck, Germany). Both heater 

and humidifier can be placed at different levels between the insufflator and the animal. In all 

these studies they were used in a standardised way (Figure 2.1), assuming that they allow 

ideal working conditions. 

For the visualization of the abdominal cavity, a 10-mm or 12-mm 0º endoscope (Karl 

Storz, Tüttlingen, Germany), connected to a video camera and light source (Karl Storz, Tüt-

tlingen, Germany) was used.  

Since the peritoneum has a large surface and high exchange capacity, some gas diffusion 

from the circulation to the abdominal cavity can occur. To ascertain continuously the desired 

gas concentration in the abdominal cavity, the gas was continuously replaced. This was 

achieved by inserting a 18-gauge catheter through the abdominal wall, giving a continuous 

flow through the abdominal cavity of 1 l/min. This flow was measured by calculating the time 

required to fill a container with a known volume through the catheter. Insufflation gas, insuf-

flation pressure, flow rate and duration of the pneumoperitoneum were determined according 

to the experimental design. The 15-mm midline incision was closed at the end of the surgery 

in a single layer with 2/0 polyglactine suture. 

2.1.4. Induction of adhesions 

After the establishment of the pneumoperitoneum, the animal was placed in 30º 

Trendelenburg position and two 5-mm trocars were introduced under laparoscopic vision in 

both right and left flanks for the working instruments. Standardised 2.0-cm x 1.0-cm (2 cm2
) 
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lesions were performed in the antimesenteric border of both right and left uterine horns with 

bipolar coagulation in one side and with CO2 laser coagulation in the other side. Identical le-

sions were performed in the opposing right and left pelvic sidewalls. The sizes of the lesions 

(total surface 8 cm2
) were chosen based on our previous experiments (44-46). They take into 

account the size of the uterine horns in order to have identical lesions in both visceral and pa-

rietal peritoneum. The type of coagulation in each side was randomly determined. Bipolar co-

agulation was performed with a 5-mm forceps (Ethicon Endo-Surgery, Cincinnati, OH, USA) 

with a power of 10 watts (Force 30, Valley Lab, Longbow Drive Boulder, CO, USA). CO2 la-

ser coagulation was performed with 1-mm spot diameter (10 watts, continuous super-pulse 

mode, Sharplan 1040, Tel Aviv, Israel). After establishment of the lesions, the animal was re-

placed in normal supine position. The procedures took 5-6 min but the pneumoperitoneum 

was maintained for different time periods according to the experimental design. The secon-

dary ports were removed after finalizing the peritoneal lesions performance and the incisions 

were closed in a single layer with 2/0 polyglactine suture. 

2.1.5. Scoring of adhesions 

A second look laparoscopy was performed seven days after the induction of adhesions and 

the entire abdominal cavity was explored. Adhesions were scored by the surgeon who per-

formed the first surgery but who was blinded to the group of the animal. A second person 

provided randomly the animal to be scored without the label indicating the group. The blind-

ing process was broken only when all animals were scored. Scoring was done using a qualita-

tive scoring system modified from Leach et al (60) (Table 2.1). The results are presented as 

the average of the adhesions formed at the four individual sites, i.e. right and left visceral and 

parietal peritoneum, which were individually scored.  

2.2. Studies on mice 

2.2.1. Animals 

The studies were performed in 755 adult, female, wild-type or transgenic mice of different 

strains, i.e. Naval Medical Research Institute (NMRI), Swiss, C57Bl/6J and 129SvJ, weighing 

30-40 g. The animals were kept under standard laboratory conditions (20°-22°C, relative 

humidity 50-60%, 14 hours light and 10 hours dark) at the animals’ facilities of the KUL and 

fed a standard laboratory diet (Muracon.G, Carsil Quality, Turnhout, Belgium) ad libitum. 
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2.2.2. Anaesthesia, ventilation and preparation 

Anaesthesia was performed with IM pentobarbital (0.07 mg/g). The abdomen was shaved 

and the animal was secured to the table in supine position. For endotracheal intubation, a light 

source was placed over the neck of the animal, the tongue was pulled out to visualize the vo-

cal cords by transillumination and a tube was introduced into the trachea. The tube was con-

nected to a mechanical ventilator and the animal was ventilated with room air. The type of 

tube, mechanical ventilator and ventilation pattern were determined according to the experi-

mental design.  

2.2.3. Laparoscopy 

A 3.5-mm midline incision was performed caudal to the xyphoides and a 2-mm endoscope 

with a 3.3-mm external sheath for insufflation (Karl Storz, Tüttlingen, Germany) was intro-

duced into the abdominal cavity. The endoscope connected to a video camera and light source 

(Karl Storz, Tüttlingen, Germany) was secured in a holder. Because the mouse abdominal 

wall is very thin, a variable gas leakage, and thus a variable flow through the abdomen occur. 

Therefore, the incision was closed gas-tight around the endoscope with 6/0 polypropylene su-

ture. The pneumoperitoneum was created in the same way that in rabbits. Since insufflators 

intermittently deliverers, intraabdominal pressures can vary. Although this effect would not 

be important in humans and large animals, it could be critical in mice, especially when the ef-

fect of pressure is being studied. Therefore, an elastic balloon was placed next to the animal 

assuming that the gas contained in the balloon will compensate and dampen pressures 

changes determined by the intermittent delivery of gas. To ascertain a constant composition of 

the insufflation gas in the peritoneal cavity, a 26-gauge needle was inserted through the ab-

dominal wall, giving a continuous flow of 10 ml/min. This flow was measured in the same 

way as in rabbits. Insufflation gas, insufflation pressure, flow rate and duration of the pneu-

moperitoneum were determined according to the experimental design. The 3.5-mm midline 

incision was closed at the end of the surgery in a single layer with 6/0 polypropylene suture. 

2.2.4. Induction of adhesions 

After the establishment of the pneumoperitoneum, two 14-gauge catheters were inserted 

under laparoscopic vision in both right and left flank for the working instruments. No 

Trendelenburg position was required in mice. The uterus was grasped in the midline with a 

1.5-mm grasper and standardized 10-mm x 1.6-mm (1.6 mm2) lesions were performed in the 

antimesenteric border of both right and left uterine horns with monopolar coagulation in one 

side and bipolar coagulation in the other side (10 watts, 10 seconds). Identical lesions were 
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made in both right and left pelvic sidewalls (total surface 6.4 mm2). The type of coagulation 

in each side was randomly determined. Monopolar coagulation was performed with a home-

made 1.6-mm ball electrode whereas bipolar coagulation was performed with a 1.6-mm probe 

(Bicap, Circon Corporation, Santa Barbara, CA, USA).  The procedures took 5-6 min but the 

pneumoperitoneum was maintained for different time periods according to the experimental 

design. The secondary ports were removed after finalizing the peritoneal lesions and the inci-

sions were closed in a single layer with 6/0 polypropylene suture. 

2.2.5. Scoring of adhesions 

A xyphopubic midline incision and a bilateral subcostal incision were performed and the 

whole abdominal cavity was explored during laparotomy seven days after the induction of 

adhesions. After the evaluation of port sites and viscera, the pelvic fat tissue was carefully 

removed and adhesions were blindly scored under microscopic vision using a qualitative and 

a quantitative scoring system. The methodology and qualitative scoring system was the same 

than the one used in rabbit studies (Table 2.1) (60). 

 

TABLE 2.1: Qualitative scoring system for adhesion formation  

Category Description Score 

No adhesions 0 

0% - 25% of the injured surface involved 1 

26% - 50% of the injured surface involved 2 

51% - 75% of the injured surface involved 3 

Extent 

76% - 100% of the injured surface involved 4 

No adhesions 0 

Filmy 1 

Dense 2 
Type 

Vascular 3 

No adhesions 0 

Easily fall apart 1 

Require traction 2 
Tenacity 

Require sharp dissection  3 

Total Extent + Type + Tenacity 0-10 
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The quantitative scoring system has the advantage of being devoid of any subjective inter-

pretation and measures the proportion of the lesions covered by adhesions using the following 

formula: adhesions (%) = (sum of the length of the individual attachments/length of the le-

sion) x 100 (61). The results are presented as the average of the adhesions formed at the four 

individual sites, i.e. right and left visceral and parietal peritoneum, which were individually 

scored.  

2.3. Statistical analyses 

Statistical analyses were performed with the SAS System (SAS Institute, Cary, NC, USA) 

and/or the GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA). Individual 

comparisons were performed with Student’s t-test or Wilcoxon rank-sum test (Mann Whitney 

U test), multiple comparisons with ANOVA or logistic regression (proc logistic) and correla-

tion analysis with Pearson or Spearman for parametric and non-parametric variables, respec-

tively. Fisher’s exact test was used for comparisons of frequencies. Factorial design was used 

when needed. P values (two-tailed) lower than 0.05 were considered significant. All data are 

presented as the mean ± SE. 

The advantage of the factorial design is the increase in statistical power for the same total 

number of animals. A 2X2 factorial design evaluating two effects, i.e. A and B, with n ani-

mals in each group achieves for a total number of 4n animals almost the same statistical 

power as would be achieved by doing a 4n experiment evaluating A and a another 4n experi-

ment evaluating B, thus requiring almost 50% fewer animals in total. For a 2X2 factorial de-

sign with 5 animals per group, a statistical power of almost 10 animals per group for both fac-

tors is obtained. A 2X2X2 factorial design achieves the statistical power of almost three times 

the number of animals, as would be required in three experiments evaluating one factor at the 

time. This increase in power of the factorial design is only valid when the effects of the two 

factors are additive, i.e. when no interaction between the two factors is present. The possibil-

ity of detecting an interaction, i.e. a different effect of one factor at different levels of the 

other factor can, however, also be considered an advantage of the factorial design, since this 

effect could otherwise easily be missed. A positive interaction (with subsequent reduction of 

power to demonstrate the effect of the two factors) could be missed when the number of ob-

servations is low, especially when the between-subject variability is high (62). 

In most studies, at least five animals per group were used. Less than five animals per group 

were only used in blood gases experiments in rabbits (chapter 9) in which a very low inter-

animal variability was shown at interim analysis. 
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FIGURE 2.1: The laparoscopic mouse model.  
The mouse is intubated and mechanically ventilated. The pneumoperitoneum is maintained using an 

insufflator together with a water valve with a free escape of excess of gas to limit insufflation pressure 

and an elastic balloon to dampen pressure changes. The gas is humidified and heated. A 26-gauge 

needle with free escape of gas from peritoneal cavity ascertains a constant composition of the pneu-

moperitoneum. Endoscopic surgery is performed using a 2-mm endoscope and two 14-ga secondary 

ports. (A similar setting was used for rabbits with a 10-mm endoscope, two 5-mm secondary ports and 

a 18-gauge needle, and without the elastic balloon). 
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Reproduced with permission from Fertil Steril 2003 (55). 
 

 

 

 

 

 

 



20   Chapter 2 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

FIGURE 2.2: A-B: External view of the laparoscopic mouse model. C-D: Induction of adhe-

sions during laparoscopy in mice. E-F: Scoring of adhesions during laparotomy in mice.  
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Chapter 3.                                                                         

CO2 PNEUMOPERITONEUM IS A COFACTOR IN ADHESION 

FORMATION IN RABBITS AND MICE 

OBJECTIVE: To confirm the effects of the duration of the pneumoperitoneum and the in-

sufflation pressure upon adhesion formation and to evaluate the relative importance of pneu-

moperitoneum-induced ischemia/hypoxia and acidosis. 

MATERIALS & METHODS: In series I, adhesions were induced and scored after 7 days 

during laparoscopy in rabbits. The pneumoperitoneum was maintained for different time peri-

ods to evaluate the effect of the duration of the pneumoperitoneum. CO2 and helium were 

used as insufflation gas to evaluate the role of CO2 pneumoperitoneum-induced acidosis. 

Oxygen was added to the pneumoperitoneum to evaluate the role of ischemia/hypoxia. In se-

ries II, a laparoscopic mouse model with endotracheal intubation and assisted ventilation was 

developed. Adhesions were induced during laparoscopy and scored after 7 days during lapa-

rotomy. The effects of the duration of the pneumoperitoneum, the insufflation pressure, the 

insufflation gas and the addition of oxygen upon adhesion formation were evaluated. 

RESULTS: In both series, adhesion formation increased with the duration of the pneu-

moperitoneum and the insufflation pressure and decreased with the addition of 2-4% of oxy-

gen. No differences were observed between CO2 and helium pneumoperitoneum.  

CONCLUSIONS: These data indicate that the pneumoperitoneum is a cofactor in adhe-

sion formation, suggesting peritoneal hypoxia as the driving mechanism. In addition, they 

demonstrate the feasibility of the laparoscopic mouse model for more specific studies to 

evaluate the intrinsic mechanism in adhesion formation after laparoscopic surgery.  
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eritoneum is a cofactor in adhesion formation in a laparoscopic mouse model. Fertil Steril 2001; 76:560-567. 



22   Chapter 3 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

3.1. Introduction 

CO2 is the most common gas used for pneumoperitoneum during laparoscopic surgery be-

cause of safety reasons, i.e. its high solubility in water and its high exchange capacity in 

lungs. CO2 pneumoperitoneum, however, induces acidosis/hypercarbia (33;34;39), hypother-

mia (35-37), and desiccation (38), alters the morphology of the mesothelial cells  (35;42;43), 

the composition of the peritoneal fluid (40) and the microcirculation (41), and plays a role in 

postoperative adhesion formation. Indeed, it was shown that adhesion formation increases 

with the duration of the pneumoperitoneum in rabbits (44) and mice (45) and with the insuf-

flation pressure in rabbits (46).  

In order to confirm these observations and to ascertain whether the increase in adhesion 

formation due to the CO2 pneumoperitoneum was mainly determined either by its chemical 

properties, i.e. acidosis/hypercarbia, or by its physical properties, i.e. peritoneal ische-

mia/hypoxia determined by the insufflation pressure, a series of experiments were performed 

in rabbits. The relative importance of acidosis/hypercarbia was evaluated by comparing the 

effects of CO2 and helium pneumoperitoneum, since the latter does not induce acido-

sis/hypercarbia. The role of ischemia/hypoxia was assessed by adding oxygen to the pneu-

moperitoneum. 

In order to perform later studies addressing the intrinsic mechanisms involved in adhesion 

formation following laparoscopic surgery, a laparoscopic mouse model suitable for high in-

sufflation pressures and long surgeries was developed. This was necessary since the effects of 

the pneumoperitoneum upon adhesion formation in mice were studied using an insufflation 

pressure of 2.5 cm H2O only (45) and since all reported mouse laparoscopy were performed at 

low insufflation pressures. Once the model was established, the effects of the duration of the 

pneumoperitoneum, the insufflation pressure, the insufflation gas and the addition of oxygen 

upon adhesion formation were evaluated in experiments similar to those performed in rabbits. 

3.2. Materials and Methods 

3.2.1. Animals 

The study was performed in 68 adult, female, New Zealand, white rabbits weighing 2.5-3.0 

kg and in 130 female NMRI mice, 6-8 months old weighing 45-55 g. 

3.2.2. Anaesthesia 

Animals were anaesthetised as described in chapter 2. In this study, rabbits without en-

dotracheal intubation and mechanical ventilation were used. Mice, however, were intubated 
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with a 22-ga catheter and mechanically ventilated with room air (tidal volume 500 µl, 80 

strokes/minute, Rodent Ventilator, Harvard Apparatus, Holliston, MA, USA). 

3.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. 

In rabbits, the pneumoperitoneum was created using 100% of CO2 or helium or a mixture 

of 96% of CO2 or helium with 4% of oxygen. This was achieved using two insufflators 

(Thermoflator; Karl Storz, Tüttlingen, Germany), one for CO2 or helium and one for oxygen. 

To obtain a homogeneous mixture the outputs of both insufflators were mixed in a mixing 

chamber, which was connected to a water valve to limit the insufflation pressure at 10 cm 

H2O, whereas 4% of oxygen was achieved using a flow rate of 24 l/min of CO2 or helium and 

1 l/min of oxygen. For reasons of standardisation 25 l/min was used for pure CO2 or helium 

knowing that all excess of gas will escape from the water valve. The pneumoperitoneum was 

maintained for different time periods according to the experimental design. 

In mice, the pneumoperitoneum was created with an insufflator that allows the mixture of 

CO2 or helium with up to 12% of oxygen (Thermoflator Plus; Karl Storz, Tüttlingen, Ger-

many). This insufflator was available after the promising results obtained with the addition of 

oxygen to the pneumoperitoneum in rabbits. The insufflation gas, the insufflation pressure 

and the duration of the pneumoperitoneum were determined according to the experimental de-

sign. 

3.2.4. Induction and scoring of adhesions 

Adhesions were induced during laparoscopy by standardised bipolar and CO2 laser lesions 

in rabbits and by standardised monopolar lesions in mice and scored after seven days during 

laparoscopy in rabbits and during laparotomy in mice, as described in chapter 2. To ascertain 

the ideal time point for adhesions scoring in mice, they were also evaluated after 28 days.  

3.2.5. Experimental design and statistical analyses 

The study was performed in two series. The first series was performed in rabbits to con-

firm the effect of the duration of the pneumoperitoneum and to evaluate differences between 

CO2 and helium pneumoperitoneum and the addition of oxygen upon adhesion formation. The 

second series was performed in mice to establish a laparoscopic mouse model and to confirm 

the effects of the pneumoperitoneum upon adhesion formation. Statistical analyses were per-

formed with the SAS System using Spearman to evaluate correlation, logistic regression (proc 
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logistic) for comparing several variables and Wilcoxon rank-sum test for individual compari-

sons. 

 

Series I: Experiments on rabbits 

In experiment 1 (n=20), the effect of the duration of 100% CO2 pneumoperitoneum (10, 

20, 30 or 60 min) upon adhesion formation was evaluated (4 groups, n=5 per group). 

In experiment 2 (n=48), a 2X2X2 factorial design was used to evaluate the effect of the du-

ration of the pneumoperitoneum (10 and 45 min), the insufflation gas (CO2 and helium) and 

the addition of oxygen (0% and 4%) upon adhesion formation. Pneumoperitoneum with 100% 

CO2 was maintained for 10 or 45 min and with 96% CO2 and 4% oxygen for 45 min. Simi-

larly, pneumoperitoneum with 100% helium was maintained for 10 or 45 min and with 96% 

helium and 4% oxygen for 45 min (6 groups, n=8 per group). 

 

Series II: Experiments on mice 

In experiment 3 (n=35), a critical factor in the laparoscopic mouse model, i.e. survival rate, 

was evaluated by exposing the animals to one hour of CO2 pneumoperitoneum at insufflation 

pressures of 5, 10, 15, 20, 25 and 30 cm H2O. In addition, the survival rate was evaluated 

maintaining the CO2 pneumoperitoneum for three hours at 15 cm H2O (7 groups, n=5 per 

group). 

In experiment 4 (n=35), a 2X2 factorial design was used to evaluate the effect of the dura-

tion of the CO2 pneumoperitoneum (10 and 60 min) and the insufflation pressure (5 and 15 

cm H2O) upon adhesion formation. CO2 pneumoperitoneum was maintained for 10 or 60 min 

at 5 or 15 cm H2O (4 groups, n=7 per group). In order to ascertain the ideal time point for ad-

hesions scoring in this new model, the CO2 pneumoperitoneum was maintained for 60 min at 

15 cm H2O and adhesions were scored after 28 days in an additional group (n=7) and the re-

sults compared with the standard scoring after seven days.  

In experiment 5 (n=60), a 2X2 factorial design was used to evaluate the effect of the insuf-

flation gas (CO2 and helium) and the addition of oxygen (0 and 3%) upon adhesion formation. 

CO2 or helium pneumoperitoneum with 0% or 3% of oxygen was maintained for 60 min at 15 

cm H2O. The effect of adding other concentrations of oxygen, i.e. 0.5%, 1%, 1.5%, 2%, 2.5%, 

6%, 9% and 12%, to CO2 pneumoperitoneum was also specifically assessed (12 groups, n=5 

per group). 
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3.3. Results 

Experiment 1:  

In rabbits with 10, 20, 30 or 60 min of 100% CO2 pneumoperitoneum, adhesion formation 

increased (Spearman, 4 groups, 1 variable) with the duration of the pneumoperitoneum (ex-

tent: P=0.0004; type: P=0.003; tenacity: P=0.003; total: P=0.0004) (Figure 3.1) 

 

FIGURE 3.1: Effect of the duration of the pneumoperitoneum upon adhesion formation 

in rabbits.  

In rabbits, 100% CO2 pneumoperitoneum was maintained for different time periods at 10 cmH2O. Ad-

hesion scores (means ± SE), together with significances (Spearman), are indicated. 
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Similar effects were observed for peritoneal lesions induced with bipolar coagulations (ex-

tent: P=0.01; type: P=0.01; tenacity: P=0.01; total: P=0.001) and CO2 laser coagulations (ex-

tent: P=0.0002; type: P=0.005; tenacity: P=0.001; total: P=0.001) analysed individually (Ta-

ble 3.1). 
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TABLE 3.1: Effect of the duration of the pneumoperitoneum upon adhesion formation 

in rabbits. 

In rabbits, 100% CO2 pneumoperitoneum was maintained for different time periods at 10 cmH2O. 

Adhesion scores (means ± SE) of bipolar and laser lesions, together with significance (Spearman), are 

indicated. *P≤0.01, **P≤0.001.  

Pneumoperitoneum Adhesion scores 

Gas Duration 
Lesions 

Extent Type Tenacity Total 

Bipolar 0.6 ± 0.4* 0.6 ± 0.4* 0.6 ± 0.4* 1.8 ± 1.1** 
10 min 

Laser 0.4 ± 0.2** 0.4 ± 0.2** 0.6 ± 0.4** 1.4 ± 0.8** 

Bipolar 1.8 ± 0.4* 1.0 ± 0.3* 1.4 ± 0.4* 4.2 ± 1.1** 
20 min 

Laser 0.8 ± 0.4** 1.0 ± 0.6** 0.8 ± 0.4** 2.6 ± 1.6** 

Bipolar 2.2 ± 0.6* 1.6 ± 0.5* 1.6 ± 0.4* 5.4 ± 1.5** 
30 min 

Laser 1.6 ± 0.5** 1.8 ± 0.5** 1.6 ± 0.5** 5.0 ± 1.5** 

Bipolar 2.6 ± 0.5* 2.2 ± 0.5* 2.0 ± 0.3* 6.8 ± 0.6** 

CO2 

60 min 
Laser 3.2 ± 0.3** 2.4 ± 0.5** 2.0 ± 0.0** 7.6 ± 0.6** 

 

Experiment 2: 

In rabbits with 10 or 45 min of 100% CO2 or helium pneumoperitoneum, which were ana-

lysed simultaneously (Proc logistic, 4 groups, 2 variables), adhesion formation increased with 

the duration of the pneumoperitoneum (extent: P=0.0004; type: P=0.0004; tenacity: P=0.004; 

total: P=0.0003), whereas no differences between CO2 and helium were found (P=NS). When 

groups were individually compared (Wilcoxon), adhesion formation also increased with the 

duration of the CO2 pneumoperitoneum (extent: P=0.03; type: P=0.01; total: P=0.04) and the 

helium pneumoperitoneum (extent: P=0.01; type: P=0.02; tenacity: P=0.03; total: P=0.02), 

whereas no differences between CO2 and helium were observed after 10 min (P=NS) or after 

45 min (P=NS) of pneumoperitoneum (Figure 3.2). 

In rabbits with 45 min of CO2 or helium pneumoperitoneum with 0% or 4% of oxygen, 

which were analysed simultaneously (Proc logistic, 4 groups, 2 variables), adhesion formation 

decreased with the addition of oxygen (extent: P=0.03; type: P=0.01; tenacity: P=0.05; total: 

P=0.02), whereas no differences between CO2 and helium were found (P=NS). When groups 

were individually compared (Wilcoxon), no statistical differences were observed (Figure 3.2). 
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FIGURE 3.2: Effect of the duration of the pneumoperitoneum, the insufflation gas and 

the addition of oxygen upon adhesion formation in rabbits. 

In rabbits, CO2 (□) or helium (■) pneumoperitoneum with 0% or 4% of oxygen was maintained for 10 

or 45 min at 10 cmH2O. Adhesion scores (means ± SE), together with significances (proc logistic), are 

indicated. 
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Reproduced with permission from Hum Reprod 2000 (53). 

 

Similar effects were observed for bipolar lesions and laser lesions analysed separately 

(Proc logistic). For bipolar lesions, adhesion formation increased with the duration of the 

pneumoperitoneum (total: P=0.05) and decreased with the addition of oxygen (extent: P=0.04; 

type: P=0.01; tenacity: 0.05; total: P=0.02), whereas no differences between CO2 and helium 

were found (P=NS). For laser lesions, adhesion formation increased with the duration of the 

pneumoperitoneum (extent: P=0.0001; type: P=0.0001; tenacity: 0.003; total: P=0.0001), but 

no differences were observed with the addition of oxygen (P=NS) nor between CO2 and he-

lium (P=NS) (Table 3.2). 
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TABLE 3.2: Effect of the duration of the pneumoperitoneum, the insufflation gas and 

the addition of oxygen upon adhesion formation in rabbits.  
In rabbits, CO2 or helium pneumoperitoneum with 0% or 4% of oxygen was maintained for 10 or 45 

min at 10 cmH2O. Adhesion scores (means ± SE) of bipolar and laser lesions are indicated. aP<0.05: 

10 min vs. 45 min; bP<0.05: 0% vs. 4% of oxygen (proc logistic). 

Pneumoperitoneum Adhesion scores 

Gas Oxygen Duration 
Lesions 

Extent Type Tenacity Total 

Bipolar 0.8 ± 0.3 0.8 ± 0.3 0.8 ± 0.3 2.4 ± 0.9 
0% 10 min 

Laser 0.9 ± 0.5 0.5 ± 0.2 0.8 ± 0.3 2.2 ± 1.1 

Bipolar 1.6 ± 0.5 1.0 ± 0.3 1.0 ± 0.3 3.6 ± 1.0a 
0% 45 min 

Laser 2.9 ± 0.4a 2.1 ± 0.3a 1.9 ± 0.3a 6.9 ± 1.0a 

Bipolar 0.6 ± 0.3b 0.4 ± 0.1b 0.5 ± 0.2b  1.5 ± 0.8b 

  CO2 

4% 45 min 
Laser 1.8 ± 0.6 1.4 ± 0.4 1.3 ± 0.3 4.5 ± 1.3 

Bipolar 0.3 ± 0.2 0.1 ± 0.1  0.1 ± 0.1 0.5 ± 0.5 
0% 10 min 

Laser 0.8 ± 0.3 0.9 ± 0.3 0.9 ± 0.3 2.6 ± 1.0 

Bipolar 0.8 ± 0.3 1.0 ± 0.3 1.0 ± 0.3 2.8 ± 1.0a 
0% 45 min 

Laser 2.8 ± 0.4a 2.1 ± 0.3a 2.0 ± 0.3a 6.9 ± 1.0a 

Bipolar 0.1 ± 0.1b 0.1 ± 0.1b 0.3 ± 0.2b 0.5 ± 0.5b

  Helium 

4% 45 min 
Laser 2.0 ± 0.4 1.8 ± 0.3 1.8 ± 0.2 5.6 ± 0.8 

 

Experiment 3: 

Endotracheal intubation in mice was safe and quick taking less than one min without any 

complication. Insufflation pressures of 5, 10, 15, and 20 cm H2O for one hour did not caused 

mortality, whereas insufflation pressures of 25 and 30 cm H2O caused 20% of mortality. In 

mice with pneumoperitoneum at 15 cm H2O, no mortality was found during the three hours 

study period. All mice surviving the surgery survived after one week indicating that both in-

tubation and laparoscopy did not have long-term complications in terms of mortality.  

 

Experiment 4: 

In mice with 10 or 60 min of CO2 pneumoperitoneum at 5 or 15 cm H2O, which were ana-

lysed simultaneously (Proc logistic, 4 groups, 2 variables), adhesion formation increased with 

the duration of the pneumoperitoneum (proportion: P=0.001; extent: P=0.004; type: P=0.001; 

total: P=0.002) and the insufflation pressure (proportion: P=0.005; extent: P=0.03; tenacity: 
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P=0.01; total: P=0.02). When groups were individually compared (Wilcoxon), some differ-

ences only reached significance. In mice with 60 min of pneumoperitoneum, adhesion forma-

tion increased with the insufflation pressure (proportion: P=0.004; extent: P=0.03). In mice 

with 15 cm H2O of insufflation pressure, adhesion formation increased with the duration of 

the pneumoperitoneum (proportion: P=0.002; extent: P=0.005; type: P=0.002; total: P=0.005) 

(Figure 3.3 and Table 3.3). 

 

FIGURE 3.3: Effect of the duration of the pneumoperitoneum and the insufflation pres-

sure upon adhesion formation in mice.  
In mice, 100% CO2 pneumoperitoneum was maintained for 10 (□) or 60 (■) min at 5 or 15 cm H2O. 

Proportion of adhesions and total adhesion score (means ± SE), together with significances (proc lo-

gistic), are indicated. 
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TABLE 3.3: Effect of the duration of the pneumoperitoneum and the insufflation pres-

sure upon adhesion formation in mice. 
In mice, 100% CO2 pneumoperitoneum was maintained for 10 or 60 min at 5 or 15 cm H2O. Adhesion 

scores (means ± SE) are indicated. aP<0.05: 10 vs. 60 min; bP<0.05: 5 vs. 15 cm H2O (proc logistic). 

Pneumoperitoneum Adhesion scores 

  Duration       Pressure         Extent Type Tenacity 

10 min   5 cm H2O 0.8 ± 0.2 1.1 ± 0.4 0.9 ± 0.2 

60 min   5 cm H2O  1.1 ± 0.2a  1.4 ± 0.3a 1.2 ± 0.3 

10 min 15 cm H2O  0.9 ± 0.1b 1.0 ± 0.1  1.4 ± 0.2b 

60 min  15 cm H2O   1.8 ± 0.2ab  1.8 ± 0.1a  1.8 ± 0.1b 
Modified with permission from Fertil Steril 2001 (54). 
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Adhesion scores after 7 or 28 days were similar (Wilcoxon). The proportion of adhesions 

were 38 ± 5% after 7 days and 40 ± 6% after 28 days, respectively (P=NS). Extent, type, te-

nacity and total adhesions scores were 1.8 ± 0.2, 1.8 ± 0.1, 1.8 ± 0.1 and 5.4 ± 0.4 after seven 

days, and 1.8 ± 0.3, 2.0 ± 0.2, 2.0 ± 0.3 and 5.8 ± 0.7 after 28 days, respectively (P=NS). 

 

Experiment 5: 

In mice with CO2 or helium pneumoperitoneum with 0% or 3% of oxygen, which were 

analysed simultaneously (Proc logistic, 4 groups, 2 variables), adhesion formation decreased 

with the addition of 3% of oxygen (proportion: P=0.0001; extent: P=0.0003; type: P=0.0003; 

tenacity: P=0.0002; total: P=0.0001) and was higher with helium pneumoperitoneum (extent: 

P=0.05; type: P=0.01; tenacity: P=0.004; total: P=0.01). When groups were individually com-

pared (Wilcoxon), adhesion formation also decreased with the addition of 3% of oxygen to 

the CO2 pneumoperitoneum (proportion: P=0.004; extent: P=0.005; type: P=0.01; tenacity: 

P=0.004; total: P=0.003) and to the helium pneumoperitoneum (proportion: P=0.01; extent: 

P=0.01; type: P=0.01; tenacity: P=0.02; total: P=0.01). The differences between CO2 and he-

lium pneumoperitoneum were observed with 0% of oxygen only (type: P=0.02; tenacity: 

P=0.04; total: P=0.02) (Figure 3.4 and Table 3.4). 

 

FIGURE 3.4: Effect of the insufflation gas and the addition of oxygen to the pneumop-

eritoneum upon adhesion formation in mice.  

In mice, CO2 or helium pneumoperitoneum with 0% (□) or 3% (■) of oxygen was maintained for 60 

min at 15 cm H2O. Proportion of adhesions and total adhesion score (means ± SE), together with sig-

nificances (proc logistic), are indicated.  
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TABLE 3.4: Effect of the insufflation gas and the addition of oxygen to the pneumoperi-

toneum upon adhesion formation in mice.  
In mice, CO2 or helium pneumoperitoneum with 0% or 3% of oxygen was maintained for 60 min at 15 

cm H2O. Adhesion scores (means ± SE) are indicated. aP<0.05: CO2 vs. helium; bP<0.05: 0% vs. 3% 

of oxygen (proc logistic). 

Pneumoperitoneum  Adhesion scores 

Gas Oxygen  Extent Type Tenacity 

        CO2 0 %  1.8 ± 0.2 1.8 ± 0.1 1.8 ± 0.1 

        CO2 3 %   0.7 ± 0.2b  0.9 ± 0.3b  0.7 ± 0.2b 

Helium 0 %   2.1 ± 0.2a  2.5 ± 0.2a  2.4 ± 0.2a 

Helium 3 %    1.1 ± 0.2ab   1.3 ± 0.2ab   1.4 ± 0.2ab 
Modified with permission from Fertil Steril 2001 (54). 

 

In comparison with mice with pure CO2 pneumoperitoneum, adhesion formation was lower 

in mice with 2% (proportion: P=0.003; extent: P=0.01; type: P=0.01; total: P=0.02), 2.5% 

(proportion: P=0.01), 6% (proportion: P=0.03; extent: P=0.05), 9% (proportion: P=0.05; ex-

tent: P=0.04; type: P=0.01; tenacity: P=0.01; total: P=0.005), and 12% (type: P=0.05; total: 

P=0.04) of oxygen. No differences were found between these different groups (Figure 3.5, 

Table 3.5). 

 

FIGURE 3.5: Effect of the addition of different concentrations of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice.  
In mice, CO2 pneumoperitoneum with different concentrations of oxygen was maintained for 60 min 

at 15 cm H2O. Proportion of adhesions and total adhesion score (means ± SE) are indicated. *P<0.05 

vs. 0% of oxygen (Wilcoxon). 
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TABLE 3.5: Effect of the addition of different concentrations of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice. 
In mice, CO2 pneumoperitoneum with different concentrations of oxygen was maintained for 60 min 

at 15 cm H2O. Adhesion scores (means ± SE) are indicated. *P<0.05 vs. 0% of oxygen (Wilcoxon). 

Pneumoperitoneum  Adhesion scores 

Gas Oxygen  Extent Type Tenacity 

0.0 %  1.8 ± 0.2 1.8 ± 0.1 1.8 ± 0.1 

0.5 %  1.7 ± 0.4 1.4 ± 0.3 1.5 ± 0.3 

1.0 %  1.6 ± 0.2 1.3 ± 0.3 1.5 ± 0.3 

1.5 %  1.4 ± 0.2 1.9 ± 0.2 2.0 ± 0.0 

2.0 %    0.7 ± 0.3*   0.9 ± 0.3* 1.3 ± 0.4 

2.5 %  1.0 ± 0.4 1.4 ± 0.4 1.4 ± 0.4 

3.0 %    0.7 ± 0.2*   0.9 ± 0.3*   0.7 ± 0.2* 

6.0 %    0.9 ± 0.4* 1.3 ± 0.4 1.2 ± 0.4 

9.0 %    1.1 ± 1.2*   1.1 ± 0.1*   1.0 ± 0.0* 

CO2 

       12.0 %    1.3 ± 0.2* 1.2 ± 0.2 1.3 ± 0.2 
Modified with permission from Fertil Steril 2001 (54). 
 

3.4. Discussion 

The mouse model is well suited to investigate adhesion formation after laparoscopic sur-

gery. Firstly, the mouse is a well-established model for the study of adhesion formation after 

laparotomy (63). Secondly, the mouse model is one of the best-documented animal models 

with nude, severe combined immunodeficient (SCID) and knockout mice, as well as many 

specific assays, available. Therefore, the recent development of laparoscopic surgery in mice 

to study postoperative tumour growth (64), port-site metastases (65), immune response (66) 

and morphologic alterations of the mesothelium (42), is not surprising These laparoscopic 

procedures were, however, done in non-intubated mice with a low insufflation pressure, mak-

ing real surgical procedures virtually impossible. Since high mortality rate was reported with 

insufflation pressures higher than 5 cm H2O in non-intubated mice (45), we introduced en-

dotracheal intubation and assisted ventilation. 

Our model with intubated mice is, to the best of our knowledge, the first model permitting 

insufflation pressures up to 20 cm H2O (~15 mm of Hg), i.e. comparable to human surgery, 

and surgical procedures for up to three hours without mortality. This is extremely important to 
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investigate the effects of laparoscopy upon adhesion formation since we know from rabbit 

experiments that adhesions increase with the insufflation pressure (46). In this model, insuf-

flation can be done with heated and humidified gas. Since the heating device is close to the 

animal, a temperature of 37° C can be reached, whereas humidification will be close to 100% 

because of low flow rates (45;46). In addition, the Thermoflator Plus permits to add up to 

12% of oxygen to the pneumoperitoneum. 

Adhesions evaluated after seven and 28 days were almost identical, confirming previous 

observations that adhesion formation did not vary significantly after seven days (61). Evalua-

tion after seven days is advantageous for research purposes because it makes it possible to in-

duce adhesions during one week and to evaluate them the following week. Results from the 

first experiment can be obtained before beginning the second experiment. 

To the best of our knowledge, this is the first study in adhesion formation using helium 

pneumoperitoneum. Helium was chosen as an alternative to CO2 pneumoperitoneum because 

it is chemically, physiologically and pharmacologically inert and non-explosive, and because 

it does not produce acidosis/hypercarbia and the related hemodynamic and cardiopulmonary 

effects observed with CO2 (67-71). Its lower solubility in water carries, however, a higher risk 

of embolization and subsequent mortality (72;73). CO2 and helium pneumoperitoneum were 

used in this experiment to evaluate to what extent acidosis/hypercarbia and ischemia/hypoxia, 

induced by compression of the capillary flow in the superficial peritoneal layers during pro-

longed pneumoperitoneum, contributes to adhesion formation. Indeed, CO2 or helium pneu-

moperitoneum, especially at higher insufflation pressures, compress the capillary flow in the 

superficial peritoneal layers inducing ischemia/hypoxia (74-80), whereas diffusion of pure 

CO2 or helium from the abdominal cavity to the blood stream will create a gradient of hy-

poxia, the superficial layers being exposed to virtually 100% CO2 or helium without oxygen. 

This hypothesis is supported by the observation that adhesions increase with duration and 

pressure and decrease by the addition of oxygen, without differences between CO2 and he-

lium. All these data strongly suggest that peritoneal hypoxia during pneumoperitoneum plays 

a role in adhesion formation. 

The hypothesis of peritoneal hypoxia as a driving mechanism in adhesion formation is 

consistent with the intracellular partial pressure of oxygen (pO2), being 5 to 40 mm Hg (aver-

age 23 mm Hg), in contrast with the arterial, interstitial and venous pO2, which are 95, 40, and 

40 mm Hg, respectively (81). Compression of the capillary flow in the superficial peritoneal 

layers by the pneumoperitoneum will reduce the pO2 in the peritoneal cells. A pO2 of less than 



34   Chapter 3 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

5 mm Hg, which causes hypoxic changes, thus could be reached. A mixture of 3% of oxygen 

and 97% of CO2, insufflated at 15 cm H2O (~12 mm Hg), results in a pO2 of 23 mm Hg (3% 

of 760 mm Hg atmospheric pressure + 12 mm Hg insufflation pressure). This pO2 is obvi-

ously sufficient to increase the mesothelial pO2 to normal levels, thus abolishing any local 

hypoxia. 

During the pneumoperitoneum hypoxia could modulate the production by mesothelial 

cells, macrophages and fibroblasts of cytokines and growth factors involved in different 

stages of peritoneal healing and adhesion formation, i.e. fibrin deposition/degradation, ECM 

deposition/degradation and angiogenesis. Indeed, hypoxia up-regulates the expression of 

TGF-β1 and β2 and TIMPs and down-regulates the expression of MMPs by fibroblasts and 

mesothelial cells (82-86). In addition, hypoxia and TGF-β up-regulate PAI-1 and TIMPs and 

down-regulate tPA and MMPs decreasing fibrin and ECM degradation, and thus increasing 

adhesion formation (14;87;88). Furthermore, hypoxia is the main stimulus of VEGF expres-

sion (89) and since antibodies against VEGF reduce adhesion formation (90) and since VEGF 

was found in peritoneal adhesions (91;92), the role of VEGF in hypoxia/pneumoperitoneum-

enhanced adhesion formation should be considered. 

In conclusion, our data demonstrate that adhesions increase with the duration of the pneu-

moperitoneum and the insufflation pressure. They also demonstrate that adhesions decrease 

with the addition of oxygen to both CO2 and helium pneumoperitoneum, without major dif-

ferences between both insufflation gases. These data confirm that the pneumoperitoneum is a 

cofactor in adhesion formation and strongly suggest peritoneal hypoxia as the driving mecha-

nism. Further studies are required to clarify the intrinsic mechanism whereby peritoneal hy-

poxia induces adhesions and the laparoscopic mouse model, which feasibility for adhesion 

formation experiments was demonstrated, would allow these investigations. In addition, our 

data lead to the concepts of “basal” and “pneumoperitoneum-enhanced” adhesions, regardless 

the place of adhesions development. From here onwards, we will call “basal” adhesions to 

those adhesions resulting from the direct electrosurgical trauma with the minimum effect of 

the pneumoperitoneum and “pneumoperitoneum-enhanced” adhesions to those adhesions re-

sulting from the direct electrosurgical trauma with the additional effect of long pneumoperito-

neum at high insufflation pressure. 

 



 

Chapter 4.                                                                         

CO2 PNEUMOPERITONEUM ENHANCES                                      

ADHESION FORMATION THROUGH PERITONEAL HYPOXIA:                     

I. ROLE OF HYPOXIA INDUCIBLE FACTORS  

OBJECTIVE: To evaluate the hypothesis of peritoneal hypoxia and the role of hypoxia 

inducible factors (HIFs) in adhesion formation after laparoscopic surgery. 

MATERIALS & METHODS: Adhesions were induced by standardized lesions during 

laparoscopy in wild-type and transgenic mice partially deficient for HIF-1α (HIF-1α+/-) or 

HIF-2α (HIF-2α+/-). The CO2 pneumoperitoneum was maintained for a minimum (10 min) or 

prolonged (60 min) period to evaluate basal adhesions and pneumoperitoneum-enhanced ad-

hesions, respectively. Adhesions were scored after 7 days during laparotomy. 

RESULTS: In both HIF-1α and HIF-2α wild-type mice, pneumoperitoneum increased ad-

hesions. In comparison with wild-type mice, basal adhesions were lower in HIF-1α+/- and 

similar in HIF-2α+/- mice. Pneumoperitoneum did not increase adhesions in HIF-1α+/- or in 

HIF-2α+/- mice. Therefore, in comparison with the correspondent wild-type mice, pneumop-

eritoneum-enhanced adhesions were lower in HIF-1α+/- and HIF-2α+/- mice. 

 CONCLUSIONS: These data confirm that CO2 pneumoperitoneum enhances adhesion 

formation and indicate that this effect is mediated, at least in part, by an up-regulation of HIF-

1α and HIF-2α, supporting the hypothesis of peritoneal hypoxia as a driving mechanism.  

 

 

 

 

 

 

Molinas CR, Campo R, Elkelani OA, Binda MM, Carmeliet P, Koninckx PR. Role of hypoxia inducible factors 
1α and 2α in basal adhesion formation and in carbon dioxide pneumoperitoneum-enhanced adhesion formation 
after laparoscopic surgery in transgenic mice. Fertil Steril 2003; 80:795-802. 
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4.1. Introduction 

The importance of hypoxia in adhesion formation has been postulated for several reasons. 

Firstly, surgical trauma induces tissue necrosis and an inflammatory reaction involving local 

hypoxia as was recognized in adhesion formation (93;94). Secondly, hypoxia modulates the 

expression of several molecules involved in different stages of adhesion formation, such as 

PAI-1, tPA, TGF-β, MMPs and TIMPs (14;82-85;88;95-99). Thirdly, peritoneal hypoxia has 

been postulated as the driving mechanism of pneumoperitoneum-enhanced adhesion forma-

tion following laparoscopic surgery because adhesions increase with the duration of pneu-

moperitoneum and the insufflation pressure and because they decrease with the addition of 

oxygen to both CO2 and helium pneumoperitoneum without differences between both insuf-

flation gases (44-46;53;54). 

The hypothesis of peritoneal hypoxia as a driving mechanism of pneumoperitoneum-

enhanced adhesion formation can be tested either directly by measuring the oxygen tension 

with electronic sensors or indirectly by measuring some hypoxia markers. Because of the 

availability of transgenic mice that under or over express the genes encoding for some factors 

regulated by hypoxia, we decided, however, to test our hypothesis of peritoneal hypoxia by 

evaluating adhesion formation in these mice. This approach has the additional advantage of 

evaluating the specific role of these factors in adhesion formation. Therefore, a series of ex-

periments were performed in mice deficient for the genes encoding for hypoxia inducible fac-

tors (HIFs) in this chapter  and subsequently in mice deficient for the genes encoding for vas-

cular endothelial growth factor (VEGF) (chapter 5) or plasminogen system (chapter 6). 

In mammals, the hypoxic response is not restricted to specific specialized cell types and a 

general similar mechanism might act in a variety of cell types. Most mammalian cells can re-

spond to alterations in oxygen levels by increasing or decreasing the expression of specific 

genes (100;101). The hypoxic regulation of many of these genes such as VEGF takes place at 

both transcriptional and posttranscriptional levels. The transcriptional regulation is mediated 

by transcription factors known as HIFs (102). These factors are nuclear proteins that bind to 

hypoxia response elements (HRE) in the promoter or enhancer regions of hypoxia inducible 

genes, activating gene transcription in response to reduced cellular oxygen concentration 

(101). 

Hypoxia inducible factors are members of the bHLH (basic helix-loop-helix) PAS (Peri-

odic Aryl hydrocarbon receptor nuclear translocator Single-minded) domain protein family. 

Several proteins have been identified in this bHLH-PAS family that belong to the α class or 
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the β class. Each member of the α class is able to heterodimerize with a member of the β class 

to form a stable activation complex. β class members are constitutively expressed in a ubiqui-

tous or a tissue-specific way, whereas α class members are often inducible by environmental 

stimuli such as light or hypoxia (103;104). 

Hypoxia inducible factor-1, the first HIF identified, is a heterodimer composed of HIF-1α 

and HIF-1β subunits (105-107). Hypoxia inducible factor-2 is a heterodimer composed of 

HIF-2α and HIF-1β subunits (108). The specific hypoxia-regulated subunits, i.e. HIF-1α and 

HIF-2α, are structurally very similar and share the same heterodimerization partner. There-

fore, both HIF-1 and HIF-2 have a high similarity in structure and regulatory domains and are 

able to bind to the same HRE of target genes. 

This study was performed to evaluate the hypothesis of peritoneal hypoxia and the role of 

HIFs in adhesion formation after laparoscopic surgery. Basal adhesions and CO2 pneumoperi-

toneum-enhanced adhesions were evaluated in heterozygous mice partially deficient for the 

genes encoding for HIF-1α and HIF-2α. 

4.2. Materials and Methods 

4.2.1. Animals 

The study was performed in 40 female, 10-12 weeks old mice weighing 30-40 g. For the 

first experiment, twenty 50% Swiss - 50% 129SvJ wild-type mice (HIF-1α+/+) and heterozy-

gous mice partially deficient for the gene encoding for HIF-1α (HIF-1α+/-) were used. For the 

second experiment, twenty 87.5% Swiss – 12.5% 129SvJ wild-type mice (HIF-2α+/+) and het-

erozygous mice partially deficient for the gene encoding for HIF-2α (HIF-2α+/-) were used. 

All wild-type and knockout mice were obtained from the Centre for Transgene Technology 

and Gene Therapy (KUL). The knockout mice were generated as described (109;110). 

No phenotypic differences were observed between wild-type and knockout mice of the 

same strain. It has been reported, however, that HIF-1α+/- mice exposed to chronic hypoxia 

present significantly delayed development of polycythemia, right ventricular hypertrophy, 

pulmonary hypertension, and pulmonary vascular remodelling and significantly greater 

weight loss than HIF-1α+/+ mice (111). 

4.2.2. Anaesthesia  

Animals were anaesthetised, intubated with a 22-ga catheter and mechanically ventilated 

with room air (tidal volume 500 µl, 80 strokes/min, Rodent Ventilator, Harvard Apparatus, 

Holliston, MA, USA) as described in chapter 2. 
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4.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. For the pneumoperitoneum, 100% 

CO2 at 20 cm H2O was maintained for the minimum time required to perform the surgical le-

sions (standardised at 10 min) or for a longer period (60 min) to evaluate basal adhesions and 

pneumoperitoneum-enhanced adhesions, respectively. 

4.2.4. Induction and scoring of adhesions  

Adhesions were induced by standardized monopolar and bipolar lesions and scored after 

seven days, as described in chapter 2. 

4.2.5. Experimental design and statistical analyses 

In experiment 1 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in HIF-1α+/+ mice and HIF-1α+/- mice (4 groups, n=5 per group). 

In experiment 2 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in HIF-2α+/+ mice and HIF-2α+/- mice (4 groups, n=5 per group). 

Statistical analyses were performed with the SAS System using the non-parametric 

Kruskal-Wallis test to compare groups. 

4.3. Results 

All animals survived the surgical procedures and were available for adhesion scoring after 

seven days. Adhesions formed between the injured visceral site and the pelvic fat and/or be-

tween the injured parietal site and the pelvic fat. No adhesions were observed at the site of the 

laparoscopic ports or at other sites. 

 

Experiment 1: 

In HIF-1α+/+ mice, pneumoperitoneum increased adhesion formation (proportion: P=0.01; 

extent: P=0.01). In comparison with HIF-1α+/+ mice, basal adhesions were lower in HIF-1α+/- 

mice (extent: P=0.03; type: P=0.04; total: P=0.05). In HIF-1α+/- mice, pneumoperitoneum did 

not increase adhesions. Therefore, in comparison with HIF-1α+/+ mice, pneumoperitoneum-

enhanced adhesions were obviously lower in HIF-1α+/- mice (proportion: P=0.04; extent: 

P=0.02; type: P=0.02; tenacity: P=0.01; total: P=0.01) (Figure 9.1, Table 9.1). 
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FIGURE 4.1: Effect of the pneumoperitoneum and HIF-1α upon adhesion formation in 

mice.  

In HIF-1α+/+ mice and HIF-1α+/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), re-

spectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: 

pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: HIF-1α+/- mice vs. HIF-1α+/+ 

mice (Kruskal-Wallis) 

A: Quantitative scoring B: Qualitative scoring 

0

10

20

30

a

b

HIF-1α +/+ HIF-1α +/-

Mice genotype

Pr
op

or
tio

n 
of

 a
dh

es
io

ns
 (%

)

0

1

2

3

4

5

Mice genotype

To
ta

l a
dh

es
io

n 
sc

or
e

b

HIF-1α +/+ HIF-1α +/-

b

A: Reproduced with permission from Fertil Steril 2003 (55). 

 

TABLE 4.1: Effect of the pneumoperitoneum and HIF-1α upon adhesion formation in 

mice.  

In HIF-1α+/+ mice and HIF-1α+/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respec-

tively. Adhesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions 

vs. basal adhesions; bP<0.05: HIF-1α+/- mice vs. HIF-1α+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.6 ± 0.1 1.0 ± 0.2 1.0 ± 0.2 
HIF-1α+/+ 

Pneumoperitoneum-enhanced  1.2 ± 0.1a 1.2 ± 0.2 1.3 ± 0.1 

Basal  0.3 ± 0.1b  0.3 ± 0.1b 0.4 ± 0.2 
HIF-1α+/- 

Pneumoperitoneum-enhanced  0.4 ± 0.2b  0.4 ± 0.2b  0.4 ± 0.2b 
Modified with permission from Fertil Steril 2003 (55). 

 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 13 ± 3% and 6 ± 3% 
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for basal adhesions and 23 ± 4% and 21 ± 5% for pneumoperitoneum-enhanced adhesions in 

HIF-1α+/+ mice, and 7 ± 4% and 1 ± 1% for basal adhesions and 7 ± 7% and 4 ± 3% for 

pneumoperitoneum-enhanced adhesions in HIF-1α+/- mice. Similar differences were observed 

for extent, type, tenacity and total adhesion scores (data not shown: dns). 

 

Experiment 2: 

In HIF-2α+/+ mice, pneumoperitoneum increased adhesion formation (proportion: P=0.02; 

type: P=0.01; total: P=0.03). In comparison with HIF-2α+/+ mice, basal adhesions were similar 

in HIF-2α+/- mice (P=NS). In HIF-2α+/- mice, pneumoperitoneum did not increase adhesions. 

Therefore, in comparison with HIF-2α+/+ mice, pneumoperitoneum-enhanced adhesions were 

obviously lower in HIF-2α+/- mice (proportion: P=0.01; extent: P=0.01; type: P=0.01; tenac-

ity: P=0.01; total: P=0.01) (Figure 9.2, Table 9.2). 

 

FIGURE 4.2: Effect of the pneumoperitoneum and HIF-2α upon adhesion formation in 

mice.  

In HIF-2α+/+ mice and HIF-2α+/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), re-

spectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: 

pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: HIF-2α+/- mice vs. HIF-2α+/+ 

mice (Kruskal-Wallis). 
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TABLE 4.2: Effect of the pneumoperitoneum and HIF-2α upon adhesion formation in 

mice.  

In HIF-2α+/+ mice and HIF-2α+/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respec-

tively. Adhesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions 

vs. basal adhesions; bP<0.05: HIF-2α+/- mice vs. HIF-2α+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 1.0 ± 0.3 0.7 ± 0.2 1.1 ± 0.3 
HIF-2α+/+ 

Pneumoperitoneum-enhanced 2.0 ± 0.2  1.9 ± 0.2a 1.9 ± 0.2 

Basal 0.5 ± 0.2 0.7 ± 0.3 0.7 ± 0.2 
HIF-2α+/- 

Pneumoperitoneum-enhanced  0.7 ± 0.2b  0.8 ± 0.3b  0.8 ± 0.3b 
Modified with permission from Fertil Steril 2003 (55). 

 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 13 ± 3% and 6 ± 3% 

for basal adhesions and 23 ± 4% and 21 ± 5% for pneumoperitoneum-enhanced adhesions in 

HIF-2α+/+ mice, and 15 ± 5% and 2 ± 2% for basal adhesions and 20 ± 7% and 7 ± 5% for 

pneumoperitoneum-enhanced adhesions in HIF-2α+/- mice. Similar differences were observed 

for extent, type, tenacity and total adhesion scores (dns). 

4.4. Discussion 

This study confirms that CO2 pneumoperitoneum is a cofactor in adhesion formation 

(53;54) since pneumoperitoneum-enhanced adhesions were observed in all wild-type mice. 

To the best of our knowledge this is the first study demonstrating the role of HIFs in post-

operative adhesion formation. In mice partially deficient in HIF-1α or HIF-2α, adhesion for-

mation did not increase following 60 minutes of CO2 pneumoperitoneum, demonstrating that 

the mechanism of CO2 pneumoperitoneum-enhanced adhesions involves HIF-1α and HIF-2α 

expression, which obviously cannot be up-regulated in these mice. In mice partially deficient 

in HIF-1α, but not in HIF-2α, basal adhesions were lower than in wild-type animals suggest-

ing that HIF-1α, but not HIF-2α, also has a role in basal adhesion formation.  

Our results can be explained by postulating that CO2 pneumoperitoneum enhances adhe-

sion formation, at least in part, through an up-regulation of HIF-1α and HIF-2α. Since HIF-1α 
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and HIF-2α are expressed in response to hypoxia, this study confirms that CO2 pneumoperito-

neum-enhanced adhesion formation is mediated by peritoneal hypoxia. This is also consistent 

with the reported role of hypoxia modulating factors involved in adhesion formation (82-

86;88;98;99).  

The intrinsic mechanism whereby HIFs play a role in adhesion formation remains, how-

ever, unknown. Since HIFs regulate the expression of PAI-1 (95) and VEGF (102), the former 

with a well-known role and the latter with a suggested role in adhesion formation, the relative 

importance of HIFs, plasminogen system and VEGF family on basal adhesions and on pneu-

moperitoneum-enhanced adhesions should be elucidated in further experiments. 

In conclusion, our data demonstrate that adhesion formation increases with the duration of 

the pneumoperitoneum in wild-type mice, confirming the role of the CO2 pneumoperitoneum 

as a cofactor in adhesion formation. They also demonstrate a role of HIF-1α in basal adhe-

sions and of both HIF-1α and HIF-2α in pneumoperitoneum-enhanced adhesions, suggesting 

HIF-1α and HIF-2α up-regulation as a mechanism for this pneumoperitoneum-enhanced ad-

hesion formation. Since these factors are up-regulated by hypoxia, this study supports the hy-

pothesis of peritoneal hypoxia as the driving mechanism for CO2 pneumoperitoneum-

enhanced adhesion formation. These observations open new insights in the pathogenesis of 

adhesion formation. 

 



 

Chapter 5.                                                                         

CO2 PNEUMOPERITONEUM ENHANCES                                         

ADHESION FORMATION THROUGH PERITONEAL HYPOXIA:                     

II. ROLE OF VASCULAR ENDOTHELIAL GROWTH FACTOR  

OBJECTIVE: To evaluate the hypothesis of peritoneal hypoxia and the role of vascular 

endothelial growth factor (VEGF) family in adhesion formation after laparoscopic surgery.  

MATERIALS & METHODS: Adhesions were induced during laparoscopy and scored 

after 7 days during laparotomy in wild-type and transgenic mice expressing exclusively 

VEGF-A164 (VEGF-A164/164) or deficient for VEGF-B (VEGF-B-/-) or for PlGF (PlGF-/-), and 

in mice treated with antibodies against PlGF or VEGFR-1. The CO2 pneumoperitoneum was 

maintained for a minimum (10 min) or prolonged (60 min) period to evaluate basal adhesions 

and pneumoperitoneum-enhanced adhesions, respectively. VEGF-A concentrations were 

measured by ELISA in peritoneal biopsies. 

RESULTS: In all wild-type mice, pneumoperitoneum increased adhesions. In comparison 

with wild-type mice, basal adhesions were higher in VEGF-A164/164 mice and similar in 

VEGF-B-/- mice and PlGF-/- mice. Pneumoperitoneum slightly increased adhesions in VEGF-

A164/164 mice, whereas did not increase adhesions in VEGF-B-/- mice and PlGF-/- mice. In 

comparison with wild-type mice, pneumoperitoneum-enhanced adhesions were higher in 

VEGF-A164/164 mice and lower in VEGF-B-/- mice and PlGF-/- mice. The roles of these mem-

bers of the VEGF family were confirmed in mice treated with antibodies. VEGF-A concentra-

tions did not change significantly. 

CONCLUSIONS: The data confirm that CO2 pneumoperitoneum increases adhesions and 

indicate that this is mediated, at least in part, by an up-regulation of VEGF-A164, VEGF-B and 

PlGF, supporting the hypothesis of peritoneal hypoxia as a driving mechanism.  

Molinas CR, Campo R, Dewerchin M, Eriksson U, Carmeliet P, Koninckx PR. Role of vascular endothelial 
growth factor and placental growth factor in basal adhesion formation and in carbon dioxide pneumoperitoneum-
enhanced adhesion formation after laparoscopic surgery in transgenic mice. Fertil Steril 2003, 80:803-811. 

Molinas CR, Binda MM, Carmeliet P, Koninckx PR. Role of vascular endothelial growth factor receptor 1 in 
basal adhesion formation and in carbon dioxide pneumoperitoneum-enhanced adhesion formation after laparo-
scopic surgery in mice. Submitted. 
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5.1. Introduction 

The speed of fibrin degradation following peritoneal injury is a critical process in perito-

neal repair and adhesion formation. If the local fibrinolysis is insufficient, the remaining fi-

brin serves as a scaffold for fibroblast growth, ECM deposition and angiogenesis, leading to 

adhesion formation. The role of fibrin and other components of the plasminogen system, fi-

broblasts and ECM in adhesion formation is well-known (12;13;15). The role of angiogenesis, 

however, has barely been explored neither after laparotomy nor after laparoscopy.  

Angiogenesis, the formation of new blood capillaries extending from pre-existing vessels, 

occurs when the distance from the nearest capillary exceeds an efficient diffusion range main-

taining adequate supply of oxygen and nutrients to cells. Angiogenesis is regulated mainly by 

cellular hypoxia through the modulation of angiogenic factors such as VEGF (112;113).  

Peritoneal hypoxia has been postulated as the driving mechanism of CO2 pneumoperito-

neum-enhanced adhesion formation (53;54). Although this hypothesis can be evaluated either 

directly by measuring the oxygen tension or indirectly by measuring some hypoxia markers, 

we decided to test it in transgenic mice deficient for the genes encoding for some factors regu-

lated by hypoxia, such as VEGF; especially after the demonstration of the absence of CO2 

pneumoperitoneum-enhanced adhesions in mice deficient for HIF-1α or HIF-2α (55). 

Vascular endothelial growth factor is a family of angiogenic factors including VEGF-A, 

VEGF-B, VEGF-C, VEGF-D, VEGF-E and PlGF. Vascular endothelial growth factor-A is 

transcribed from a single gene and processed by alternative splicing into four isoforms in hu-

mans (VEGF-A121, VEGF-A165, VEGF-A189 and VEGF-A206) and three isoforms in mice 

(VEGF-A120, VEGF-A164 and VEGF-A188) (89;114). Vascular endothelial growth factor-B is 

transcribed from a single gene and processed into two isoforms in humans and in mice 

(VEGF-B167 and VEGF-B186). Placental growth factor is also transcribed from a single gene 

and processed into three isoforms in humans (PlGF-1, PlGF-2 and PlGF-3) and one isoform 

in mice (PlGF-2) (89;114-126). 

These factors, i.e. VEGF-A, VEGF-B and PlGF, are dimeric glycoproteins that can form 

homodimers or heterodimers. Heterodimerization of VEGF-A with VEGF-B or PlGF controls 

the bioavailability of VEGF-A, modulating its mitogenic, chemotactic and vascular perme-

ability-inducing properties (121-130). In contrast with the marked up-regulation of VEGF-A 

by hypoxia, the up-regulation of VEGF-B and PlGF by hypoxia is controversial (131-134). 

The formation of VEGF-A/VEGF-B and of VEGF-A/PlGF heterodimers, however, is clearly 

modulated by hypoxia (130;135). These VEGF family members bind to two high-affinity 
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transmembrane tyrosine kinase receptors: VEGFR-1 (Flt-1) for VEGF-A, VEGF-B and PlGF, 

and VEGFR-2 (flk-1) for VEGF-A (89;114;115;126). Both VEGFR-1 and VEGFR-2 have 

seven immunoglobulin-like extracellular domains and a kinase intracellular domain and are 

selectively but not exclusively expressed on vascular endothelial cells. A truncated soluble 

form of VEGFR-1, resulting from alternative splicing and retaining its binding activity, is 

found in serum. VEGFR-1 is, unlike VEGFR-2, also present on inflammatory cells, i.e. 

macrophages and their progenitors. Therefore, VEGF-A, VEGF-B and PlGF can stimulate in-

flammation in addition to angiogenesis (136;137).  

This study was performed to evaluate the hypothesis of peritoneal hypoxia and the role of 

VEGF family in adhesion formation after laparoscopic surgery. Basal adhesions and CO2 

pneumoperitoneum-enhanced adhesions were evaluated in mice deficient for the genes encod-

ing for VEGF-A, VEGF-B or PlGF. In order to confirm the role of the VEGF family and to 

evaluate potential alternatives for adhesion prevention, they were also evaluated in mice 

treated with antibodies that block the action of PlGF or VEGFR-1, the common receptor for 

VEGF-A, VEGF-B or PlGF. In addition, VEGF-A expression after exposure to CO2 pneu-

moperitoneum in mice were assayed by ELISA.     

5.2. Materials and Methods 

5.2.1. Animals 

The study was performed in 170 female, 10-12 weeks old mice weighing 30-40 g. For the 

first study, twenty 75% Swiss - 25% 129SvJ wild-type mice (VEGF-A+/+) and knockout mice 

for VEGF-A120 and VEGF-A188 and expressing exclusively VEGF-A164 (VEGF-A164/164) were 

used. For the second study, twenty 100% C57Bl/6J wild-type mice (VEGF-B+/+) and knock-

out mice for VEGF-B (VEGF-B-/-) were used. For the third study, twenty 50% Swiss - 50% 

129SvJ wild-type mice (PlGF+/+) and knockout mice for PlGF (PlGF-/-) were used. For the 

fourth and fifth study, ninety 100% Swiss wild-type mice were used. For the sixth study, 

twenty 100% NMRI mice were used. 

Wild-type and knockout mice for VEGF-A or PlGF were obtained from the Centre for 

Transgene Technology and Gene Therapy (KUL), whereas wild-type and knockout mice for 

VEGF-B were obtained from the Ludwig Institute for Cancer Research, Stockholm Branch, 

Sweden. The knockout mice were generated as described (138-141). No major phenotypic 

differences were observed between wild-type and knockout mice of the same strain. Little dif-

ferences, however, have been reported such as an atrial conduction abnormality in VEGF-B-/- 
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mice characterized by a prolonged PQ interval in the electrocardiogram, which did not gener-

ate arrhythmia or any other malfunction of the heart (141) and a subtle remodelling defect of 

retinal vessels in PlGF-/- mice (140).   

5.2.2. Anaesthesia 

Animals were anaesthetised, intubated with a 22-ga catheter and mechanically ventilated 

with room air (tidal volume 500 µl, 80 strokes/min, Rodent Ventilator, Harvard Apparatus, 

Holliston, MA, USA) as described in chapter 2. 

5.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. For the pneumoperitoneum, 100% 

CO2 at 20 cm H2O was maintained for the minimum time required to perform the surgical le-

sions (standardised at 10 min) or for a longer period (60 min) to evaluate basal adhesions and 

pneumoperitoneum-enhanced adhesions, respectively. 

5.2.4. Induction and scoring of adhesions 

Adhesions were induced by standardized monopolar and bipolar lesions and scored after 

seven days, as described in chapter 2. 

5.2.5. PlGF antibodies preparation and administration 

Mouse monoclonal antibodies were raised against murine PlGF-2 (R&D Systems, Abing-

don, U.K.) using PlGF-/- mice and methods as described (142). Purified clones were screened 

for their ability to inhibit the binding of PlGF to VEGFR-1 in a homemade ELISA assay as 

described (140). The antibodies varied from complete neutralization of the binding of PlGF to 

VEGFR-1 to no neutralization. In this in vivo study of adhesion formation, we used one clone 

that does not neutralize (PLGE1G11: PlGF antibodies A), two clones that completely neutral-

izes (PL17A10F12: PlGF antibodies B and PL5D11D4: PlGF antibodies C) and one clone 

that partially neutralizes (PLGH12G5: PlGF antibodies D) the binding of PlGF to VEGFR-1. 

In the correspondent experiment, animals received four intraperitoneal doses of 20µg/g of 

either mouse IgG (Sigma Chemical Company, St. Louis, MO, USA) or one of the four types 

of PlGF antibodies (A, B, C or D) diluted in 200 µl of saline. The first dose was administrated 

on day 0 at the beginning of the surgery and under direct laparoscopic vision, whereas the 

subsequent doses were blindly injected on days 2, 4 and 6 following surgery. Doses and tim-

ing of administration were determined according to the suppliers’ indications, i.e. Centre for 

Transgene Technology and Gene Therapy (KUL). 
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5.2.6. VEGFR-1 antibodies preparation and administration 

Rat monoclonal antibodies against mouse VEGFR-1 (clone MF1, Imclone, New York, 

NY, USA), specific against mouse VEGFR-1 with no cross reaction with human, were pre-

pared as described (137). These antibodies would bind to VEGFR-1 inhibiting the binding of 

VEGF-A, VEGF-B and PlGF and thus blocking their biological actions. 

In the correspondent experiment, animals received four intraperitoneal doses of 20µg/g of 

either rat IgG (Sigma Chemical Company, St. Louis, MO, USA) or VEGFR-1 antibodies di-

luted in 200 µl of saline. The first dose was administrated on day 0 at the beginning of the 

surgery and under direct laparoscopic vision, whereas the subsequent doses were injected on 

days 2, 4 and 6 following surgery. Doses and timing of administration were determined ac-

cording to the suppliers’ indications, i.e. Centre for Transgene Technology and Gene Therapy 

(KUL), (137). 

5.2.7. Tissue sampling, protein extraction, and VEGF and total proteins assays 

The abdomen was opened at different time periods before or after pneumoperitoneum and 

biopsies were taken from the pelvic sidewall and uterine horns within the first four minutes. 

Biopsies sites were chosen based on sites of induction of adhesions in adhesion formation ex-

periments. The samples were rinsed with ice cold phosphate buffered saline (PBS), frozen 

immediately in liquid nitrogen and stored at -80°C. Tissues were homogenized in 500 µl of 

PBS containing 1% triton X-100, 0.1% sodium dodecylsulfate, 0.5% sodium deoxycholate, 

0.2% sodium azide, and a cocktail of protease inhibitors (Complete, Roche Diagnostics 

GmbH, Mannheim, Germany). Following centrifugation (8500 g, 4°C, 10 minutes), the su-

pernatants were assayed for total proteins and VEGF-A concentration. Tissue protein concen-

tration was measured with a detergent-compatible formulation based on bicinchoninic acid 

(BCA) for the colorimetric detection and quantification of total proteins. Bovine serum albu-

min (BSA) was used to build the standard curve (BCA Protein Assay Kit, Pierce, Rockford, 

UK). Mouse VEGF concentration was measured by ELISA using a commercially available 

kit (Quantikine M Murine, R & D Systems Europe Ltd., Abingdon, UK). Proteins were as-

sayed at four serial dilutions and VEGF in triplicates and the results (pg VEGF/mg protein) 

are expressed as means ± SE. 

5.2.8. Experimental design and statistical analyses 

In experiment 1 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in VEGF-A+/+ mice and VEGF-A164/164 mice (4 groups, n=5 per group). 
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In experiment 2 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in VEGF-B+/+ mice and VEGF-B-/- mice (4 groups, n=5 per group). 

In experiment 3 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in PlGF+/+ mice and PlGF-/- mice (4 groups, n=5 per group). 

In experiment 4 (n=50), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in mice treated either with mouse IgG or with PlGF antibodies A, B, C or D (10 

groups, n=5 per group). 

Experiment 5 (n=40) was performed in two series. In series 1 (n=20), basal adhesions and 

pneumoperitoneum-enhanced adhesions were assessed in mice treated either with rat IgG or 

with VEGFR-1 antibodies (4 groups, n=5 per group). In order to confirm the results of this 

experiment, a similar study was performed in series 2 (n=20). In this series only pneumoperi-

toneum-enhanced adhesions were assessed in mice treated either with rat IgG or with 

VEGFR-1 antibodies (2 groups, n=10 per group). In this series, biopsies were collected on 

behalf of the Centre for Transgene Technology and Gene Therapy (KUL) for histological 

evaluation and therefore adhesions were scored only with the quantitative scoring system. 

In experiment 6 (n=20), the effect of 60 min of exposure to CO2 pneumoperitoneum, with 

no other peritoneal lesion, upon the expression of VEGF-A was evaluated in the pelvic side-

walls and uterine horns by ELISA. Samples were collected before, immediately at the end and 

after 3 and 6 hours of the beginning of the pneumoperitoneum (4 groups, n=5 per group). 

Statistical analyses were performed with the SAS System using non-parametric tests, i.e. 

Kruskal-Wallis test to compare groups and Spearman test to evaluate correlation. 

5.3. Results 

In adhesion formation experiments, all animals were available for adhesion scoring after 

seven days. Adhesions formed between the injured visceral site and the pelvic fat or between 

the injured parietal site and the pelvic fat. No adhesions were observed at the site of the 

laparoscopic ports or at other sites. 

 

Experiment 1: 

In VEGF-A+/+ mice, pneumoperitoneum increased adhesion formation (proportion: 

P=0.03; extent: P=0.04; total: P=0.05). In comparison with VEGF-A+/+, basal adhesions were 

higher in VEGF-A164/164 mice (proportion: P=0.01; extent: P=0.02; type: P=0.02; tenacity: 

P=0.02; total: P=0.01). In VEGF-A164/164 mice, pneumoperitoneum slightly increased adhe-
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sion formation (P=NS). In comparison with VEGF-A+/+, pneumoperitoneum-enhanced adhe-

sions were higher in VEGF-A164/164 mice (proportion: P=0.05; extent: P=0.02; tenacity: 

P=0.04; total: P=0.05) (Figure 5.1, Table 5.1). 

 

FIGURE 5.1: Effect of the pneumoperitoneum and VEGF-A upon adhesion formation 

in mice.  
In VEGF-A+/+ mice and VEGF-A164/164 mice, 100% CO2 pneumoperitoneum was maintained for 10 

and 60 min at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions 

(■), respectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. 
aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: VEGF-A164/164 mice vs. 

VEGF-A+/+ mice (Kruskal-Wallis). 
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TABLE 5.1: Effect of the pneumoperitoneum and VEGF-A upon adhesion formation in 

mice.  
In VEGF-A+/+ mice and VEGF-A164/164 mice, 100% CO2 pneumoperitoneum was maintained for 10 

and 60 min at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, re-

spectively. Adhesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhe-

sions vs. basal adhesions; bP<0.05: VEGF-A164/164 mice vs. VEGF-A+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.6 ± 0.3 0.6 ± 0.3 0.5 ± 0.3 
VEGF-A+/+ 

Pneumoperitoneum-enhanced  1.6 ± 0.2a 1.6 ± 0.2 1.4 ± 0.2 

Basal  2.0 ± 0.2b  2.0 ± 0.2b  1.9 ± 0.2b 
VEGF-A164/164 

Pneumoperitoneum-enhanced  2.8 ± 0.4b 2.1 ± 0.3  2.3 ± 0.2b 
Modified with permission from Fertil Steril 2003 (56). 
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Similar effects were observed peritoneal lesions inflicted with monopolar and bipolar co-

agulations analysed individually (significances not shown). Monopolar lesions induced more 

adhesions than bipolar lesions, the proportion of adhesions being 11 ± 7% and 9 ± 9% for 

basal adhesions and 31 ± 9% and 28 ± 13% for pneumoperitoneum-enhanced adhesions in 

VEGF-A+/+ mice, and 44 ± 4% and 38 ± 8% for basal adhesions and 66 ± 14% and 50 ± 8% 

for pneumoperitoneum-enhanced adhesions in VEGF-A164/164 mice, respectively. Similar dif-

ferences were observed for extent, type, tenacity and total adhesion scores (dns). 

 

Experiment 2: 

In VEGF-B+/+ mice, pneumoperitoneum increased adhesion formation (proportion: 

P=0.02; type: P=0.04; total: P=0.05). In comparison with VEGF-B+/+ mice, basal adhesions 

were similar in VEGF-B-/- mice (P=NS). In VEGF-B-/- mice, pneumoperitoneum did not in-

crease adhesion formation. Therefore, in comparison with VEGF-B+/+ mice, pneumoperito-

neum-enhanced adhesions were obviously lower in VEGF-B-/- mice (proportion: P=0.05; 

type: P=0.03; total: P=0.05) (Figure 5.2, Table 5.2).  

 

FIGURE 5.2: Effect of the pneumoperitoneum and VEGF-B upon adhesion formation in 

mice.  
In VEGF-B+/+ mice and VEGF-B-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), re-

spectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: 

pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: VEGF-B-/- mice vs. VEGF-B+/+ 

mice (Kruskal-Wallis). 
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TABLE 5.2: Effect of the pneumoperitoneum and VEGF-B upon adhesion formation in 

mice.  
In VEGF-B+/+ mice and VEGF-B-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 

min at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respec-

tively. Adhesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions 

vs. basal adhesions; bP<0.05: VEGF-B-/- mice vs. VEGF-B+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.4 ± 0.2 0.5 ± 0.3 0.6 ± 0.3 
VEGF-B+/+ 

Pneumoperitoneum-enhanced 0.7 ± 0.2  1.1 ± 0.2a 0.9 ± 0.2 

Basal 0.5 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 
VEGF-B-/- 

Pneumoperitoneum-enhanced 0.4 ± 0.2  0.6 ± 0.3b 0.5 ± 0.2 
Modified with permission from Fertil Steril 2003 (56). 

 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 7 ± 4% and 5 ± 3% for 

basal adhesions and 19 ± 5% and 7 ± 5% for pneumoperitoneum-enhanced adhesions in 

VEGF-B+/+ mice, and 8 ± 5% and 8 ± 5% for basal adhesions and 11 ± 6% and 1 ± 1% for 

pneumoperitoneum-enhanced adhesions in VEGF-B-/- mice, respectively. Similar differences 

were observed for extent, type, tenacity and total adhesion scores (dns). 

 

Experiment 3: 

In PlGF+/+ mice, pneumoperitoneum increased adhesion formation (proportion: P=0.01; 

extent: P=0.01; type: P=0.01; tenacity: P=0.02; total: P=0.01). In comparison with PlGF+/+ 

mice, basal adhesions were slightly lower in PlGF-/- mice (P=NS). In PlGF-/- mice, pneumop-

eritoneum did not increase adhesion formation. Therefore, in comparison with PlGF+/+ mice, 

pneumoperitoneum-enhanced adhesions were obviously lower in PlGF-/- mice (proportion: 

P=0.01; extent: P=0.01; type: P=0.01; tenacity: P=0.01; total: P=0.01) (Figure 5.3, Table 5.3).  

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 8 ± 5% and 6 ± 3% for 

basal adhesions and 27 ± 14% and 25 ± 5% for pneumoperitoneum-enhanced adhesions in 



52   Chapter 5 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

PlGF+/+ mice, and 6 ± 3% and 5 ± 3% for basal adhesions and 5 ± 2% and 1 ± 1% for pneu-

moperitoneum-enhanced adhesions in PlGF-/- mice, respectively. Similar differences were ob-

served for extent, type, tenacity and total adhesion scores (dns). 

 

FIGURE 5.3: Effect of the pneumoperitoneum and PlGF upon adhesion formation in 

mice. 
In PlGF+/+ mice and PlGF-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 

20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), respec-

tively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: pneu-

moperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: PlGF-/- mice vs. PlGF+/+ mice 

(Kruskal-Wallis). 
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TABLE 5.3: Effect of the pneumoperitoneum and PlGF upon adhesion formation in 

mice. 
In PlGF+/+ mice and PlGF-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 

20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respectively. Ad-

hesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal 

adhesions; bP<0.05: PlGF-/- mice vs. PlGF+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 
PlGF +/+ 

Pneumoperitoneum-enhanced  1.3 ± 0.2a  1.3 ± 0.2a  1.2 ± 0.1a 

Basal 0.3 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 
PlGF -/- 

Pneumoperitoneum-enhanced  0.2 ± 0.1b  0.3 ± 0.1b  0.3 ± 0.1b 
Modified with permission from Fertil Steril 2003 (56). 
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Experiment 4: 

In the experiment with PlGF antibodies two control groups were used, i.e. mice treated 

with mouse IgG and mice treated with the non-neutralizing PlGF antibodies A, and therefore 

all other groups were compared with both control groups. In mice treated with IgG, pneumop-

eritoneum increased adhesion formation (proportion: P=0.01; extent: P=0.01; total: P=0.03). 

In comparison with mice treated with IgG, basal adhesions were similar in mice treated with 

the PlGF antibodies A (P=NS). In mice treated with PlGF antibodies A, pneumoperitoneum 

increased adhesion formation (proportion: P=0.02; extent: P=0.04; tenacity: P=0.02; total: 

P=0.05). In comparison with mice treated with IgG, pneumoperitoneum-enhanced adhesions 

were similar in mice treated with PlGF antibodies A (P=NS) (Figure 5.4, Table 5.4).  

In mice treated with the neutralizing PlGF antibodies B, basal adhesions were lower than 

in mice treated with IgG or with PlGF antibodies A (proportion: P=0.03, P=NS; type: P=0.02, 

P=NS; tenacity: P=0.05, P=NS; total: P=0.04, P=NS). In these mice the pneumoperitoneum 

did not increase adhesions. Therefore, pneumoperitoneum-enhanced adhesions were lower 

than in mice treated with IgG or with PlGF antibodies A (proportion: P=0.01, P=0.02; extent: 

P=0.01, P=0.02; tenacity: P=0.04, P=NS; total: P=0.02, P=0.05). 

 

Figure 5.4: Effect of the pneumoperitoneum and antibodies against PlGF upon adhesion 

formation in mice.  
In wild-type mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 20 cm H2O to 

evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), respectively. Mice were 

treated either with IgG or with antibodies (Ab) against PlGF with different neutralizing capacities, i.e. 

A: non-neutralizing, B-C: neutralizing, D: semi-neutralizing. Proportion of adhesions and total adhe-

sion score (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal ad-

hesions; bP<0.05: Ab B-C-D vs. IgG; cP<0.05: Ab B-C-D vs. Ab A (Kruskal-Wallis). 
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In mice treated with the neutralizing PlGF antibodies C, basal adhesions were lower than 

in mice treated with IgG or with PlGF antibodies A (proportion: P=0.01, P=0.03; extent: 

P=0.03, P=NS; type: P=0.01, P=NS; tenacity: P=0.01, P=0.03; total: P=0.01, P=NS). In these 

mice the pneumoperitoneum did not increase adhesions. Therefore, pneumoperitoneum-

enhanced adhesions were lower than in mice treated with IgG or PlGF antibodies A (propor-

tion: P=0.01, P=0.02; extent: P=0.01, P=0.01; type: P=0.01, P=0.01; tenacity: P=0.01, 

P=0.01; total: P=0.01, P=0.01). 

In mice treated with the semi-neutralizing PlGF antibodies D, basal adhesions were similar 

than in mice treated with IgG (P=NS) or with PlGF antibodies A (P=NS). In these mice the 

pneumoperitoneum increased adhesions but not significantly and pneumoperitoneum-

enhanced adhesions were similar than in mice treated with IgG (P=NS) or with PlGF antibod-

ies A (P=NS). 

 

Table 5.4: Effect of the pneumoperitoneum and antibodies against PlGF upon adhesion 

formation in mice. 
In wild-type mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 20 cm H2O to 

evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respectively. Mice were treated 

either with IgG or with antibodies (Ab) against PlGF with different neutralizing capacities, i.e. A: non-

neutralizing, B-C: neutralizing, D: semi-neutralizing. Adhesion scores (means ± SE) are indicated. 
aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: Ab B-C-D vs. IgG; 
cP<0.05: Ab B-C-D vs. Ab A (Kruskal-Wallis). 

Adhesion scores 
Treatment Adhesions 

Extent Type Tenacity 

Basal 1.1 ± 0.1 1.4 ± 0.1 1.5 ± 0.2 
IgG  

Pneumoperitoneum-enhanced  2.2 ± 0.2a 1.8 ± 0.2 2.0 ± 0.1 

Basal 1.0 ± 0.2 1.0 ± 0.3 1.1 ± 0.2 
Ab A  

Pneumoperitoneum-enhanced  1.9 ± 0.3a 1.8 ± 0.1  1.9 ± 0.2a 

Basal 0.7 ± 0.1  0.7 ± 0.2b  0.8 ± 0.2b 
Ab B  

Pneumoperitoneum-enhanced    0.7 ± 0.2bc 0.9 ± 0.4  1.0 ± 0.3b 

Basal  0.3 ± 0.2b  0.3 ± 0.2b  0.3 ± 0.2b 
Ab C  

Pneumoperitoneum-enhanced   0.5 ± 0.1bc   0.5 ± 0.1bc   0.8 ± 0.1bc 

Basal 0.9 ± 0.2 1.0 ± 0.2 1.1 ± 0.2 
Ab D  

Pneumoperitoneum-enhanced 1.6 ± 0.3 1.5 ± 0.2 1.6 ± 0.2 
Modified with permission from Fertil Steril 2003 (56). 
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Comparing the effects of the neutralizing PlGF antibodies B and C with the effect of the 

semi-neutralizing antibodies D, the following differences were significant: basal adhesions 

were higher in mice treated with PlGF antibodies D than in mice treated with PlGF antibodies 

C (proportion: P=0.01) and pneumoperitoneum-enhanced adhesions were higher in mice 

treated with PlGF antibodies D than in mice treated with PlGF antibodies B and C (propor-

tion: P=0.05, P=0.02; extent: P=NS, P=0.01; type: P=NS, P=0.01; tenacity: P=NS, P=0.02; to-

tal: P=NS, P=0.02, respectively). These data are consistent with PlGF antibodies D having a 

partial neutralizing effect. The effects of antibodies B and C were comparable. 

In this experiment, similar effects were observed for peritoneal lesions inflicted with mo-

nopolar and bipolar coagulations analysed separately. Monopolar lesions induced more basal 

and pneumoperitoneum-enhanced adhesions than bipolar lesions (dns). 

 

Experiment 5: 

In mice treated with rat IgG, pneumoperitoneum increased adhesion formation (proportion: 

P=0.01; extent: P=0.01; total: P=0.05). In comparison with mice treated with rat IgG, basal 

adhesions were similar in mice treated with VEGFR-1 antibodies (P=NS). In mice treated 

with VEGFR-1 antibodies, pneumoperitoneum did not increase adhesion formation. There-

fore, in these mice pneumoperitoneum-enhanced adhesions were lower than in mice treated 

with IgG (proportion: P=0.01; extent: P=0.01; type: P=0.02; tenacity: P=0.01; total: P=0.01) 

(Figure 5.5, Table 5.5). In series 2, it was confirmed that the proportion of pneumoperito-

neum-enhanced adhesions in mice treated with VEGFR-1 antibodies (8 ± 2%) was lower than 

in mice treated with rat IgG (32 ± 5%) (P=0.001). 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 13 ± 1% and 12 ± 2% 

for basal adhesions and 54 ± 10% and 29 ± 8% for pneumoperitoneum-enhanced adhesions in 

mice treated with rat IgG, and 20 ± 8% and 6 ± 5% for basal adhesions and 21 ± 5% and 16 ± 

5% for pneumoperitoneum-enhanced adhesions in mice treated with VEGFR-1 antibodies, re-

spectively. Similar differences were observed for extent, type, tenacity and total adhesion 

scores (dns). In series 2, the differences between monopolar lesions and bipolar lesions were 

also confirmed, being the proportion of pneumoperitoneum-enhanced adhesions 37 ± 8% and 
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27 ± 7% in mice treated with IgG, and 8 ± 3% and 8 ± 3 % in mice treated with VEGFR-1 an-

tibodies, respectively. 

 

FIGURE 5.5: Effect of the pneumoperitoneum and antibodies against VEGFR-1 upon 

adhesion formation in mice.  
In wild-type mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 20 cm H2O to 

evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), respectively. Mice were 

treated either with IgG or with antibodies against VEGFR-1. Proportion of adhesions and total adhe-

sion score (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal ad-

hesions; bP<0.05: anti VEGFR-1 vs. IgG (Kruskal Wallis).  
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TABLE 5.5: Effect of the pneumoperitoneum and antibodies against VEGFR-1 upon 

adhesion formation in mice.  
In wild-type mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min at 20 cm H2O to 

evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respectively. Mice were treated 

either with IgG or with antibodies against VEGFR-1. Adhesion scores (means ± SE) are indicated. 
aP<0.05: pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: anti VEGFR-1 vs. IgG 

(Kruskal Wallis). 

Adhesion scores 
Treatment Adhesions 

Extent Type Tenacity 

Basal 0.9 ± 0.1 1.4 ± 0.2 1.4 ± 0.2 
IgG  

Pneumoperitoneum-enhanced  2.0 ± 0.2a 1.8 ± 0.2 1.8 ± 0.2 

Basal 0.8 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 VEGFR-1 
antibodies  Pneumoperitoneum-enhanced  1.0 ± 0.1b   1.0 ± 0.2 b  1.1 ± 0.1b 
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Experiment 6: 

In wild-type NMRI mice, the protein concentrations of VEGF in the pelvic sidewalls and 

uterine horns (pg of VEGF/mg protein) were 51 ± 5 and 63 ± 6 before exposure to CO2 

pneumoperitoneum, 43 ± 2 and 50 ± 5 immediately after exposure to 60 min of CO2 pneu-

moperitoneum, 42 ± 3 and 75 ± 13 after 3 hours, and 40 ± 4 and 64 ± 12 after 6 hours, respec-

tively (Spearman correlation, P=NS and P=NS). 

5.4. Discussion 

This study confirms that the pneumoperitoneum is a cofactor in adhesion formation (53-

55) since pneumoperitoneum-enhanced adhesions were observed in all wild-type mice used as 

control animals.  

To the best of our knowledge this is the first study demonstrating directly a role of VEGF-

A, VEGF-B and PlGF in postoperative adhesion formation. Our results can be explained by 

postulating that the pneumoperitoneum enhances adhesion formation, at least in part, through 

an up-regulation of VEGF-A164, VEGF-B and PlGF. This is consistent with the reported up-

regulation of VEGF-A and VEGF-A/PlGF heterodimers by hypoxia and supports the hy-

pothesis that CO2 pneumoperitoneum-enhanced adhesion formation is mediated by peritoneal 

hypoxia (53-55).  

In VEGF-A164/164 mice, basal adhesions were higher than in wild-type mice, demonstrating 

a direct role of VEGF-A164 in basal adhesion formation. This was not unexpected since 

VEGF-A was found in peritoneal adhesions by immunohistochemistry (91) and by reverse 

transcriptase polymerase chain reaction (92). Moreover, a reduction in adhesion formation 

following open surgery was reported in mice after the administration of polyclonal antibodies 

against VEGF-A (90). The only slight increase in adhesion formation following 60 min of 

CO2 pneumoperitoneum in VEGF-A164/164 mice does not rule out an up-regulation of VEGF-

A164 by the CO2 pneumoperitoneum, since the effect of VEGF-A on adhesion formation could 

already be near maximal in mice expressing exclusively this VEGF-A isoform. We failed to 

demonstrate and up-regulation of VEGF-A by the CO2 pneumoperitoneum using a quantita-

tive ELISA assay. This, however, does not necessarily imply the absence of the effect and can 

be explained by several reasons. First, the model might be not ideal since it does not allow se-

rial samples in the same animal. Second, the assay measures the three mouse VEGF isoforms, 

while probably only VEGF-A164 is up-regulated. Third, full-thickness pelvic sidewalls or uter-

ine horns were assayed and it is possible that the hypoxic effect and thus the up-regulation 

takes place only in the peritoneum. Nevertheless, it is important to recognise that the ELISA 
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findings are not consistent with the other observations and with the working hypothesis. 

Therefore, we are planning to measure VEGF by other meanings. 

In VEGF-B-/- mice, basal adhesions were comparable with those in wild-type mice, sug-

gesting that VEGF-B has no major role in basal adhesion formation. In these VEGF-B-/- mice, 

adhesion formation did not increase following 60 min of CO2 pneumoperitoneum, demon-

strating that the mechanism of CO2 pneumoperitoneum-enhanced adhesions involves VEGF-

B expression, which obviously cannot be up-regulated in these mice. 

In PlGF-/- mice, basal adhesions were slightly lower than in wild-type mice, suggesting that 

PlGF plays a little role in basal adhesion formation. It should be recognized, however, that the 

design of the study and the number of animals involved does not permit to detect minor 

changes in basal adhesions. In mice treated with neutralizing antibodies against PlGF, how-

ever, a clear reduction in basal adhesions was observed. Adhesion formation did not increase 

following 60 min of CO2 pneumoperitoneum in PlGF-/- mice and mice treated with PlGF neu-

tralizing antibodies, demonstrating that the mechanism of CO2 pneumoperitoneum-enhanced 

adhesions involves PlGF expression. 

In mice treated with antibodies against VEGFR-1, pneumoperitoneum did not enhance ad-

hesion formation. This antibodies specifically binds to VEGFR-1 (Flt1) blocking the binding 

of VEGF-A, VEGF-B and PlGF, and therefore neutralizing their effects. The data in mice 

treated with antibodies against VEGFR-1 are fully consistent with the observations in VEGF-

A164/164 mice, VEGF-B-/- mice and PlGF-/- mice, and confirm the role of VEGF-A, VEGF-B 

and PlGF in pneumoperitoneum-enhanced adhesion formation. 

In conclusion, our data demonstrate that adhesion formation increases with the duration of 

the pneumoperitoneum in all control animals, confirming the role of the CO2 pneumoperito-

neum as a cofactor in adhesion formation. They also demonstrate a role of VEGF-A and PlGF 

in basal adhesions and of VEGF-A, VEGF-B and PlGF in pneumoperitoneum-enhanced ad-

hesions, suggesting VEGF-A164, VEGF-B and PlGF up-regulation as a mechanism for this 

pneumoperitoneum-enhanced adhesion formation. The role of these factors was fully con-

firmed with antibodies against PlGF and VEGFR-1, the common receptor of VEGF-A, 

VEGF-B and PlGF. Since these factors are up-regulated by hypoxia, this study supports the 

hypothesis of peritoneal hypoxia as the driving mechanism for CO2 pneumoperitoneum-

enhanced adhesion formation. Since we failed to demonstrate the VEGF-A up-regulation by 

ELISA, other methods have to be used to evaluate this effect.  



 

Chapter 6.                                                                         

CO2 PNEUMOPERITONEUM ENHANCES                                       

ADHESION FORMATION THROUGH PERITONEAL HYPOXIA:                     

III. ROLE OF THE PLASMINOGEN SYSTEM  

OBJECTIVE: To evaluate the hypothesis of peritoneal hypoxia and the role of the plas-

minogen system in adhesion formation after laparoscopic surgery.  

MATERIALS & METHODS: Adhesions were induced during laparoscopy in wild-type 

and transgenic mice deficient for PAI-1 (PAI-1-/-), uPA (uPA-/-) or tPA (tPA-/-). The CO2 

pneumoperitoneum was maintained for a minimum (10 min) or prolonged (60 min) period to 

evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respectively. Adhe-

sions were scored after 7 days during laparotomy. PAI-1 and tPA concentrations were meas-

ured by ELISA in peritoneal biopsies. 

RESULTS: In PAI-1, uPA and tPA wild-type mice, pneumoperitoneum increased adhe-

sions. In comparison with wild-type mice, basal adhesions were lower in PAI-1-/- mice and 

higher in uPA-/- mice and tPA-/- mice. Pneumoperitoneum did not increase adhesions in these 

transgenic mice. PAI-1 concentration increased after 60 minutes of pneumoperitoneum 

whereas tPA concentration did not change. 

CONCLUSIONS: These data confirm that CO2 pneumoperitoneum enhances adhesion 

formation and indicate that this effect is mediated, at least in part, by an up-regulation of PAI-

1, supporting the hypothesis of peritoneal hypoxia as a driving mechanism. The data confirm 

the well-known role of the plasminogen system in adhesion formation. 

  

 

 

 

Molinas CR, Elkelani OA, Campo R, Lutton A, Carmeliet P, Koninckx PR. Role of the plasminogen system in 
basal adhesion formation and carbon dioxide pneumoperitoneum-enhanced adhesion formation after laparo-
scopic surgery in transgenic mice. Fertil Steril 2003; 80:184-192. 
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6.1. Introduction 

Peritoneal trauma determines and inflammatory reaction that leads to fibrin deposition on 

the injured surface. Fibrin degradation is a critical process in peritoneal repair and adhesion 

formation is highly dependent on the balance between the members of the plasminogen sys-

tem.  

The plasminogen system comprises plasmin, plasminogen, plasminogen activators (tPA 

and uPA), plasminogen activator inhibitors (PAI-1, PAI-2, PAI-3 and protease nexin 1) and 

plasmin inhibitors (α2-macroglobulin, α2-antiplasmin and α1-antitrypsin). Plasminogen is 

abundant in almost all tissues and is converted into plasmin by tPA and uPA, both being 

equally efficient in degradation of fibrin clots in blood but not in tissues, where tPA seems to 

have a higher efficacy. The activity of tPA and uPA is modulated mainly by PAI-1 and PAI-2 

through the formation of inactive complexes, PAI-1 having a stronger inhibitory action than 

PAI-2 (15;19-21;143). The plasminogen system has a direct role in fibrin degradation and in 

other processes of tissue repair such as activation of pro-enzymes of the MMP family (17), 

ECM degradation (16), activation of pro-uPA (144), liberation and activation of growth fac-

tors (18), angiogenesis (145) and cellular migration (146), and therefore it is crucial in adhe-

sion formation.  

The role of the plasminogen system in adhesion formation is very well-known and has 

been investigated in vivo mainly following open surgery. The expression of some members of 

the plasminogen system such as PAI-1 and tPA is modulated by hypoxia (14;87;88;95;96). 

Indeed, hypoxia up-regulates the expression of PAI-1 and down-regulates the expression of 

tPA (88). Furthermore, a hypoxia-response element (HRE) capable to bind to HIF-1 was iden-

tified in the promoter of the gene encoding for human PAI-1 (97). Peritoneal hypoxia has 

been postulated as the driving mechanism in CO2 pneumoperitoneum-enhanced adhesion 

formation after laparoscopic surgery (53;54). Since this hypothesis was supported by studies 

in mice deficient for HIFs (55) and VEGF family members (56), the availability of transgenic 

mice deficient for the genes encoding for some factors of the plasminogen system offers an 

attractive alternative to further evaluate the hypothesis of peritoneal hypoxia. 

This study was performed to test the hypothesis of peritoneal hypoxia and to confirm the 

role of the plasminogen system in adhesion formation after laparoscopic surgery. Basal adhe-

sions and CO2 pneumoperitoneum-enhanced adhesions were evaluated in mice deficient for 

the genes encoding for PAI-1, uPA or tPA. In addition, the expression of PAI-1 and tPA after 

exposure to CO2 pneumoperitoneum in mice were assayed by ELISA. 
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6.2. Materials and Methods 

6.2.1. Animals 

The study was performed in 70 female, 10 to 12 week old mice weighing 30-40 g. For the 

first experiment, twenty 87.5% C57Bl/6J - 12.5% 129SvJ wild-type mice (PAI-1+/+) and 

knockout mice for the gene encoding for PAI-1 (PAI-1-/-) were used. For the second experi-

ment, thirty 75% C57Bl/6J - 25% 129SvJ wild-type mice (uPA+/+/tPA+/+) and knockout mice 

for the genes encoding for uPA (uPA-/-) or tPA (tPA-/-) were used. All wild-type and knockout 

mice were obtained from the Centre for Transgene Technology and Gene Therapy (KUL). 

The uPA, tPA and PAI-1 knockout mice were generated as described (147-149). For the third 

experiment, 20 NMRI mice were used. 

6.2.2. Anaesthesia 

Animals were anaesthetised, intubated with a 22-ga catheter and mechanically ventilated 

with room air (tidal volume 500 µl, 80 strokes/min, Rodent Ventilator, Harvard Apparatus, 

Holliston, MA, USA), as described in chapter 2. 

6.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. For the pneumoperitoneum, 100% 

CO2 at 20 cm H2O was maintained for the minimum time required to perform the surgical le-

sions (standardised at 10 min) or for a longer period (60 min) to evaluate basal adhesions and 

pneumoperitoneum-enhanced adhesions, respectively.  

6.2.4. Induction and scoring of adhesions 

Adhesions were induced by standardized monopolar and bipolar lesions and scored after 

seven days, as described in chapter 2. 

6.2.5. Tissue sampling, protein extraction and PAI-1, tPA and total proteins assays 

Tissues were collected and processed as described in chapter 5 and assayed for total pro-

teins, PAI-1 and tPA concentrations. Tissue protein concentration was measured as described 

in chapter 5. The levels of PAI-1 and tPA were measured as described previously (150;151) 

using a home-made ELISA assay. All samples were assayed at four serial dilutions and the re-

sults (pg PAI-1/mg protein or pg tPA/mg protein) are expressed as means ± SE. 

6.2.6. Experimental design and statistical analyses 

In experiment 1 (n=20), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in PAI-1+/+ mice and PAI-1-/- mice (4 groups, n=5 per group). 
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In experiment 2 (n=30), basal adhesions and pneumoperitoneum-enhanced adhesions were 

assessed in uPA+/+/tPA+/+ mice, uPA-/- mice and tPA-/- mice (6 groups, n=5 per group). 

In experiment 3 (n=20), the effect of 60 min of exposure to CO2 pneumoperitoneum, with 

no other peritoneal lesion, on the expression of PAI-1 and tPA was evaluated in the pelvic 

sidewalls and uterine horns by ELISA. Samples were collected before, immediately at the end 

and after 3 and 6 hours of the beginning of the pneumoperitoneum (4 groups, n=5 per group). 

Statistical analyses were performed with the SAS System using non-parametric tests, i.e. 

Kruskal-Wallis test to compare groups and Spearman test to evaluate correlation. 

6.3. Results 

All animals survived the surgical procedures and, in adhesion formation experiments, all 

were available for adhesion scoring after seven days. Adhesions formed between the injured 

visceral site and the pelvic fat or between the injured parietal site and the pelvic fat. No adhe-

sions were observed at the site of the laparoscopic ports or at other sites. 

 

Experiment 1: 

In PAI-1+/+ mice, pneumoperitoneum increased adhesion formation (proportion: P=0.02; 

extent: P=0.01; type: P=0.01; tenacity: P=0.01; total: P=0.01). In comparison with PAI-1+/+ 

mice, basal adhesions were lower in PAI-1-/- mice (proportion: P=0.03; extent: P=0.02; type: 

P=0.01; tenacity: P=0.02; total: P=0.01). In PAI-1-/- mice, pneumoperitoneum did not increase 

adhesions. Therefore, in comparison with PAI-1+/+ mice, pneumoperitoneum-enhanced adhe-

sions were obviously even lower in PAI-1-/- mice (proportion: P=0.01; extent: P=0.01; type: 

P=0.01; tenacity: P=0.01; total: P=0.01) (Figure 6.1, Table 6.1). 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 16 ± 3% and 4 ± 2% 

for basal adhesions and 25 ± 4% and 14 ± 3% for pneumoperitoneum-enhanced adhesions in 

PAI-1+/+ mice, and 6 ± 4% and 3 ± 3% for basal adhesions and 8 ± 3% and 2 ± 2% for pneu-

moperitoneum-enhanced adhesions in PAI-1-/- mice, respectively. Similar differences were 

observed for extent, type, tenacity and total adhesion scores (dns). 
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FIGURE 6.1: Effect of the pneumoperitoneum and PAI-1 upon adhesion formation in 

mice.  
In PAI-1+/+ mice and PAI-1-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min 

at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions (■), respec-

tively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: pneu-

moperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: PAI-1-/- mice vs. PAI-1+/+ mice 

(Kruskal-Wallis). 
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A: Reproduced with permission from Fertil Steril 2003 (57).  

 

TABLE 6.1: Effect of the pneumoperitoneum and PAI-1 upon adhesion formation in 

mice.  
In PAI-1+/+ mice and PAI-1-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 and 60 min 

at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, respectively. 

Adhesion scores (means ± SE) are indicated. aP<0.05: pneumoperitoneum-enhanced adhesions vs. 

basal adhesions; bP<0.05: PAI-1-/- mice vs. PAI-1+/+ mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.6 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 
PAI-1+/+ 

Pneumoperitoneum-enhanced  1.3 ± 0.1a  1.6 ± 0.1a  1.7 ± 0.1a 

Basal  0.2 ± 0.1b  0.2 ± 0.1b  0.3 ± 0.1b 
PAI-1-/- 

Pneumoperitoneum-enhanced  0.3 ± 0.1b  0.3 ± 0.1b  0.4 ± 0.2b 
Modified with permission from Fertil Steril 2003 (57).  

 

Experiment 2: 

In uPA+/+/tPA+/+ mice, pneumoperitoneum increased adhesion formation (proportion: 

P=0.03; extent: P=0.02; tenacity: P=0.02; total: P=0.03). In comparison with uPA+/+/tPA+/+ 
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mice, basal adhesions were higher in both uPA-/- mice (P=NS) and tPA-/- mice (proportion: 

P=0.02; extent: P=0.02; type: P=0.03; tenacity: P=0.03; total: P=0.02). In both uPA-/- mice 

and tPA-/- mice, pneumoperitoneum did not increase adhesions. In comparison with 

uPA+/+/tPA+/+ mice, pneumoperitoneum-enhanced adhesions were similar in both uPA-/- and 

tPA-/- mice. In comparison with uPA-/- mice, tPA-/- mice developed more basal adhesions (ex-

tent: P=0.04) and more pneumoperitoneum-enhanced adhesions (type: P=0.05; tenacity: 

P=0.03) (Figure 6.2, Table 6.2). 

Similar effects were observed for peritoneal lesions inflicted with monopolar and bipolar 

coagulations analysed individually (significances not shown). Monopolar lesions induced 

more adhesions than bipolar lesions, the proportion of adhesions being 8 ± 5% and 4 ± 3% for 

basal adhesions and 18 ± 5% and 15 ± 3% for pneumoperitoneum-enhanced adhesions in 

uPA/tPA+/+ mice, 12 ± 4% and 12 ± 6% for basal adhesions and 18 ± 2% and 8 ± 3% for 

pneumoperitoneum-enhanced adhesions in uPA-/- mice, and 29 ± 2% and 21 ± 7% for basal 

adhesions and 24 ± 7% and 19 ± 3% for pneumoperitoneum-enhanced adhesions in tPA-/- 

mice, respectively. Similar differences were observed for extent, type, tenacity and total adhe-

sion scores (dns). 

 

FIGURE 6.2: Effect of the pneumoperitoneum and uPA and tPA upon adhesion formation 

in mice.  
In uPA+/+/tPA+/+ mice, uPA-/- mice and tPA-/- mice, 100% CO2 pneumoperitoneum was maintained for 10 

and 60 min at 20 cm H2O to evaluate basal adhesions (□) and pneumoperitoneum-enhanced adhesions 

(■), respectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: 

pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: uPA+/+/tPA+/+ mice vs. tPA-/-  mice 

(Kruskal-Wallis).  
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A: Reproduced with permission from Fertil Steril 2003 (57).  
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TABLE 6.2: Effect of the pneumoperitoneum and uPA and tPA upon adhesion forma-

tion in mice.  
In uPA+/+/tPA+/+ mice, uPA-/- mice and tPA-/- mice, 100% CO2 pneumoperitoneum was maintained for 

10 and 60 min at 20 cm H2O to evaluate basal adhesions and pneumoperitoneum-enhanced adhesions, 

respectively. Proportion of adhesions and total adhesion score (means ± SE) are indicated. aP<0.05: 

pneumoperitoneum-enhanced adhesions vs. basal adhesions; bP<0.05: uPA+/+/tPA+/+ mice vs. tPA-/-  

mice (Kruskal-Wallis). 

Adhesion scores 
Genotype Adhesions 

Extent Type Tenacity 

Basal 0.4 ± 0.1 0.5 ± 0.2 0.5 ± 0.2 
uPA+/+/tPA+/+ 

Pneumoperitoneum-enhanced  0.9 ± 0.1a 0.9 ± 0.1  1.1 ± 0.1a 

Basal 0.6 ± 0.1 0.9 ± 0.2 0.8 ± 0.1 
uPA-/- 

Pneumoperitoneum-enhanced 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 

Basal  1.3 ± 0.2b  1.9 ± 0.4b  1.8 ± 0.4b 
tPA-/- 

Pneumoperitoneum-enhanced 1.2 ± 0.2 1.5 ± 0.3 1.7 ± 0.3 
Modified with permission from Fertil Steril 2003 (57).  

 

Experiment 3: 

In wild-type NMRI mice, the protein concentration of PAI-1 in pelvic sidewalls increased 

(Spearman correlation) after 1 hour of CO2 pneumoperitoneum for at least 6 hours (P<0.001). 

In comparison with PAI-1 levels before CO2 pneumoperitoneum, this increase was significant 

(Kruskal-Wallis) after 1 hour (P=0.02), 3 hours (P=0.02) and 6 hours (P=0.01) (Figure 7.3). 

The protein concentration of tPA did not change significantly over time after 1 hour of CO2 

pneumoperitoneum (Spearman correlation: P=NS; Kruskal-Wallis in comparison with control 

group: P=NS) (Figure 6.3).  

In uterine horns a high interanimal variability was observed. The protein concentrations of 

PAI-1 (pg of PAI-1/mg protein) were 978 ± 223 before exposure to CO2 pneumoperitoneum, 

903 ± 223 immediately after exposure to 60 min of CO2 pneumoperitoneum, 1027 ± 151 after 

3 hours, and 1047 ± 183 after 6 hours, respectively (Spearman correlation, P=NS). The pro-

tein concentrations of tPA (pg of tPA/mg protein) were 14150 ± 8822 before exposure to CO2 

pneumoperitoneum, 23100 ± 7417 immediately after exposure to 60 min of CO2 pneumoperi-

toneum, 16075 ± 3972 after 3 hours, and 16125 ± 6665 after 6 hours, respectively (Spearman 

correlation, P=NS). 
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FIGURE 6.3: Effect of the pneumoperitoneum upon PAI-1 and tPA concentrations in 

pelvic sidewalls of mice.  
In wild-type mice, pelvic sidewalls biopsies were collected at different time periods before and after 

exposure to 60 min of 100% CO2 pneumoperitoneum at 20 cm H2O ( ), without any other peritoneal 

lesion. PAI-1 and tPA were assayed by ELISA at four serial dilutions. Concentrations (means ± SE), 

together with significances (Spearman correlation), are indicated.   
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Modified with permission from Fertil Steril 2003 (57).  

 

6.4. Discussion 

This study confirmed that the CO2 pneumoperitoneum is a cofactor in adhesion formation 

(53-56) because pneumoperitoneum-enhanced adhesions were observed in all wild-type mice.  

To the best of our knowledge this is the first report using PAI-1, uPA and tPA knockout 

mice for the study of adhesion formation in a laparoscopic model. The effects of these mem-

bers of the plasminogen system on basal adhesions were as expected, confirming previous 

studies (13;152-156). Indeed, in comparison with wild-type mice, PAI-1 knockout mice de-

veloped less adhesions whereas both uPA knockout mice and tPA knockout mice developed 

more adhesions. This effect was expected since the lack of uPA/tPA reduces plasmin activa-

tion and fibrin degradation, thus leading to more adhesions, whereas the lack of PAI-1 re-

duces the inactivation of uPA/tPA, increasing plasmin levels and fibrin degradation, thus re-

ducing adhesion formation.  

The less important increase in adhesion formation in uPA knockout mice than in tPA 

knockout mice is also consistent with the effects of recombinant uPA and tPA in animal mod-

els. Indeed, while tPA administration clearly reduced adhesion formation, the results of uPA 

administration were controversial (154-157). These differences between uPA and tPA can be 

explained by the fact that whereas uPA activity requires the specific binding of plasminogen 
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to fibrin, tPA activity is greatly enhanced by fibrin, since its binding to its specific receptor 

exposes a strong plasminogen-binding site on the surface of the fibrin molecule (19-21). 

Absence of pneumoperitoneum-enhanced adhesions in PAI-1, uPA and tPA knockout mice 

can be explained by postulating that the CO2 pneumoperitoneum increases adhesion forma-

tion, at least in part, through an up-regulation of PAI-1. In PAI-1 knockout mice up-regulation 

of PAI-1 and thus pneumoperitoneum-enhanced adhesions would obviously be impossible. 

Mice lacking either uPA or tPA already have increased basal adhesions. Up-regulation of 

PAI-1 will not inhibit the non-existing uPA/tPA activity and will thus not further increase ad-

hesion formation. A parallel down-regulation of uPA and/or tPA by the CO2 pneumoperito-

neum, and therefore a role of these factors in CO2 pneumoperitoneum-enhanced adhesion 

formation, cannot be ruled has since the mice used in this study do not express these factors. 

In addition, it has already been reported that the CO2 pneumoperitoneum down-regulates tPA 

(158). 

The up-regulation of PAI-1 by the CO2 pneumoperitoneum was confirmed by the ELISA 

assay of the pelvic sidewall. This is moreover consistent with the reported up-regulation of 

PAI-1 by hypoxia (88;95-97), since the CO2 pneumoperitoneum-enhanced adhesion formation 

is probably mediated by peritoneal hypoxia (53-56). 

It is unclear at present whether the CO2 pneumoperitoneum up-regulates PAI-1 through 

other mechanisms than hypoxia. Indeed, PAI-1 is regulated by many factors, such as throm-

bin, endotoxin, interleukine-1, TNF-α, TGF-β, trauma and infection, a common denominator 

or these factors being the inflammatory reaction (15;159). The tissue injury locally up-

regulates PAI-1 and down-regulates tPA (160-162), probably in response to local hypoxia, in-

flammation or both. The CO2 pneumoperitoneum up-regulates PAI-1 and, although we failed 

to confirm in this study, down-regulates tPA (158), probably in response to hypoxia, inflam-

mation or both in the whole peritoneum. It therefore remains unclear whether the mechanisms 

of PAI-1 up-regulation following tissue injury or following pneumoperitoneum are identical 

or not. To fully understand the mechanisms involved, more detailed investigation are required 

in the normal and in the damaged peritoneum, i.e. by studying the effects of the duration of 

pneumoperitoneum, the insufflation pressure and the addition of oxygen. 

In conclusion, our data demonstrate that adhesion formation increases with the duration of 

the pneumoperitoneum in all wild-type mice, confirming the role of the CO2 pneumoperito-

neum as a cofactor in adhesion formation. They also confirm the well-known role of PAI-1, 

uPA and tPA in adhesion formation, demonstrating that all of them are involved in basal ad-
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hesions and that PAI-1 is involved in pneumoperitoneum-enhanced adhesions, suggesting 

PAI-1 up-regulation as a mechanism for this pneumoperitoneum-enhanced adhesion forma-

tion. This was supported by the up-regulation of PAI-1 expression demonstrated by ELISA. 

Our data, however, do not permit to rule out a role of tPA and uPA in pneumoperitoneum-

enhanced adhesion formation. Since PAI-1 is up-regulated by hypoxia, this study supports the 

hypothesis of peritoneal hypoxia as the driving mechanism for CO2 pneumoperitoneum-

enhanced adhesion formation.  



 

Chapter 7.                                                                         

ROLE OF CO2 PNEUMOPERITONEUM-INDUCED ACIDOSIS    

IN CO2 PNEUMOPERITONEUM-ENHANCED ADHESIONS 

OBJECTIVE: To confirm in our laparoscopic mouse model that CO2 pneumoperitoneum 

induces acidosis/hypercarbia and to evaluate the association between this CO2 pneumoperito-

neum-induced acidosis and CO2 pneumoperitoneum-enhanced adhesion formation.  

MATERIALS & METHODS: Mice were ventilated for 60 min with tidal volumes of 250 

µl (series I) or 500 µl (series II) at different ventilation rates. Adhesions were induced during 

laparoscopy and scored after 7 days during laparotomy. The CO2 pneumoperitoneum was 

maintained for a minimum (10 min) or prolonged (60 min) period to evaluate basal adhesions 

and pneumoperitoneum-enhanced adhesions, respectively. Blood samples were taken from 

the carotid artery and analyzed for pCO2 and pH. 

RESULTS: Adhesion formation increased with the duration of the pneumoperitoneum in 

series I and II. Assisted ventilation did not affect basal adhesions, whereas pneumoperito-

neum-enhanced adhesions decreased with higher ventilation rates. Anaesthesia caused acido-

sis/hypercarbia, which strongly increases with the CO2 pneumoperitoneum. In mice with and 

without CO2 pneumoperitoneum, acidosis/hypercarbia decreased with ventilation, especially 

at higher rates. More acidosis/hypercarbia was associated with more pneumoperitoneum-

enhanced adhesion formation.  

CONCLUSIONS: These data confirm that CO2 pneumoperitoneum induces acido-

sis/hypercarbia and increases adhesion formation. It demonstrates an association between 

both effects that can be modulated by the assisted ventilation and strongly suggests that CO2 

pneumoperitoneum-induced acidosis/hypercarbia plays a role in the mechanism of CO2 

pneumoperitoneum-induced pneumoperitoneum-enhanced adhesion formation. 

 

 

Molinas CR, Tjwa M, Binda MM, Elkelani OA, Vanacker B, Koninckx PR. Role of CO2 pneumoperitoneum-
induced acidosis in CO2 pneumoperitoneum-enhanced adhesion formation in mice. Fertil Steril, in press. 
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7.1. Introduction 

CO2 is the most commonly used gas for the pneumoperitoneum during laparoscopic sur-

gery because of safety reasons, i.e. its high solubility in water and its high exchange capacity 

in lungs. CO2 pneumoperitoneum, however, induces adverse systemic and local effects. 

Systemically, CO2 pneumoperitoneum can induce hypothermia (35-37), can impair venous 

return depending on the intraabdominal pressure (163), and causes a diffusion of CO2 from 

the abdominal cavity through the mesothelial cells to the bloodstream, due to the huge differ-

ences in partial pressures. If not compensated adequately by ventilation, this negatively af-

fects cardiovascular and respiratory function, increasing the partial pressure of CO2 (pCO2), 

end-tidal CO2 (ETCO2), peak ventilatory pressure, pulmonary vascular resistance, alveolar 

CO2 concentration, calculated physiological shunt, central venous pressure, systolic and dia-

stolic arterial pressure, systemic vascular resistance and cardiac output, and decreasing the 

pH, oxygen saturation (sO2), pO2 and visceral flow (33;34;39;164). These systemic changes 

vary with patient and laparoscopic surgery characteristics. They are more pronounced in pa-

tients with impaired pulmonary or cardiovascular condition, in steep Trendelenburg position 

and in laparoscopic procedures of longer duration and with higher insufflation pressures 

(33;39;163-166). Many of these systemic effects can be monitored during surgery and con-

trolled by removing the excess of CO2 with adequate assisted ventilation, reducing the side ef-

fects and the associated risks. 

Locally, CO2 pneumoperitoneum induces desiccation (38), decreases the pH (39), alters the 

peritoneal fluid (40), the microcirculation (41) and the morphology of the mesothelial cells in 

a time- and pressure-dependent manner (35;42;43), and is a cofactor in postoperative adhe-

sion formation (44-46;53-57). Indeed, adhesion formation increases with the duration of the 

pneumoperitoneum and with the insufflation pressure. These effects on adhesion formation 

are also observed with helium pneumoperitoneum and can be reduced by the addition of oxy-

gen (53;54). This pneumoperitoneum-enhanced adhesion formation has been shown to be 

mediated, at least partially, by the up-regulation of HIF-1α, HIF-2α (55), VEGF-A, VEGF-B, 

PlGF (56) and PAI-1 (57), suggesting mesothelial hypoxia as the driving mechanism. 

The relation between CO2 pneumoperitoneum-induced systemic changes, i.e. acidosis/hy-

percarbia, and local changes, i.e. adhesion formation, has not been specifically addressed up 

to date. This prospective, randomised study was performed in a laparoscopic mouse model to 

confirm these CO2 pneumoperitoneum-induced systemic effects and their influence upon ad-

hesion formation, together the role of the assisted ventilation. 
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7.2. Materials and Methods 

7.2.1. Animals 

The study was performed in 230 female, 10-12 weeks old NMRI mice weighing 30-35 g. 

7.2.2. Anaesthesia 

Animals were anaesthetised as described in chapter 2. They were ventilated with room air 

with a tidal volume of 500 µl (22-ga catheter, Small Animal Ventilator, Model ‘683’, Harvard 

Apparatus Inc., Holliston, MA, USA) or with a tidal volume of 250 µl (20-ga blunt-edge nee-

dle, Mouse Ventilator MiniVent, Type 845, Hugo Sachs Elektronik - Hardvard Apparatus 

GmbH, March-Hugstetten, Germany) at different ventilation rates according to the experi-

mental design. 

7.2.3. Laparoscopy 

Laparoscopy was performed as described in detail in chapter 2. For the pneumoperito-

neum, 100% CO2 at 20 cm H2O was maintained for the minimum time required to perform the 

surgical lesions (standardised at 10 min) or for a longer period (60 min) to evaluate basal ad-

hesions and pneumoperitoneum-enhanced adhesions, respectively. 

7.2.4. Induction and scoring of adhesions  

Adhesions were induced by standardized monopolar and bipolar lesions and scored after 

seven days, as described in chapter 2. 

7.2.5. Arterial blood sampling and analyses 

A midline skin incision was performed in the ventral neck region and after gentle separa-

tion of the thyroid lobes under microscopic vision, the right carotid artery was dissected and 

secured cranially and caudally with 5/0 silk suture, avoiding any damage of the vagus nerve 

(167). Arterial blood samples (90 µl) were taken using heparinized glass capillaries (240 

IU/ml, Instrumentation Laboratory, Belgium) connected to a 23-ga winged infusion set. This 

was done after 60 min in animals with and without pneumoperitoneum, but immediately be-

fore the removal of the CO2 pneumoperitoneum in the former case. Subsequently, samples 

were stored at 4°C until analysis for pH, pCO2, pO2 and sO2 (IL Synthesis 15U, Instrumenta-

tion Laboratory, Belgium). 

7.2.6. Experimental design and statistical analyses 

The study was performed in two series to evaluate the effects of pneumoperitoneum and 

assisted ventilation upon adhesion formation and blood gases. Since carotid artery blood sam-
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pling is a terminal procedure, blood gases experiments were performed independently from 

adhesion formation experiments. The standard ventilation setting in series I was similar to all 

previous studies. In order to ascertain the optimal work conditions for future studies, this ex-

periment was duplicated in series II using a more recently available ventilator (Mouse Venti-

lator MiniVent). 

In experiment I (n=160), the effects of the pneumoperitoneum and assisted ventilation 

upon adhesion formation were evaluated. First, basal adhesions were evaluated in mice venti-

lated with a tidal volume of 500 µl at 40, 80 or 120 strokes/min in series I (3 groups, 10 mice 

per group) and a tidal volume of 250 µl at 80, 160 or 240 strokes/min in series II (3 groups, 10 

mice per group), giving minute volumes of 20, 40 and 60 ml/min. Second, pneumoperito-

neum-enhanced adhesions were evaluated in mice ventilated with a tidal volume of 500 µl at 

40, 60, 80, 100 or 120 strokes/min in series I (5 groups, 10 mice per group) and a tidal volume 

of 250 µl at 80, 120, 160, 200 or 240 strokes/min in series II (5 groups, 10 mice per group), 

giving minute volumes of 20, 30, 40, 50 or 60 ml/min, respectively. 

In experiment II (n=70), the effects of the pneumoperitoneum and assisted ventilation upon 

blood gases were evaluated. Blood gases were evaluated in mice with and without 60 min of 

CO2 pneumoperitoneum ventilated with a tidal volume of 500 µl at 40, 80 or 120 strokes/min 

in series I and a tidal volume of 250 µl at 80, 160 or 240 strokes/min in series II, giving min-

ute volumes of 20, 40 and 60 ml/min, respectively. Mice with anesthesia only (breathing 

spontaneously without pneumoperitoneum) were used as controls (series I: 7 groups and se-

ries II: 7 groups, 5 mice per group). 

Statistical analyses were performed with the SAS System. To evaluate simultaneously sev-

eral variables with a factorial design, logistic regression (proc logistic) and ANOVA (proc 

ANOVA) were used for non-parametric (adhesion scores) and parametric (blood gases) vari-

ables, respectively. Unpaired t-test was used to compare blood gases between two groups. 

Since series I and II were performed separately, differences between both ventilators were 

disregarded for statistical analyses. 

7.3. Results 

Experiment 1: 

In mice ventilated with minute volumes of 20, 40 and 60 ml/min, the proportion of basal 

adhesions were 13 ± 4%, 13 ± 1% and 10 ± 2% in series I, and 13 ± 3%, 11 ± 2% and 10 ± 

1% in series II, respectively. Similar trend was observed for extent, type, tenacity and total 
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adhesions scores (dns). In series I, in mice with 10 or 60 min of pneumoperitoneum ventilated 

for 60 min with minute volumes of 20, 40 and 60 ml/min (6 groups, 2 variables, proc logis-

tic), adhesion formation increased with the duration of the pneumoperitoneum (proportion: 

P<0.0001; extent: P=0.001; type: P=0.001; total: P=0.001). In series II, in mice with 10 or 60 

min of pneumoperitoneum ventilated for 60 min with minute volumes of 20, 40 and 60 

ml/min (6 groups, 2 variables, proc logistic), adhesion formation increased with the duration 

of the pneumoperitoneum (proportion: P<0.0001; extent: P<0.0001; type: P=0.003; tenacity: 

P=0.01; total: P=0.0001). 

Analysing all data together (proc logistic), basal adhesions slightly decreased with higher 

ventilation rates but without reaching statistical significance, whereas pneumoperitoneum-

enhanced adhesions decreased with higher ventilation rates (proportion: P=0.01; extent: 

P=0.04; type: P=0.05). The effect of the assisted ventilation upon pneumoperitoneum-

enhanced adhesions was also clearly observed analysing separately series I (proportion: 

P=0.03; extent: P=0.04; type: P=0.04; total: P=0.03) but did not reach statistical significance 

for series II (Figure 7.1 and Table 7.1). 

 

FIGURE 7.1: Effect of the assisted ventilation during CO2 pneumoperitoneum upon ad-

hesion formation in mice. 

100% CO2 pneumoperitoneum was maintained for 60 min at 20 cm H2O. Mice were ventilated with a 

tidal volume of 500 µl at 40, 60, 80, 100 or 120 strokes/min in series I (■) or of 250 µl at 80, 120, 160, 

200 or 240 strokes/min in series II (□), giving in both series minute volumes of 20, 30, 40, 50 or 60 

ml/min, respectively. Proportion of adhesions and total adhesion scores (means ± SE), together with 

significances (proc logistic), are indicated.   
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TABLE 7.1: Effect of the assisted ventilation during CO2 pneumoperitoneum upon ad-

hesion formation in mice. 

100% CO2 pneumoperitoneum was maintained for 60 min at 20 cm H2O. Mice were ventilated with a 

tidal volume of 500 µl at 40, 60, 80, 100 or 120 strokes/min in series I or of 250 µl at 80, 120, 160, 

200 or 240 strokes/min in series II, giving in both series minute volumes of 20, 30, 40, 50 or 60 

ml/min, respectively. Adhesion scores (means ± SE) are indicated.  Significances in text. 

Ventilation Adhesion scores 

Tidal volume 
(µl) 

Rate         
(strokes/min) 

Minute Volume 
(ml/min) 

 Extent Type Tenacity 

500 40 20  1.5 ± 0.2 1.4 ± 0.1 1.2 ± 0.1 

500 60 30  1.4 ± 0.2 1.4 ± 0.2 1.3 ± 0.2 

500 80 40  1.3 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 

500 100 50  1.2 ± 0.2 1.0 ± 0.1 1.0 ± 0.2 

500 120 60  0.9 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 

250 80 20  1.3 ± 0.2 1.2 ± 0.1 1.2 ± 0.1 

250 120 30  1.2 ± 0.2 1.2 ± 0.1 1.3 ± 0.3 

250 160 40  1.3 ± 0.2 1.2 ± 0.1 1.3 ± 0.2 

250 200 50  1.3 ± 0.2 1.2 ± 0.2 1.4 ± 0.2 

250 240 60  1.1 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 

 

 

Experiment 2: 

Anaesthesia with pentobarbital, without pneumoperitoneum and without assisted ventila-

tion, was associated with increased pCO2 (series I: 97.8 ± 7.1 mm Hg, series II: 97.5 ± 5.1 mm 

Hg) and decreased pH (series I: 7.17 ± 0.01, series II: 7.14 ± 0.02). 

Assisted ventilation corrected this hypoventilation decreasing the pCO2 and increasing the 

pH. This effect was observed (t-test) following ventilation with a tidal volume of 500 µl at 40 

strokes/min (pCO2: P=0.03; pH: P=NS), 80 strokes/min (pCO2: P=0.0001; pH: P<0.0001) and 

120 strokes/min (pCO2: P<0.0001; pH: P<0.0001) and with a tidal volume of 250 µl at 80 

strokes/min (pCO2: P=0.003; pH: P=0.004), 160 strokes/min (pCO2: P<0.0001; pH: 

P<0.0001) and 240 strokes/min (pCO2: P<0.0001; pH: P<0.0001). These values returned 

within normal limits with assisted ventilation with at least 40 ml/min for tidal volumes of 500 

µl or 250 µl. 



Role of CO2 pneumoperitoneum-induced acidosis in CO2 pneumoperitoneum-enhanced adhesions 75 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

CO2 pneumoperitoneum increased sharply the pCO2 and decreased the pH. This was ob-

served (two-way ANOVA) in mice ventilated with a tidal volume of 500 µl (pCO2: P<0.0001; 

pH: P<0.0001) and with a tidal volume of 250 µl (pCO2: P<0.0001; pH: P<0.0001). In these 

mice with CO2 pneumoperitoneum, ventilation with higher minute volumes decreased the 

pCO2 and increased pH, as could be anticipated. This was observed (two-way ANOVA) fol-

lowing ventilation with a tidal volume of 500 µl (pCO2: P<0.0001; pH: P<0.0001) and of 250 

µl (pCO2: P<0.0001; pH: P<0.0001). However, even the highest minute volume of 60 ml/min 

never fully corrected the pCO2 or the pH (Figure 7.2). 

 

FIGURE 7.2: Effect of ventilation and CO2 pneumoperitoneum upon arterial pCO2 and 

pH in mice. 

Mice without pneumoperitoneum or with 100% CO2 pneumoperitoneum at 20 cm H2O were ventilated 

for 60 min either with a tidal volume of 500 µl at 40, 80 or 120 strokes/min in series I (filled symbols) 

or with a tidal volume of 250 µl at 80, 160 or 240 strokes/min in series II (open symbols), giving in 

both series minute volumes of 20, 40 or 60 ml/min, respectively. Means ± SE, together with signifi-

cances (proc ANOVA), are indicated. 
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The pO2 and the sO2 did not vary significantly in any series (P=NS, Table 7.2). 
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TABLE 7.2: Effect of ventilation and CO2 pneumoperitoneum upon arterial pO2 and 

pCO2 in mice. 

Mice without pneumoperitoneum or with 100% CO2 pneumoperitoneum at 20 cm H2O were ventilated 

for 60 min either with a tidal volume of 500 µl at 40, 80 or 120 strokes/min in series I or with a tidal 

volume of 250 µl at 80, 160 or 240 strokes/min in series II, giving in both series minute volumes of 

20, 40 or 60 ml/min, respectively. Means ± SE are indicated.  

Ventilation Blood gases 

Tidal volume 
(µl) 

Rate         
(strokes/min) 

Minute Volume
(ml/min) 

Pneumo-
peritoneum pO2 

(mm Hg) 
sO2 

(%) 

500 40 20 No 135 ± 4 98.1 ± 0.2 

500 80 40 No 117 ± 4 98.5 ± 0.1 

500 120 60 No 115 ± 4 98.9 ± 0.2 

500 40 20 Yes 108 ± 9 89.3 ± 4.5 

500 80 40 Yes 166 ± 5 98.4 ± 0.2 

500 120 60 Yes 148 ± 7 98.3 ± 0.3 

250 80 20 No 124 ± 5 97.8 ± 0.4 

250 160 40 No 122 ± 5 98.8 ± 0.1 

250 240 60 No 111 ± 6 98.6 ± 0.2 

250 80 20 Yes 131 ± 7 95.3 ± 0.4 

250 160 40 Yes 143 ± 9 97.6 ± 0.4 

250 240 60 Yes   145 ± 13 98.4 ± 0.2 

 

7.4. Discussion 

Our data demonstrated that the CO2 pneumoperitoneum increases the pCO2 and decreases 

the pH in mice, as has been well reported in pigs (34), dogs (67), rabbits (58), rats (168) and 

humans (70). They also demonstrated that higher ventilation rates decrease the pCO2 and in-

crease the pH in mice with or without pneumoperitoneum, as expected. However, the marked 

increase in pCO2 and decrease in pH in animals with anaesthesia only, i.e. spontaneous 

breathing without pneumoperitoneum, was surprising indicating insufficient spontaneous 

breathing. The high ventilation rate required to maintain the pCO2 and pH within the range of 

the considered normal values in mice without pneumoperitoneum (169) indicates that optimal 

ventilation requires higher ventilation rates and lower tidal volumes and that for the same 

minute volume, the combination of lower tidal volume and higher rate is more effective to 
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correct the pCO2 and pH than the combination of higher tidal volume and lower rate. This is 

consistent with the physiologic ventilation patterns of mice (169). The even much higher ven-

tilation rates that are required in mice with CO2 pneumoperitoneum, although not surprising, 

emphasises that ventilation should be well controlled in studies using CO2 pneumoperitoneum 

to avoid the undesirable effects of hypercarbia and acidosis. These data clearly confirm that 

during anaesthesia blood gases are critically depend on the assisted ventilation, which be-

comes even more important during laparoscopic surgery with CO2 pneumoperitoneum.  

Better assisted ventilation also slightly decreases adhesion formation as was clearly shown 

in the overall study and specifically in mice ventilated with a tidal volume of 500 µl. This ef-

fect, however, did not reach statistical significance in mice ventilated with a tidal volume of 

250 µl. This could be due to the overall less adhesion formation in this series or to the overall 

better ventilation with the Mouse Ventilator MiniVent, as demonstrated by the reduced acido-

sis/hypercarbia. To the best of our knowledge, this is the first demonstration of an association 

between CO2 pneumoperitoneum-induced acidosis/hypercarbia and adhesion formation.  

The mechanism whereby acidosis/hypercarbia becomes a cofactor in adhesion formation 

remains unclear. If not corrected by ventilation, the CO2 pneumoperitoneum induces respira-

tory acidosis and finally metabolic acidosis. This could be deleterious for the peritoneal cells 

and enhance the detrimental effect of the CO2 pneumoperitoneum-induced peritoneal hypoxia, 

suggested to be a driving mechanism in CO2 pneumoperitoneum-enhanced adhesion forma-

tion. Obviously, a direct and independent effect of acidosis/hypercarbia upon cells and mole-

cules involved in adhesion formation cannot be excluded. Indeed, acidosis affects lymphocyte 

and macrophage functions altering cellular and humoral immune function (170) and up-

regulates VEGF expression independently from hypoxia (171-173). The latter has been re-

ported to be involved in adhesion formation (90-92).  

In most animal studies blood gases are not evaluated and their potential effects in the out-

come not taken into account. Our data clearly demonstrate that in adhesion formation studies 

the effect of anaesthesia should not be underestimated and the need of assisted ventilation 

should be considered. This could be also important for other animal studies, especially in 

those involving laparoscopic surgery using CO2 pneumoperitoneum, e.g. tumour growth and 

port-site metastasis. The clinical significance of these data remains unclear and will be very 

difficult to determine because of the obvious ethical limitations of designing a study with ex-

treme non-physiologic levels of pH and blood gases. They should, however, be taken into ac-

count in patients in steep Trendelenburg position or with limited cardiovascular adaptation, 



78   Chapter 7 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

such as obese and heavy smoker, and/or in laparoscopic surgery of the retroperitoneum or of 

long duration. 

In conclusion, this study confirms that the CO2 pneumoperitoneum causes acido-

sis/hypercarbia and that it is a cofactor in adhesion formation. It demonstrates an association 

between both effects that can be modulated by the assisted ventilation and strongly suggests 

that CO2 pneumoperitoneum-induced acidosis/hypercarbia plays a role in the mechanism of 

CO2 pneumoperitoneum-enhanced adhesion formation. 

  



 

Chapter 8.                                                                         

ADDITION OF OXYGEN TO THE CO2 PNEUMOPERITONEUM:    

I. DOSE-RESPONSE EFFECT UPON ADHESION FORMATION 

OBJECTIVES: To evaluate the effect of the addition of relatively high oxygen concentra-

tions to the CO2 pneumoperitoneum upon adhesion formation. 

MATERIALS & METHODS: Adhesions were induced during laparoscopy in mice. 

First, the effect of the addition of 0%, 3%, 6%, 9% or 12% of oxygen to the CO2 pneumoperi-

toneum during 60 min at 10 cm H2O upon adhesion formation was evaluated. Subsequently, 

the effect of the duration and the insufflation pressure upon adhesion formation was evaluated 

using CO2 pneumoperitoneum with 0%, 3% and 12% of oxygen. Adhesions were scored after 

7 days during laparotomy. 

RESULTS: Adhesion formation increased with the duration of the pneumoperitoneum and 

the insufflation pressure.  Adhesion formation decreased with the addition of 3% of oxygen to 

the CO2 pneumoperitoneum. This beneficial effect was no longer observed at higher oxygen 

concentrations.  

CONCLUSIONS: These data confirm that the CO2 pneumoperitoneum increases adhesion 

formation in a time- and pressure-dependent manner. They also demonstrate that the addition 

of 3% of oxygen to the CO2 pneumoperitoneum decreases adhesions. Since this effect is no 

longer present at higher oxygen concentrations, our data suggest that peritoneal hyperoxia is 

also a cofactor in adhesion formation.  
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8.1. Introduction 

Research in adhesion formation and prevention has been carried out with the dogma that 

laparotomy is the standard and with the assumption that the mechanisms involved in adhesion 

formation following laparotomy and laparoscopy are comparable. Laparotomy and laparo-

scopy have, however, many differences such as the severity of the surgical trauma and the gas 

environment. The surgical trauma during laparoscopy is less severe because of the gentle tis-

sue handling, the use of microsurgical instruments and the smaller operative field, which 

could lead to less adhesion formation. The gas environment is air during laparotomy and 

mostly CO2 during laparoscopy. It has been reported that the CO2 pneumoperitoneum during 

laparoscopy is a cofactor in adhesion formation (44-46;53-57) but the specific effects of air 

during laparotomy on adhesion formation have not been addressed yet. 

Peritoneal hypoxia has been suggested as the driving mechanisms for this CO2 pneumop-

eritoneum-enhanced adhesion formation for several reasons. First, adhesions increase with the 

duration of the CO2 pneumoperitoneum and with the insufflation pressure (53;54). Second, 

the effects of CO2 and helium pneumoperitoneum are similar (53;54). Third, adhesions de-

crease with the addition of 2-4% of oxygen to the CO2 pneumoperitoneum (53;54). Fourth, 

CO2 pneumoperitoneum-enhanced adhesions is not observed in mice deficient for some fac-

tors regulated by cellular hypoxia such as HIFs (55), VEGF  (56) or PAI-1 (57). 

Laparotomy, however, is performed in air with an oxygen tension relatively high for cells 

(pO2 in air: 160 mmHg, pO2 in cells: 5-40 mmHg), especially in comparison with classical 

laparoscopy. Therefore, this study was carried out to evaluate the effect of the addition of 

high oxygen concentration to the CO2 pneumoperitoneum upon adhesion formation for differ-

ent times and at different insufflation pressures. 

8.2. Materials and Methods 

8.2.1. Animals 

The study was performed in 115 female, 10-14 weeks old, NMRI mice weighing 30-40 g. 

8.2.2. Anaesthesia 

Animals were anaesthetised, intubated with a 20-ga blunt-edge needle and mechanically 

ventilated with room air (tidal volume 250 µl, 160 strokes/min, Mouse Ventilator MiniVent, 

Type 845, Hugo Sachs Elektronik - Hardvard Apparatus GmbH, March-Hugstetten, Ger-

many), as described in chapter 2. Since in this study some animals required longer anaesthe-

sia, i.e. for 90 min, 50% of dose was repeated after 60 min of the first dose. 
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8.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. Duration of pneumoperitoneum, in-

sufflation gas and insufflation pressure were determined according to the experimental design. 

8.2.4. Induction and scoring of adhesions  

Adhesions were induced by monopolar and bipolar lesions and scored after seven days, as 

described in chapter 2. 

8.2.5. Experimental design and statistical analyses 

Experiments were designed in order to assess the effect of CO2 pneumoperitoneum con-

taining up to 12% of oxygen upon adhesion formation. CO2 pneumoperitoneum with 0% and 

3% of oxygen were used as control groups, the former as a model for pneumoperitoneum-

enhanced adhesions and the latter as a model for reduction of pneumoperitoneum-enhanced 

adhesions by adding small amounts of oxygen. The maximum amount of oxygen used was 

12% since this is the highest concentration that can be obtained with the Thermoflator Plus. 

In experiment 1 (n=25), the effect of the addition of 0%, 3%, 6%, 9% or 12% of oxygen to 

the CO2 pneumoperitoneum upon adhesion formation was evaluated (5 groups, 5 mice per 

group). The duration was standardised in 60 min and the insufflation pressure at 10 cm H2O. 

In experiment 2 (n=60), the effect of the duration, i.e. 10, 30, 60 or 90 min, of the CO2 

pneumoperitoneum with 0%, 3% or 12% of oxygen upon adhesion formation was evaluated 

(12 groups, 5 mice per group). The insufflation pressure was standardised at 10 cm H2O. 

In experiment 3 (n=30), the effect of the insufflation pressure, i.e. 5 and 20 cm H2O, of the 

CO2 pneumoperitoneum with 0%, 3% or 12% of oxygen upon adhesion formation was evalu-

ated (6 groups, 5 mice per group). The duration was standardised in 60 min. 

Statistical analyses were performed with the SAS System using logistic regression (proc 

logistic) for comparing several variables and Wilcoxon sum-rank test for individual compari-

sons. Fisher’s exact test was used for comparison of the incidence of adhesions per animal 

and per sites between groups. 

8.3. Results 

Experiment 1: 

In comparison with mice with pure CO2 pneumoperitoneum (Wilcoxon), adhesion forma-

tion was lower in mice with 3% of oxygen (proportion: P=0.02, extent: P=0.02, type: P=0.04, 

total: P= 0.05) and was similar in mice with 6%, 9% or 12% of oxygen. In comparison with 
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mice with CO2 pneumoperitoneum with 3% of oxygen, adhesion formation was higher in 

mice with CO2 pneumoperitoneum with 6% (proportion: P=0.05), 9% (proportion: P=0.01; to-

tal: P=0.01; extent: P=0.01; type: P=0.01; tenacity: P=0.03) and 12% (proportion: P=0.02) of 

oxygen. Adhesion formation was similar in mice with CO2 pneumoperitoneum with 6%, 9% 

and 12% of oxygen (Figure 8.1, Table 8.1). 

 

FIGURE 8.1: Effect of the addition of different concentrations of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with different concentrations of oxygen was maintained for 60 min 

at 10 cm H2O. Proportion of adhesions and total adhesion score (means ± SE) are indicated. *P<0.05 

vs. 0% of oxygen (Wilcoxon). 
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TABLE 8.1: Effect of the addition of different concentrations of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with different concentrations of oxygen was maintained for 60 min 

at 10 cm H2O. Adhesion scores (means ± SE) are indicated. *P<0.05 vs. 0% of oxygen (Wilcoxon). 

Pneumoperitoneum  Adhesion scores 

O2 concentration  Extent Type Tenacity 

0%  2.2 ± 0.2 1.6 ± 0.1 1.7 ± 0.2 

3%    1.0 ± 0.3*   1.0 ± 0.3* 1.1 ± 0.3 

6%  2.0 ± 0.4 1.7 ± 0.2 1.6 ± 0.3 

9%  2.2 ± 0.1 2.0 ± 0.1 2.2 ± 0.2 

                        12%  2.1 ± 0.4 1.8 ± 0.3 1.8 ± 0.3 
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The incidence of animals with and without adhesions was compared between groups. In 

the groups with 0%, 6%, 9% and 12% of oxygen, all the animals developed adhesions (100%; 

5/5 in each group), whereas in the group with 3% of oxygen 80% of the animals (4/5) devel-

oped adhesions (Fisher’s exact test, P=NS). Since adhesions were induced in four well-

defined sites, i.e. right and left uterine horns and right and left pelvic sidewalls, the incidence 

of adhesions-free sites was also compared between groups. Adhesions were present in 16/20 

sites (80%) in the group with 0% of oxygen, in 9/20 sites (50%) in the group with 3% of oxy-

gen, in 16/20 sites (80%) in the group with 6% of oxygen (80%), in 20/20 sites (100%) in the 

group with 9% of oxygen, and in 15/20 sites (75%) in the group with 12% of oxygen. There-

fore, the group with 3% of oxygen presented less adhesion-free sites (Fisher’s exact test) than 

the groups with 0% (P<0.05), 6% (P<0.05), 9% (P=0.0001) and 12% (P=NS) of oxygen. 

 

Experiment 2: 

In mice with CO2 pneumoperitoneum with 0% or 3% of oxygen (proc logistic, 8 groups, 2 

variables), adhesion formation increased with time (proportion: P<0.0001; extent: P<0.0001; 

type: P<0.0001; tenacity: P<0.0001; total: P<0.0001) and decreased with 3% of oxygen (type: 

P=0.05; tenacity: P=0.04; total: P=0.05) (Figure 8.2, Table 8.2). 

 

FIGURE 8.2: Effect of the duration and the addition of oxygen to the CO2 pneumoperi-

toneum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with 0% (□), 3% ( ) or 12% (■) of oxygen was maintained for dif-

ferent time periods at 10 cm H2O. Proportion of adhesions and total adhesion score (means ± SE), to-

gether with significances (proc logistic), are indicated.  
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In mice with CO2 pneumoperitoneum with 3% or 12% of oxygen (proc logistic, 8 groups, 

2 variables), adhesion formation increased with time (proportion: P<0.0001; extent: 

P<0.0001; type: P=0.0002; tenacity: P=0.001; total: P<0.0001) and with 12% of oxygen (pro-

portion: P=0.003; extent: P=0.01; type: P=0.01; tenacity: P=0.02; total: P=0.01) (Figure 8.2, 

Table 8.2). 

In mice with CO2 pneumoperitoneum with 0% or 12% of oxygen (proc logistic, 8 groups, 

2 variables), adhesion formation increased with time (proportion: P<0.0001; extent: 

P=0.0001; type: P=0.002; tenacity: P=0.0004; total: P=0.0003) and was similar with 0% or 

12% of oxygen (Figure 8.2, Table 8.2). 

 

TABLE 8.2: Effect of the duration and the addition of oxygen to the CO2 pneumoperito-

neum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with 0%, 3% or 12% of oxygen was maintained for different time 

periods at 10 cm H2O. Adhesion scores (means ± SE) are indicated. Significances in text. 

Pneumoperitoneum Adhesion scores 

Time O2 concentration Extent Type Tenacity 

0% 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 

3% 0.5 ± 0.1 0.5 ± 0.1  0.6 ± 0.2 10 min 

           12%  1.4 ± 0.2 1.1 ± 0.1 1.2 ± 0.1 

0% 1.0 ± 0.2 0.8 ± 0.1 1.0 ± 0.2 

3% 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 30 min 

           12%  1.0 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 

0% 2.0 ± 0.1 1.6 ± 0.2 1.8 ± 0.2 

3% 1.0 ± 0.3 0.9 ± 0.3 0.8 ± 0.2 60 min 

           12%  2.2 ± 0.2 1.8 ± 0.3 1.9 ± 0.2 

0% 2.0 ± 0.2 2.0 ± 0.3 2.0 ± 0.2 

3% 2.1 ± 0.1 1.6 ± 0.1 1.6 ± 0.2 90 min 

           12%  2.1 ± 0.4 1.5 ± 0.4 1.6 ± 0.3 

 

Experiment 3: 

In mice with CO2 pneumoperitoneum with 0% or 3% of oxygen at 5 or 20 cm H2O (proc 

logistic, 4 groups, 2 variables), adhesion formation increased with pressure (proportion 

P=0.01; extent P=0.003; type P=0.001; tenacity P=0.002; total P=0.0004) and decreased with 
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3% of oxygen (proportion P=0.01; extent P=0.01; type P=0.02; tenacity P=0.03; total P=0.01) 

(Figure 8.3, Table 8.3). 

 

FIGURE 8.3: Effect of the insufflation pressure and the addition of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with 0% (□), 3% ( ) or 12% (■) of oxygen was maintained for 60 

min at 5 and 15 cm H2O. Proportion of adhesions and total adhesion score (means ± SE), together with 

significances (proc logistic) are indicated. 
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TABLE 8.3: Effect of the insufflation pressure and the addition of oxygen to the CO2 

pneumoperitoneum upon adhesion formation in mice. 

In mice, CO2 pneumoperitoneum with 0%, 3% or 12% of oxygen was maintained for 60 min at 5 and 

15 cm H2O. Proportion of adhesions and total adhesion score (means ± SE) are indicated. Signifi-

cances in text. 

Pneumoperitoneum Adhesion scores 

Pressure O2 concentration Extent Type Tenacity 

0% 1.5 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 

3% 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 5 cm H2O 

          12%  2.0 ± 0.1 1.5 ± 0.2 1.5 ± 0.1 

0% 2.6 ± 0.2 2.0 ± 0.2 2.0 ± 0.2 

3% 1.7 ± 0.4 1.5 ± 0.3 1.5 ± 0.3  15 cm H2O 

          12%  2.7 ± 0.2  1.5 ± 0.1  1.8 ± 0.2 
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In mice with CO2 pneumoperitoneum with 3% or 12% of oxygen at 5 or 20 cm H2O (proc 

logistic, 4 groups, 2 variables), adhesion formation increased with pressure (proportion: 

P=0.03; extent: P=0.01; tenacity: P=0.04; total: P=0.01) and with 12% of oxygen (proportion: 

P=0.002; extent: P=0.001; tenacity: P=0.02; total: P=0.002) (Figure 8.3, Table 8.3). 

In mice with CO2 pneumoperitoneum with 0% or 12% of oxygen at 5 or 20 cm H2O (proc 

logistic, 4 groups, 2 variables), adhesion formation increased with pressure (proportion: 

P=0.001; extent: P=0.001; type: P=0.03; tenacity: P=0.01; total: P=0.001) and was similar 

with 0% or 12% of oxygen (Figure 8.3, Table 8.3). 

8.4. Discussion 

This study confirms that adhesion formation increases with the duration of the pneumop-

eritoneum and with the insufflation pressure and decreases with the addition of 3% of oxygen 

to the CO2 pneumoperitoneum (44-46;53;54). Our data demonstrate that the decrease in adhe-

sion formation with 3% of oxygen is no longer observed when higher oxygen concentrations 

are used, e.g. 12% of oxygen clearly inducing more adhesions than 3%. They also demon-

strate that the effects of duration and pressure increasing adhesion formation are also observed 

with CO2 pneumoperitoneum with 3% or 12% of oxygen.  

We do recognise that the data presented in this study are apparently different from those 

presented in chapter 3. Indeed, whereas in chapter 3 adhesion formation slightly decreased 

with the addition of higher concentrations of oxygen, in this chapter no differences were 

found between standard CO2 pneumoperitoneum (0% of oxygen) and CO2 pneumoperitoneum 

with 6%, 9% or 12% of oxygen. With all the limitations imposed by comparing data from dif-

ferent experiments, this apparent discrepancy could be caused by several reasons. First, in 

chapter 3 adhesions were induced by monopolar lesions only, whereas in this chapter adhe-

sions were induced by monopolar and bipolar lesions. Second, in chapter 3 the insufflation 

pressure was 15 cm H2O, whereas in this chapter it was 10 cm H2O. Third, in chapter 3 ani-

mals were ventilated with a tidal volume of 500 µl at 80 strokes/min (22-ga catheter, Small 

Animal Ventilator, Model ‘683’, Harvard Apparatus Inc., Holliston, MA, USA), whereas in 

this chapter they were ventilated with a tidal volume of 250 µl at 160 strokes/min (20-ga 

blunt-edge needle, Mouse Ventilator MiniVent, Type 845, Hugo Sachs Elektronik – Hardvard 

Apparatus GmbH, March-Hugstetten, Germany). Data from experiments in chapter 7 indicate 

that the ventilation pattern used in this chapter was better than that used in chapter 3. Taking 

all these differences into account, we assume that the most likely cause of discrepancy be-
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tween the experiments in chapter 3 and 8 is the different ventilation pattern and certainly this 

has to be re-evaluated in another study. 

The beneficial effect of the addition of 3% of oxygen could be explained by the fact that 

3% of oxygen at 770 mm Hg (atmospheric pressure: 760 mm Hg + insufflation pressure: 10 

mm Hg) results in a pO2 of 23 mm Hg, which is remarkably similar to the normal intracellular 

pO2 (normoxia) (81). The addition of 12% of oxygen determines a pO2 of 92 mm Hg, which 

is much higher than the normal intracellular pO2 (hyperoxia). We would like to stress the ex-

isting confusion in the use of the words “hypoxia”, “normoxia” and “hyperoxia” in the litera-

ture. They are generally used to indicate a lower, similar or higher pO2 than the observed in 

air at normal atmospheric pressure, respectively, where a oxygen concentration of 21% results 

in a pO2 of 160 mm Hg. “Normoxia”, however, is also used to indicate the pO2 in peripheral 

cells of living organisms. It is important to realise that in normal conditions the pO2 decreases 

progressively from 160 mm Hg in air to 95 mm Hg in the arterial end of capillaries, 40 mm 

Hg in the interstitial fluid, and 23 mm Hg in the peripheral cells (81). This intracellular pO2 

varies between 5-40 mm Hg depending on the type of cells and on the distance to the 

� apillaryies (81). Taking these concepts into account, it is clear that lower or higher intracel-

lular pO2 should be considered as “cellular hypoxia” or “cellular hyperoxia”, respectively. 

This definition of “cellular normoxia” is moreover consistent with several in vitro studies re-

porting better cellular growth at pO2 around 5-40 mm Hg, as was demonstrated for human 

lung fibroblasts (174), human melanocytes (175), human skin fibroblasts (176), and human 

hematopoietic stem cell (177). 

Pneumoperitoneum with 12% of oxygen determines a hyperoxic environment for the peri-

toneal cells. This environment could induce similar effects to those during open surgery, 

which is performed in air with a relative high oxygen concentration for cells (pO2 of 160 mm 

Hg), and therefore a role for ROS in the increased adhesion formation should be considered.  

Indeed, ROS, such as superoxide anion, hydroxyl radical, nitric oxide, and hydrogen per-

oxide, are generated under hyperoxic conditions (178) and during reperfusion following 

ischemia (76;179). Since ROS are deleterious for cells, they protect themselves by an antioxi-

dant system known as ROS scavengers, including catalase (CAT), superoxide dismutase 

(SOD), glutathione peroxidase (GSH-Px), glutathione (GSH), carotenoids, retinoic acid, 

ascorbic acid and vitamin E (178;180). The balance between ROS and ROS scavengers will 

determinate ROS availability and toxicity. 
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Increased ROS availability has been reported during both open and laparoscopic surgery. 

Indeed, an increase of superoxide anions (181), of xanthine oxidase, an enzyme involved in 

ROS generation (182) and of malondialdehyde, a marker of ROS production (183) was ob-

served during open surgery. Similarly, an increase of 8-isoprostaglandin F2α and hydroxyei-

cosatetranoic acids, markers of ROS production (183) and of malondialdehyde (76) was re-

ported during laparoscopic surgery. In addition, laparoscopic surgery is associated with de-

creased levels of ROS scavengers such as GSH-Px, SOD, CAT and GSH (41;184). Since ab-

dominal insufflation/deflation causes ischemic/reperfusion (74-80), which it is well known to 

generate ROS (179), a causal role of the pneumoperitoneum, especially at high insufflation 

pressure, in increased ROS production can be anticipated. 

Reactive oxygen species inhibit cellular proliferation and produce cellular senescence 

(185;186), induce molecular damage of molecules such as DNA, proteins and lipids (187), 

cause aging (187) and apoptosis (188). They are also involved in a variety of diseases such as 

endometriosis (189;190), Alzheimer (191), systemic lupus erythematosus (192), diabetic 

nephropathy (193), and adhesion formation (184;194-198). Indeed, decreased levels of ROS 

scavenger, i.e. GSH-Px, SOD, CAT and GSH, were reported to be associated with increased 

adhesion formation (184). This observation is supported by the reduction in adhesion forma-

tion following ROS scavengers administration, e.g. CAT, SOD and trimetazidine (197;198), 

methylene blue (194;195) and vitamin E (196). 

Since laparoscopic surgery increases ROS availability by either increasing ROS production 

or decreasing ROS scavengers, we hypothesise that the increased adhesion formation ob-

served with CO2 pneumoperitoneum with 0% or 12% of oxygen might be at least partially 

mediated by ROS. Indeed, pneumoperitoneum with any insufflation gas, especially at high in-

sufflation pressures, causes an ischemia/reperfusion process that could lead to increased ROS 

production. In addition, pneumoperitoneum with 12% of oxygen determines a hyperoxic envi-

ronment that could also increase ROS production. On the contrary, pneumoperitoneum with 

3% of oxygen would not trigger ROS generation because peritoneal cells would take oxygen 

from the more physiological pneumoperitoneum environment (pO2 around 23 mm Hg), in 

spite of the altered microcirculation. This hypothesis, as well as the specific role of ROS in 

adhesion formation, however, remains to be proven and demands further investigations. 

In conclusion, our data confirm that 100% CO2 pneumoperitoneum increases adhesion 

formation in a time- and pressure-dependent manner and demonstrate similar effects for CO2 

pneumoperitoneum with 3% or 12% of oxygen. The data also confirm that adhesion forma-
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tion decreases with the addition of 3% of oxygen to the CO2 pneumoperitoneum, supporting 

the hypothesis of peritoneal hypoxia as a driving mechanism in CO2 pneumoperitoneum-

enhanced adhesion formation. Since this beneficial effect of adding oxygen was no longer ob-

served with higher oxygen concentrations, our data indicate that hyperoxia is also a cofactor 

in adhesion formation.  
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Chapter 9.                                                                         

ADDITION OF OXYGEN TO THE CO2 PNEUMOPERITONEUM: 

II. EFFECT UPON CO2 ABSORPTION 

OBJECTIVE: To investigate the effect of addition of oxygen to the CO2 pneumoperito-

neum, together with the influence of the insufflation pressure and the assisted ventilation, 

upon CO2 absorption. 

MATERIALS & METHODS: The systemic effects of the addition of oxygen (0% or 6%) 

to the CO2 pneumoperitoneum at different insufflation pressures (6 or 10 mm Hg) were 

evaluated in rabbits ventilated with different conditions (optimal or shallow). Blood samples 

were collected from the ear artery at different time points during at least 2 hours and assayed 

for acid-base parameters (pH, pCO2, HCO3
-, ABE, SBC and tCO2), oxymetry parameters 

(O2Hb, RHb and sO2), oxygen parameters (pO2, tO2, p50) and metabolic parameters (lactate).   

RESULTS: CO2 pneumoperitoneum, especially at high pressures and in rabbits with shal-

low ventilation, altered the acid-base parameters, increasing the pCO2, the tCO2 and the HCO3 

and decreasing the pH, the ABE and the SBC; the oximetry parameters, decreasing the O2Hb 

and the sO2 and increasing the RHb. It also altered the oxygen parameters, increasing the p50 

and decreasing the pO2 and the tO2, and the metabolic parameters, increasing lactate concen-

tration. These effects were prevented to a large extent by the addition of 6% of oxygen.    

CONCLUSIONS: These data confirm the systemic effect of the CO2 pneumoperitoneum, 

which were more pronounced at higher insufflation pressures and in rabbits with shallow ven-

tilation. Since these effects were reduced when oxygen was added to the CO2 pneumoperito-

neum, a prevention of the CO2 pneumoperitoneum-induced mesothelial damage can be postu-

lated. This is consistent with the reduction of the CO2 pneumoperitoneum-enhanced adhesion 

formation by the addition of small amount of oxygen.  

 

Mynbaev O, Molinas CR, Adamyan LV, Vanacker B, Koninckx PR. Pathogenesis of CO2 pneumoperitoneum-
induced metabolic hypoxemia in a rabbit model. J Am Assoc Gynecol Laparosc 2002; 9:306-314. 

Mynbaev O, Molinas CR, Adamyan LV, Vanacker B, Koninckx PR. Reduction of CO2 pneumoperitoneum-
induced metabolic hypoxaemia by the addition of small amounts of O2 to the CO2 in a rabbit ventilated model. A 
preliminary study. Hum Reprod 2002; 17:1623-1629. 



92   Chapter 9 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

9.1. Introduction 

Abdominal distension is essential to perform laparoscopic surgery. This is generally 

achieved by the pneumoperitoneum; CO2 being the most commonly used insufflation gas be-

cause of its high solubility in water and high exchange capacity in lungs. CO2 

pneumoperitoneum, however, alters blood gases and acid-base balance, increasing the pCO2 

and ETCO2 and decreasing the pH, sO2 and pO2 (33;34;164;165;199). These changes affect 

cardiovascular and pulmonary function and are important in the early postoperative days, es-

pecially in patients with limited capacity to compensate. During anaesthesia, however, the 

concentration of CO2 in expired gas can be easily monitored by capnography and these delete-

rious effects can be compensated by infusions and assisted ventilation. 

Besides these systemic effects, the CO2 pneumoperitoneum induces a series of local 

changes and is a cofactor in postoperative adhesion formation (44-46;53-57). Indeed, adhe-

sion formation increases with the duration of the pneumoperitoneum and the insufflation pres-

sure. Since this pneumoperitoneum-enhanced adhesion formation can be reduced by the addi-

tion of oxygen (53;54), the aim of this study was to evaluate the effect of the addition of oxy-

gen to the CO2 pneumoperitoneum upon CO2 absorption. This was achieved evaluating arte-

rial acid-base, oximetry, oxygen and metabolic parameters. 

9.2. Materials and Methods 

9.2.1. Animals 

The study was performed on 49 adult, female, New Zealand white rabbits of 2.7-3.0 kg, 

because they, unlike mice, allow repetitive blood sampling from the same animal.  

9.2.2. Anaesthesia 

Anaesthesia was induced as described in chapter 2 in rabbits with spontaneous breathing or 

assisted ventilation. Tidal volumes and ventilation rates were chosen as described (200;201) 

and based on pilot experiments in which both parameters were monitored and adjusted to ob-

tain baseline normal values. Shallow ventilation (tidal volume of 6.7 ml/kg at 27-29 

strokes/min) or optimal ventilation (tidal volume of 11.3 ml/kg at 18-21 strokes/min) was 

used. ETCO2, sO2 in peripheral blood and respiratory pressure were continuously monitored 

with a capnograph, a oxymeter and a manometer, respectively. 
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9.2.3. Laparoscopy 

Laparoscopy was performed as described in chapter 2. The pneumoperitoneum was created 

with the Thermoflator Plus. The insufflation gas, the insufflation pressure and the duration of 

the pneumoperitoneum were determined according to the experimental design. 

9.2.4. Arterial blood sampling and analyses 

Ear artery was catheterised with a 20-gauge catheter. Syringe and catheter were rinsed with 

3 ml of saline with heparin (5 IU/l). Blood samples were taken at different time periods ac-

cording to the experimental design, immediately put on ice and analysed in duplicate in a 

blood gas analyser (Ablhm System 625/620; Radiometer, Copenhagen, Denmark) for the fol-

lowing parameters. 

Acid-base parameters: 

• pH 

• Partial pressure of CO2 (pCO2): CO2 partial pressure in a gas phase in equilibrium with the 

blood (mmHg). 

• Actual bicarbonate (HCO3
-): concentration of hydrogen carbonate in the plasma of the 

blood sample (mmol/L). 

• Actual base excess (ABE or BE): concentration of titrable base when the blood is titrated 

with a strong base or acid to a plasma pH of 7.40 at the pCO2 of 40 mmHg and 37° C at the 

actual oxygen saturation (mmol/L). Positive values (base excess) indicate a relative deficit 

and negative values (base deficit) a relative excess of non-carbonic acids, respectively. 

• Standard bicarbonate (SBC): concentration of hydrogen carbonate in the plasma from the 

blood which is equilibrated with a gas mixture with pCO2 of 40 mmHg and pO2 of 100 

mmHg at 37° C (mmol/L). 

• Total carbon dioxide (tCO2): concentration of total carbon dioxide (free plus bound) in 

plasma (mmol/L).  

Oximetry parameters:  

• Total haemoglobin (tHb): concentration of total haemoglobin in blood (g/dL). 

• Oxyhaemoglobin (O2Hb): ratio between the concentrations of O2Hb (part of the total hae-

moglobin bound to oxygen) and tHb (%). 

• Deoxyhaemoglobin or reduced haemoglobin (HHb or RHb): ratio between the concentra-

tions of RHb (part of the total haemoglobin which can bind oxygen) and tHb (%). 
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• Oxygen saturation (sO2): ratio between the concentrations of O2Hb and O2Hb+RHb (%). 

Oxygen parameters:  

• Partial pressure of O2 (pO2): O2 partial pressure in a gas phase in equilibrium with the blood 

(mmHg). 

• Oxygen tension at half saturation (p50): O2 partial pressure at half saturation of blood 

(mmHg). High and low values indicate decreased and increased affinity of oxygen to hae-

moglobin, respectively. 

• Total oxygen concentration (tO2): concentration of total oxygen of blood. 

Metabolic parameters:  

• Lactate concentration: concentration of L-Lactate in plasma (mmol/L). 

9.2.5. Experimental design and statistical analyses 

In experiment 1 (n=28), the effects of 100% CO2 pneumoperitoneum, insufflation pressure 

and assisted ventilation were evaluated. Rabbits without pneumoperitoneum with spontaneous 

breathing (n=4), shallow ventilation (n=4) or optimal ventilation (n=4) were used as controls. 

Since no differences were observed between these groups, they were grouped for further 

analyses (group I, n=12). In all other groups, 100% CO2 pneumoperitoneum was used. Group 

II comprised rabbits with spontaneous breathing and pneumoperitoneum at 10 mm Hg (n=4). 

Group III comprised rabbits with shallow ventilation and pneumoperitoneum at 10 mm Hg 

(n=4). Groups IV comprised rabbits with optimal ventilation and pneumoperitoneum at 10 

mm Hg (group Iva, n=4) or at 6 mm Hg (group Ivb, n=4). All procedures were maintained for 

120 min and blood samples were taken every 30 min.  

In experiment 2 (n=21), the effects of CO2 pneumoperitoneum with 6% of oxygen, insuf-

flation pressure and assisted ventilation were evaluated in two series. Series I comprised rab-

bits with shallow ventilation without pneumoperitoneum (group Ia, n=4), with 100% CO2 

pneumoperitoneum (group Ib, n=4) or with 94% CO2 – 6% O2 pneumoperitoneum (group Ic, 

n=4) at 10 mm Hg. In this series, the procedure was maintained for 210 min and blood sam-

ples were taken every 30 min. Series II comprised rabbits with optimal ventilation without 

pneumoperitoneum (group Iia, n=3), with 100% CO2 pneumoperitoneum (group Iib, n=3) or 

with 94% CO2 – 6% O2 pneumoperitoneum (group Iic, n=3) at 6 mm Hg. In this series, the 

procedure was maintained for 120 min and blood samples were taken every 15 min. In this 

experiment, 6% of oxygen rather than 3% of oxygen was used because it was performed when 

the experiments on mice, evaluating the effect of adding different concentrations of oxygen 
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upon adhesion formation, were still being evaluated, and because pilot studies in rabbits (un-

published data) had showed a reduction in adhesion formation with the addition of some 5% 

of oxygen to the CO2 pneumoperitoneum. 

Statistical analyses were performed with the SAS System using one-way ANOVA and 

Tukey’s multiple comparison test. 

9.3. Results 

Experiment 1:  

In rabbits without pneumoperitoneum (group I), no major changes in ETCO2, pCO2 and 

tCO2 and were observed. Because of 70% FiO2, the pO2 increased from 95-100 mm Hg to 350 

mm Hg, as estimated by pulse oximetry. The other variables remained unchanged.  

 

FIGURE 9.1: Effect of 100% CO2 pneumoperitoneum, insufflation pressure and assisted 

ventilation upon acid-base parameters in rabbits.  
Arterial pH, pCO2, HCO3 and ABE (means ± SE) in rabbits with different pneumoperitoneum and 

ventilation conditions are indicated. Significances in text. 
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In comparison with the control group (group I), the CO2 pneumoperitoneum altered all pa-

rameters in rabbits with spontaneous breathing (groups II) or shallow ventilation (group III). 

It altered the acid-base parameters, increasing the ETCO2 (P<0.05, P<0.05; dns), the pCO2 

(P<0.001, P<0.001), the tCO2 (P<0.05, P<0.05; dns) and the HCO3 (P<0.05, P<0.01) and de-

creasing the pH (P<0.001, P<0.001) the ABE (P=NS, P<0.001) and SBC (P<0.05, P<0.05; 

dns). The oximetry parameters were also altered, with a decrease of the O2Hb (P=NS, P<0.05) 

and the sO2 (P=NS, P<0.01) and an increase of the RHb (P=NS, P<0.001). The CO2 pneu-

moperitoneum also altered the oxygen parameters, increasing the p50 (P<0.001, P<0.001) and 

decreasing the pO2 (P<0.05, P<0.05; dns) and tO2 (P<0.05, P<0.05; dns) at the end of the ex-

periment, and the metabolic parameters, increasing the lactate (P<0.05, P<0.05; dns). All 

these effects were more pronounced in group III (Figures 9.1 and 9.2).  

 

FIGURE 9.2: Effect of 100% CO2 pneumoperitoneum, insufflation pressure and assisted 

ventilation upon oximetry and oxygen parameters in rabbits.  
Arterial O2Hb, RHb, sO2 and p50 (means ± SE) in rabbits with different pneumoperitoneum and venti-

lation conditions are indicated. Significances in text. 
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In optimally ventilated rabbits, the CO2 pneumoperitoneum at 10 mm Hg (group IVa) or at 6 

mm Hg (group IVb) also decreased the pH (P<0.001, P<0.001) and increased the pCO2 

(P<0.01, P=NS) and the p50 (P<0.001, P<0.001), the effect being lees pronounced in group 

IVb. The other variables did not change significantly (Figures 9.1 and 9.2). 

 

Experiment 2:  

In rabbits without pneumoperitoneum (groups Ia and IIa), the effects observed in experi-

ment 1 was confirmed. However, a slight decrease in pH, ABE, and SBC was observed at the 

end of the experiment in group Ia (Figures 9.3, 9.4 and 9.5). 

 

FIGURE 9.3: Effect of 100% CO2 pneumoperitoneum, insufflation pressure and assisted 

ventilation upon acid-base parameters in rabbits.  
Arterial pH and pCO2 (means ± SE) in rabbits with different pneumoperitoneum and ventilation condi-

tions are indicated. Significances in text. 
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In shallowly ventilated rabbits, 100% CO2 pneumoperitoneum altered all parameters 

(group Ib vs. group Ia), confirming previous observations. An increased ETCO2 (P<0.01) was 

detected by the capnograph (dns). The CO2 pneumoperitoneum altered the acid-base parame-

ters, increasing the pCO2 (P<0.001), the tCO2 (P<0.05; dns) and the HCO3 (P<0.001) and de-

creasing the pH (P<0.001) the ABE (P<0.001) and SBC (P<0.001). The oximetry parameters 

were also altered, with a decrease of the O2Hb (P<0.05) and the sO2 (P<0.01) and an increase 

of the RHb (P<0.001). The CO2 pneumoperitoneum also altered the oxygen parameters, in-

creasing the p50 (P<0.001) and decreasing the pO2 (P<0.001; dns) and tO2 (P<0.001; dns) at 

the end of the experiment, and the metabolic parameters, increasing the lactate (P<0.05) (Fig-

ures 9.3, 9.4 and 9.5). 

 

FIGURE 9.4: Effect of CO2 pneumoperitoneum with 6% of oxygen upon acid-base and 

metabolic parameters in shallowly ventilated rabbits.  

Arterial HCO3, ABE, SBC and lactate (means ± SE) in rabbits with different pneumoperitoneum con-

ditions are indicated. Significances in text. 
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In shallowly ventilated rabbits, the addition of 6% of oxygen to the pneumoperitoneum 

changed the effects of 100% CO2 pneumoperitoneum (group Ic vs. group Ib). The increase in 

pCO2 (P<0.001) and the decrease in pH (P<0.001) were not only less pronounced but a pla-

teau was reached after 60 min, whereas with 100% CO2 pneumoperitoneum both effects in-

creased progressively at least until 150-180 min. ABE (P<0.01), SBC (P<0.01), O2Hb 

(P<0.05), RHb (P<0.01), sO2 (P<0.01) and tO2 (P<0.01; dns) remained within control levels, 

whereas the p50 increased less (P<0.001). Lactate concentration increased only slightly 

(P=NS) and at the end of the experiment (Figures 9.3, 9.4 and 9.5). 

 

FIGURE 9.5: Effect of CO2 pneumoperitoneum with 6% of oxygen upon oxymetry and 

oxygen parameters in shallowly ventilated rabbits.  

Arterial O2Hb, RHb, sO2, and p50 (means ± SE) in rabbits with different pneumoperitoneum condi-

tions are indicated. Significances in text. 
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In optimally ventilated rabbits, in comparison with the control group (group IIa), the pure 

CO2 pneumoperitoneum without oxygen (group IIb) altered all parameters, but to a lesser ex-
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tent than in shallowly ventilated animals. It increased the ETCO2 (P<0.001), the pCO2 

(P<0.001), the tCO2 (P<0.001) and decreased the pH (P<0.001), but the other variables did 

not change significantly. In this rabbits, the addition of 6% of oxygen to the pneumoperito-

neum also changed the effects of 100% CO2 pneumoperitoneum (group IIc vs. group IIb). All 

the values were even closer to the control levels (Figures 9.3, 9.4 and 9.5). 

9.4. Discussion 

Changes in blood gases and acid-base balance during anaesthesia and CO2 pneumoperito-

neum have been well investigated in humans and in large animals. In rabbits, however, these 

data have been poorly documented (202) and, to the best of our knowledge, our data consti-

tute the more comprehensive evaluation (58). 

 CO2 used for the pneumoperitoneum during laparoscopy diffuse from the peritoneal cav-

ity through the mesothelial cells to the bloodstream due to the huge differences in partial pres-

sures, increasing the arterial pCO2 and decreasing the arterial pH. These changes can be 

modulated by assisted ventilation. Indeed, if ventilation is adequate they can be stabilized 

within 15 to 30 min (67;203) but if ventilation is inadequate, they can lead to respiratory and 

metabolic acidosis (34;80;166;204;205). These effects can also be influenced by the insuffla-

tion pressure. Indeed, high insufflation pressures increase the intraperitoneal pCO2, increasing 

CO2 absorption, and impair venous return, decreasing CO2 excretion (34;204;206). The im-

portance of both assisted ventilation and insufflation pressure was confirmed in this study, be-

ing the changes induced by the CO2 pneumoperitoneum more pronounced in rabbits with 

shallow ventilation and at higher insufflation pressure. These effects of the CO2 pneumoperi-

toneum are, obviously, not observed in human surgery because assisted ventilation is adapted 

to keep arterial pCO2 and pH within acceptable limits. In this study, however, ventilation was 

kept constant and a model with shallow ventilation was used in order to enhance changes and 

to better understand the underlying mechanism. 

Our data offer a comprehensive picture of changes caused by CO2 absorption and confirm 

previous results. The key event is the progressive accumulation of CO2, causing hypercarbia 

and respiratory acidosis, reflected by increased ETCO2, pCO2 and HCO3
, and decreased pH. 

These changes lead to metabolic acidosis and anaerobic metabolism (glucose + 2 Pi + ADP → 

2 ATP + 2 lactate + 2 H2O), reflected by increased ETCO2, pCO2, tCO2, HCO3 and lactate, 

and decreased pH, ABE and SBC. The excess of acids, deficits of bases and lower pH reduce 

the oxygen-haemoglobin affinity (Bohr’s effect), as evidenced by increased p50, in an effort 
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to compensate for the deficit of oxygen availability. The addition of 6% of oxygen to the 

pneumoperitoneum had important and unexpected effects. With 100% CO2 pneumoperito-

neum the increase of pCO2 and decrease of pH continued progressively up to the end of the 

experiment, whereas with the addition of 6% of oxygen these changes were much less pro-

nounced and reached a plateau after 60 min. All subsequent effects, such as increased HCO3 

and decreased ABE, SBC, O2Hb, sO2, pO2, and haemoglobin oxygen affinity (increased p50) 

were less pronounced or non-existent. Also, the increase in lactate concentration occurred 

much later and was less pronounced. 

The progressive rise of pCO2 and decline of pH during CO2 pneumoperitoneum could be 

interpreted as an accumulation of absorbed CO2. This hypothesis, however, does not explain 

the dramatic effect of adding 6% of oxygen to the CO2 pneumoperitoneum, since this only 

changes CO2 concentration from 100% to 94%. Our data suggest that, in addition to the ac-

cumulation, CO2 absorption increases progressively probably because of mesothelial damage, 

and that this damage is prevented by the addition of small amounts of oxygen to the CO2 

pneumoperitoneum. This is consistent with the reported mesothelial damages, such as retrac-

tion, bulging and exposure to basal lamina, caused by the CO2 pneumoperitoneum in a time- 

and pressure-dependent manner (35;42;43). This is also consistent with the clinical observa-

tion that CO2 absorption is more important during retroperitoneal surgery and with our hy-

pothesis that the CO2 pneumoperitoneum induces peritoneal hypoxia, which could be reduced 

by the addition of oxygen. Hence, pCO2 and pH changes occur for some 30 min only, i.e. the 

time to reach equilibrium between absorption and evacuation by ventilation. 

In conclusion, our data confirm the well-known CO2 pneumoperitoneum-induced acido-

sis/hypercarbia during laparoscopic surgery, leading to anaerobic metabolism when not cor-

rected by assisted ventilation. They demonstrate that the addition of 6% of oxygen to CO2 

pneumoperitoneum reduces these changes, probably by preventing CO2 pneumoperitoneum-

induced mesothelial changes and thus limiting CO2 absorption. If these data are confirmed in 

humans, the addition of small amounts of oxygen to CO2 pneumoperitoneum could be consid-

ered for selected laparoscopic surgery, such as long duration, steep Trendelenburg position, 

limited cardiorespiratory adaptation. Potential side-effects of the addition of oxygen, such as 

explosion during electrosurgery and reduction of gas solubility with increased risk of gas em-

bolism, should be considered and need to be investigated. They are, however, very unlikely 

because open surgery is performed in an environment with 20% of oxygen without any risk of 

explosion and because the addition of only 3% of oxygen, although oxygen is 20 times less 
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soluble than CO2 (solubility coefficient of CO2: 0.57; solubility coefficient of O2: 0.024) 

(207), would not decrease the solubility of the gas mixture significantly. 

 

 



 

Chapter 10.                                                                         

GENERAL DISCUSSION 

10.1. Relevance, advantages and limitations of the models used to study adhesion 

formation: 

Several animal models, involving larger and smaller animals, have been used to investigate 

the pathogenesis of adhesion formation and to evaluate prevention products. Each model, 

however, has limitations imposed by costs, animal welfare problems, and specific anatomical 

and physiological differences. Small animals, such as mice, rats and rabbits have the advan-

tages of being readily available, relatively cheap and easy to handle but in addition to their 

sizes and weigh, there are a series of limiting factors to be considered. Indeed, the thickness 

of the entire abdominal wall in mice is equivalent to that of the first muscle layer in rats. The 

same relationship exists between rats and rabbits. Furthermore, the ratio of peritoneal surface 

area relative to body weight is higher in small animals than in large animals. Mice, rats, rab-

bits and humans have an average body weight of 0.025 kg, 0.25 kg, 2.5 kg and 70 kg, and a 

peritoneal surface of 0.005 m2, 0.029 m2, 0.209 m2 and 1.81 m2, respectively, resulting in a 

peritoneal surface area/body weight ratio of 0.195 m2/kg, 0.115 m2/kg, 0.084 m2/kg and 0.026 

m2/kg. These values determine the volume of fluid required to coat the peritoneum, i.e. the 

minimum volume of fluid to coat the entire peritoneal surface. This volume is disproportion-

ately higher in smaller animals, being 0.45 ml (18.1 ml/kg), 2.6 (10.7 ml/kg), 19.4 ml (7.7 

ml/kg), and 167 ml (2.4 ml/kg) in mice, rats, rabbits and humans, respectively (63). In addi-

tion, since the intrinsic ability of the peritoneum to transport molecules is similar in all mam-

mals (208), but highly dependent on its surface area, the elimination of molecules from the 

peritoneal cavity will be much faster in smaller animals (63). 

In spite of all these limitations, mice are particularly useful for mechanistic studies and 

drug screening. The mouse model is one of the best-developed animal models because of the 

availability of inbred animals, genetically manipulated animals, e.g. mice with under or over 

expression of specific genes, animals with altered immune system, e.g. nude and SCID mice, 

and the availability of many specific assays and monoclonal antibodies. In addition, mice and 

rats, in contrast with rabbits, require strict sterile conditions for surgery. Therefore, it is not 
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surprising that the mouse is widely used and well established for the study of adhesion forma-

tion. Most of these studies, however, have been done by laparotomy. Although laparoscopy in 

mice has been reported for the study of tumour growth and port-site metastases (64;65), im-

mune response (66) and morphologic alterations of the mesothelium (42), its use in adhesion 

formation studies has been poorly addressed (45). Furthermore, these laparoscopic procedures 

were performed in non-intubated mice with a low insufflation pressure, making real surgical 

procedures virtually impossible. 

10.2. The laparoscopic mouse model: basal adhesion formation and CO2 pneumo-

peritoneum-enhanced adhesion formation 

We developed a laparoscopic mouse model (54) in which many pneumoperitoneum pa-

rameters, such as time, pressure, gas, humidity and temperature, can be modulated and/or 

monitored. Since high mortality was reported with insufflation pressures higher than 5 cm 

H2O in non-intubated mice (45), endotracheal intubation and assisted ventilation was intro-

duced, which allow insufflation pressures up to 15 mm Hg and surgical procedures for up to 

three hours without mortality.  

Based on our first findings in rabbits and later in mice, indicating the enhancing effect of 

the pneumoperitoneum on adhesion formation (53;54), the concepts of basal adhesions and 

pneumoperitoneum-enhanced adhesions were introduced. We called “basal adhesions” to 

those adhesions resulting from the electrosurgical trauma, with a minimum effect of the 

pneumoperitoneum. We do recognize, however, that they do not result from the electrosurgi-

cal peritoneal lesion only since the CO2 pneumoperitoneum was present, albeit for 10 minutes 

only. Theoretically, basal adhesions (in gas laparoscopy) without any additional effect of the 

pneumoperitoneum would require the shortest duration possible, the minimum insufflation 

pressure and some 3% of oxygen added to the pneumoperitoneum, since adhesions decrease 

with shorter duration, lower pressures and the addition of oxygen (53;54). The pneumoperito-

neum was maintained for the minimum time required to perform the lesions (standardised at 

10 minutes) using 100% CO2 at 20 cm H2O because the addition of oxygen and lower pres-

sure would introduce to additional variables, i.e. oxygen and pressure. We called “pneumop-

eritoneum-enhanced adhesions” to those adhesions resulting from the electrosurgical trauma 

plus the additional effect of 60 minutes of 100% CO2 pneumoperitoneum at 20 cm H2O. We 

fully recognize that this insufflation pressure could be relatively high for mice. Since our 

working hypothesis was that the pneumoperitoneum induces ischemia/hypoxia and since it is 
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obvious that this is pressure-dependent, we decided to use maximum pressures in order to ob-

serve maximum effects.  

In these experiments we actually compared adhesion formation after electrosurgical lesions 

with “short pneumoperitoneum” (basal adhesions) with adhesion formation after electrosurgi-

cal lesions with “long pneumoperitoneum” (pneumoperitoneum-enhanced adhesions), since 

the type of gas and the insufflation pressure were similar in both groups. We do recognize that 

other control groups could be used, e.g. adhesion formation after electrosurgical lesions per-

formed during either laparotomy or gasless laparoscopy. These sorts of control groups have, 

however, also some limitations since they will introduce additional variables such as the pres-

ence of air and the larger abdominal incision. 

In this laparoscopic mouse model we became aware of the relevance of other pneumoperi-

toneum-related and non-pneumoperitoneum-related variables, such as gas temperature and 

humidity, mouse strain, type and site of lesions to induce peritoneal adhesions and surgeon’s 

laparoscopic skills.  

In all experiments the insufflation gas was heated and humidified using a standard system 

and assuming that they allow ideal working conditions. Therefore, both temperature and hu-

midification were identical for all animals. We recognize, however, that they were not moni-

tored and that they could be more important than anticipated by modulating a very complex 

process. Any gas can hold a maximum amount of water depending on the temperature, i.e. the 

higher the temperature the more water the gas is able to hold. This determines the absolute 

humidity (amount of water per volume of gas) and relative humidity (ratio of the actual 

amount of water over the maximum amount of water that the gas can hold at certain tempera-

ture) of the gas. A dry gas (absolute humidity of 0 g/m3 of gas) entering the abdomen will 

take water from the animal, increasing its absolute humidity, until equilibrium is reached, i.e. 

until the relative humidity is 100%. The higher the gas temperature, the more desiccation will 

be induced and the more energy will be consumed. This decreases animal temperature and, 

obviously, is highly influenced by the flow rate, making the whole process very complex. 

Since now we have available more sophisticated instruments to monitor and modulate con-

tinuously gas temperature and humidification, other experiments are currently being per-

formed to specifically address these issues. 

Adhesion formation changed with the mouse strain used. Indeed, this was observed in ex-

periments with 100% NMRI mice (54;209), 100% Swiss mice (56), 87.5% Swiss-12.5% 

129SvJ mice (55), 75% Swiss-25% 129SvJ mice (56), 50% Swiss-50% 129SvJ mice (55;56), 



106   Chapter 10 
 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   
87.5% C57Bl/6J-12.5% 129SvJ mice (57), 75% C57Bl/6J - 25% 129SvJ mice (57), and 100% 

C57Bl/6J mice (56). Taking into account all our data and with all the restrictions imposed by 

comparing data from different experiments, adhesion formation was most pronounced in 

NMRI and Swiss mice and least in 129SvJ mice, C57Bl/6J mice having and intermediate po-

sition. These observations, which could yield useful information concerning the pathogenesis 

of adhesion formation, were not surprising since strain differences have been reported for fi-

brosis and healing responses, e.g. hepatic fibrosis (210), lung fibrosis (211), colorectal fibro-

sis (212), ear wound healing (213), myocardial healing (214), and bone regeneration (215).  

Monopolar lesions systematically induced more adhesions than bipolar lesions. This was 

not surprising since monopolar lesions produced macroscopically larger lesions. The surgical 

trauma of both monopolar and bipolar coagulations obviously depends on power setting and 

duration and has been well documented for the inflammatory reaction and the peritoneal heal-

ing (216;217), but the exact relationship between surgical trauma and adhesion formation re-

mains unexplored. Similarly, differences in adhesion formation were also observed between 

the visceral and the parietal peritoneum. Indeed, systematically more adhesions were found in 

the visceral peritoneum, which is consistent with previous reports (218). To fully understand 

these differences in adhesion formation depending on the type and site of lesions, morphol-

ogic and more specific studies are required. 

In addition to these confounding factors that can influence adhesion formation, we have 

confirmed in many pilot studies the impact of the surgeon’s skills on adhesion formation. This 

issue become even more relevant in laparoscopic surgery in small animal models, in which 

inexperienced surgeons required longer time to perform the peritoneal lesion, induced adhe-

sions at non-operative sites and more adhesions at operative sites. This de novo adhesion for-

mation is very unlikely in experienced surgeons, which moreover induce less adhesions. This 

observation confirms a previous study of our group demonstrating that adhesion formation af-

ter laparoscopic surgery decreases with training (44). Since adhesion formation studies mostly 

imply adhesion induction with a standard lesion, this issue of surgeon’s skills is assumed to be 

also standardised. Therefore, each study presented in this thesis was performed by the same 

surgeon with proven ability to perform laparoscopic surgery. We fully realise the importance 

of a detailed investigation of this issue, which will require a specific evaluation in a prospec-

tive randomised study. Experience has shown that it takes more than 3 to 4 months of training 

to reliably perform adhesion induction experiments, which is surprisingly long.  
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10.3. Pneumoperitoneum and the concepts of peritoneal hypoxia, normoxia and hy-

peroxia: 

Our data confirm previous reports that the CO2 pneumoperitoneum increases adhesion 

formation in a time- and pressure-dependent manner (44-46), suggesting peritoneal hypoxia 

as the driving mechanism. This hypothesis is supported by the observations that helium 

pneumoperitoneum induces similar effects and that the addition of 2-4% of oxygen to the CO2 

or helium pneumoperitoneum reduces adhesion formation (53;54). 

The hypothesis of peritoneal hypoxia can be explained by postulating pneumoperitoneum-

induced changes in mesothelial pO2. In normal conditions, peripheral cells receive oxygen 

from the vascular network and have a pO2 of 23 mm Hg (5-40 mm Hg depending on the type 

of cells and on the distance to the capillaries). This intracellular pO2 results from a pO2 of 160 

mm Hg in air, 95 mm Hg in the arterial end of the capillaries, and 40 mm Hg in the interstitial 

fluid (81). The pneumoperitoneum, depending of the insufflation pressure and of the time of 

exposure and independently of the insufflation gas, will compress the capillary flow in the su-

perficial peritoneal layers, reducing tissue perfusion, inducing ischemia and reducing the pO2 

in the mesothelial cells up to hypoxic levels (74-80). In addition, the insufflation gas present 

in the abdominal cavity, e.g. CO2, will diffuse through the apical surface of the mesothelial 

cells to the bloodstream, decreasing the mesothelial pO2 and inducing hypercarbia and acido-

sis if not adequately corrected by the assisted ventilation. 

During standard laparoscopy, i.e. pneumoperitoneum with 100% CO2, the mesothelial cells 

would not receive sufficient oxygen supply from the capillaries (“peritoneal hypoxia”) and 

only the pure CO2 present in the abdominal cavity will diffuse to the mesothelial cells. During 

laparoscopy with pneumoperitoneum with 3% of oxygen, the mesothelial cells do not receive 

sufficient oxygen from the capillaries either, but since the insufflation gas has a pO2 of 23 mm 

Hg (3% of oxygen at 775 mm Hg), which is remarkably similar to the normal intracellular 

pO2, they could absorb the oxygen present in the abdominal cavity, raising the intracellular 

pO2 up to more physiologic levels (“peritoneal normoxia”). During laparoscopy with pneu-

moperitoneum with 12% of oxygen, the mesothelial cells do not receive adequate oxygen 

supply from the capillaries either, but since the insufflation gas has a pO2 of 92 mm Hg (12% 

of oxygen at 775 mm Hg), the oxygen would diffuse to the mesothelial cells increasing the in-

tracellular pO2 to levels higher than normal (“peritoneal hyperoxia”). 
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10.4. Peritoneal ischemia/hypoxia and the roles of HIFs, VEGF family and plasmino-

gen system in pneumoperitoneum-enhanced adhesion formation: 

The hypothesis of peritoneal hypoxia was further supported by our data in mice knockout 

for the genes encoding for factors regulated by hypoxia. To the best of our knowledge this 

powerful tool has not been used before, at least in a laparoscopic model, in adhesion forma-

tion studies. Our aim was to evaluate the effect of the pneumoperitoneum upon adhesion for-

mation in mice deficient for HIFs (55) or VEGF (56) and therefore to seek the role of these 

factors in adhesion formation. In addition, the effect of the pneumoperitoneum upon adhesion 

formation in mice deficient for uPA, tPA or PAI-1 was also investigated (57).  

The CO2 pneumoperitoneum did not increase adhesions in mice partially deficient for HIF-

1α or HIF-2α (55), slightly increased adhesions in mice deficient for VEGF-A121-189 and ex-

pressing exclusively VEGF-A164, and did not increase adhesions in mice deficient for VEGF-

B, PlGF (56) or PAI-1 (57). These effects can be explained by postulating that the CO2 pneu-

moperitoneum increases adhesion formation through an up-regulation of HIF-1α, HIF-2α, 

VEGF-A164, VEGF-B, PlGF and PAI-1. Since the CO2 pneumoperitoneum did not increase 

adhesions in mice treated with antibodies against PlGF or VEGFR-1, the common receptor 

for VEGF-A, VEGF-B and PlGF, the role of these factors in pneumoperitoneum-enhanced 

adhesions was fully confirmed (56). In addition, the up-regulation of PAI-1 by the CO2 pneu-

moperitoneum was confirmed by the ELISA assay of the pelvic sidewall (57). All these data 

are consistent with the hypothesis of peritoneal hypoxia as the driving mechanism in pneu-

moperitoneum-enhanced adhesion formation, suggesting a key role for HIFs. Indeed, HIFs are 

produced in response to cellular hypoxia and trigger the expression of VEGF-A (102) and 

PAI-1 (95), both having a role in pneumoperitoneum-enhanced adhesion formation.   

In addition to the roles of these factors in pneumoperitoneum-enhanced adhesion forma-

tion, their roles in basal adhesion formation were also explored. In comparison with the con-

trol groups, mice partially deficient for HIF-1α, developed less basal adhesions, mice defi-

cient for VEGF-A121-189 and expressing exclusively VEGF-A164 developed more basal adhe-

sions, mice deficient for PlGF or treated with antibodies against PlGF developed less basal 

adhesions, mice deficient for PAI-1 developed less basal adhesions, and mice deficient for 

uPA or tPA developed more basal adhesions (55-57). We failed to demonstrate any role for 

HIF-2α and VEGF-B, but it should be recognized that the study design and the number of 

animals involved do not permit the detection of minor changes in basal adhesions.  
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The effect of VEGF-A was not unexpected since adhesion formation decreases in mice 

treated with antibodies against VEGF-A (90) and since VEGF-A is detected in peritoneal ad-

hesions (91;92). On the contrary, the role of VEGF-B and PlGF and their receptor VEGFR-1 

in adhesion formation was very surprising and demonstrated for the first time. In addition to 

their angiogenic effects, the members of the VEGF family have also a role in inflammation. 

Indeed, VEGFR-1 and VEGFR-2 are expressed on vascular endothelial cells whereas 

VEGFR-1, unlike VEGFR-2, is also present on inflammatory cells, i.e. macrophages and their 

progenitors. VEGF-A binds to VEGFR-1 and VEGFR-2, whereas VEGF-B and PlGF bind to 

VEGFR-1 only, thus VEGF-A, VEGF-B and PlGF can stimulate inflammation in addition to 

angiogenesis (136;137). VEGF-A induces angiogenesis by activating VEGFR-2, while 

VEGFR-1 might function as an inert “decoy” regulating the availability of VEFG-A to acti-

vate VEGFR-2 (136;137;140). PlGF may stimulate angiogenesis by several complementary 

and non-exclusive mechanisms, modulating the action of VEGF-A. First, by displacing 

VEGF-A from VEGFR-1, PlGF increases the fraction of VEGF-A available to activate 

VEGFR-2 (the main receptor through which the angiogenic effect of VEGF-A takes place). 

Second, PlGF up-regulates VEGF-A expression by fibroblasts and inflammatory cells. Third, 

PlGF transmits its own intracellular angiogenic signals through VEGFR-1. Fourth, PlGF acti-

vates receptor cross-talk between VEGFR-1 and VEGFR-2, leading to enhanced VEGFR-2-

driven angiogenesis. Fifth, PlGF forms heterodimers with VEGF-A (136;137;140). The in-

flammatory effects of VEGF-A and PlGF through VEGFR-1 are attributable to increased mo-

bilization of bone marrow-derived myeloid progenitors into peripheral blood, increase mye-

loid cell differentiation, mobilization and activation, and increased cytokines production by 

macrophages (136;137). To what extent these processes, i.e. angiogenesis and inflammation, 

contribute to the development of postoperative peritoneal adhesions, remains to be elucidated. 

The observation that antibodies against VEGFR-1 prevent pneumoperitoneum-enhanced ad-

hesions suggests, however, that inflammation plays a critical role. 

The role of the plasminogen system was as expected and confirms previous observations 

(12;13). Indeed, the lack of uPA/tPA reduces plasmin activation and fibrin degradation, thus 

leading to more adhesion formation, whereas the lack of PAI-1 reduces the inactivation of 

uPA/tPA, increasing plasmin levels and fibrin degradation, thus reducing adhesion formation. 

In addition to hypoxia (95-97), PAI-1 is regulated by many other factors, such as thrombin, 

endotoxin, interleukin-1, TNF-α, TGF-β, trauma and infection, a common denominator or 

these factors being the inflammatory reaction (15;159). The tissue injury locally up-regulates 
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PAI-1 and down-regulates tPA (160-162), probably in response to local hypoxia, inflamma-

tion or both. Similarly, the CO2 pneumoperitoneum up-regulates PAI-1 (57) and, although our 

studies failed to confirm it, down-regulates tPA (158) in the whole peritoneum. However, it is 

unclear at present whether this effect is mediated by hypoxia, inflammation or both. It there-

fore remains unclear whether the mechanisms of PAI-1 up-regulation following tissue injury 

or following pneumoperitoneum are identical or not. 

It is too early for a comprehensive model integrating the relative importance of HIFs, 

VEGF family and plasminogen system in basal adhesions and in pneumoperitoneum-

enhanced adhesions. This model has to integrate the effects of these factors upon normal and 

damaged peritoneum together with the effects of different pneumoperitoneum parameters, e.g. 

duration, insufflation pressure, insufflation gas, temperature, relative humidity. To address 

this important issue it seems attractive the combination of available technologies applicable to 

mice, such as transgenic animals, monoclonal antibodies and bone marrow transplantation, 

and of new methods for better monitoring and modulating pneumoperitoneum parameters. 

10.5. Peritoneal reperfusion/reoxygenation and the role of ROS in pneumoperito-

neum-enhanced adhesion formation: 

It is important to realise that the pneumoperitoneum-induced peritoneal ischemia/hypoxia 

during insufflation, especially at higher pressures, is followed by reperfusion during deflation 

(74-80). Therefore, laparoscopic surgery is a clear model of the ischemia-reperfusion (hy-

poxia-reoxygenation) process. In addition to the factors produced during the ischemic period, 

reperfusion could trigger the expression of other factors such as ROS. Indeed, ROS, e.g. su-

peroxide anion, hydroxyl radical, nitric oxide, and hydrogen peroxide, are known to be gener-

ated during reperfusion following ischemia (76;179) and under hyperoxic conditions (178). 

The availability and toxicity of ROS are, however, determined by the balance between ROS 

and ROS scavengers, the neutralising antioxidant system including CAT, SOD, GSH-Px, 

GSH, carotenoids, retinoic acid, ascorbic acid and vitamin E (219).  

The increase of ROS availability during reperfusion following ischemia is consistent with 

the increase of markers of ROS production, e.g. 8-isoprostaglandin F2α (183), hydroxyeico-

satetranoic acids (183) and malondialdehyde (76), and with the decreased levels of ROS scav-

engers, e.g. CAT, SOD, GSH-Px, GSH, (41;184) following laparoscopic surgery. Similarly, 

the increase of ROS availability during hyperoxia is consistent with the increase of superox-

ide anions (181), xanthine oxidase, an enzyme involved in ROS generation (182), and 

malondialdehyde (183) during open surgery, which is performed in air environment with a 
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pO2 of 160 mm Hg and which is much higher than the normal intracellular pO2, i.e. 5-40 mm 

Hg with an average of 23 mm Hg (81).  

Since ROS availability will increase because of the ischemia-reperfusion process using 

pure CO2 pneumoperitoneum and because of the hyperoxic environment using CO2 pneu-

moperitoneum with 12% of oxygen (pO2 of 92 mm Hg), we hypothesise that pneumoperito-

neum-enhanced adhesion formation might be partially mediated by ROS. This hypothesis is 

supported by some evidence pointing to ROS involvement in adhesion formation. Indeed, de-

creased levels of ROS scavenger, i.e. CAT, SOD, GSH-Px, GSH, are associated with in-

creased adhesion formation (184), whereas adhesion formation decreases following ROS 

scavengers administration, i.e. CAT, SOD, trimetazidine, methylene blue and vitamin E 

(94;194;196-198). 

10.6. Suggested lines for further research: 

Our data clearly demonstrate that the CO2 pneumoperitoneum induces systemic and local 

changes in the peritoneum leading to adhesion formation. However, a series of new issues 

emerge and need to be addressed. Fortunately, the advances in biotechnology offer tools that 

can be applied to our model to answer the emerging questions. 

It obviously could seem important to measure and to document peritoneal hypoxia. Indeed, 

we did not measure cellular/tissue oxygen levels either directly or indirectly. Therefore, our 

hypothesis of peritoneal hypoxia as the driving mechanism in adhesion formation is supported 

only by indirect evidences. We fully recognise the importance of addressing this issue and 

therefore specific investigations are currently considered to measure peritoneal hypoxia di-

rectly and indirectly using hypoxia markers. Over recent years, several technologies have 

been developed for monitoring oxygenation at the different levels of oxygen transport from 

the outside environment to cells. The measurement of pO2 in tissues provides a close ap-

proximation of oxygen availability at the cellular level. Furthermore, it was recently reported 

in rats that both CO2 and helium pneumoperitoneum decrease the tissue pO2 from some 23 

mm Hg to about 5 mm Hg by using a flexible microcatheter inserted in the abdominal wall. 

This effect is not observed when oxygen is added to the pneumoperitoneum (220), giving fur-

ther support to our hypothesis of CO2 pneumoperitoneum-induced peritoneal hypoxia. Nowa-

days there are several systems to measure the tissue pO2. The conventional polarographic 

oxygen sensors have the fundamental problem of consuming a significant quantity of oxygen 

by the electro-chemical reduction reaction. Therefore, this method has the tendency to under-

estimate the level of tissue oxygen, especially under hypoxic conditions, and has the limita-
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tion that continuous measurements are difficult to perform. The availability of microprobes as 

small as 250 µm in diameter, which monitor continuously tissue pO2 based on the principle of 

oxygen quenching of fluorescence overcame these limitations. In addition, blood flow can 

also be measured with the same probes based on the principle of laser-Doppler flowmetry. 

Besides the direct measurements, hypoxia can be detected indirectly by measuring some hy-

poxia markers such as 2-nitroimidazole, which bind to amino acids, peptides and proteins 

only when the intracellular pO2 is lower than 10 mm Hg. This hypoxia marker can be meas-

ured by ELISA, immunohistochemistry, immunofluorescence and flow cytometry, with the 

immunohistochemical technique being particularly attractive because gradients of hypoxia 

can be visualised.   

In our experiments, the temperature and relative humidity of the insufflation gas was kept 

constant but was not directly investigated. The deleterious effects of dry and cold gas on core 

temperature and postoperative pain (35;221), as well as in the morphology of the mesothelial 

cells inducing desiccation (35), are well documented. Since these mesothelial changes are 

very pronounced, it is logic to assume that dry and cold gas will increase adhesion formation. 

Therefore, experiments will be performed to evaluate the effect of temperature and humidity 

of different insufflation gases and the relative importance of both factors on adhesion forma-

tion in our model. In order to control the temperature of the whole system, a chamber has 

been build to maintain animals, tubing and gases at the desired temperature. Indeed, tempera-

ture exchange between tubing and environment makes it virtually impossible to control tem-

perature if not in a fully conditioned environment. Since temperature directly controls the 

maximal water content of a gas and the condensation, these considerations are even more im-

portant to control humidification. 

The role of fibroblasts has been receiving increasing attention after the demonstration that 

adhesion fibroblasts have different characteristics than fibroblast from the normal peritoneum 

(99). The relative importance of this and the interaction between the major cellular players, 

i.e. mesothelial cells, macrophages, endothelial cells and fibroblasts, should be reevaluated. 

Indeed, to what extent each of these cells express molecules, such as plasminogen system 

components, VEGF family members, HIFs, ROS and others cytokines and growth factors, 

and to what extent these molecules modulate the processes of inflammation, fibrin deposi-

tion/degradation, ECM deposition/degradation and angiogenesis, remains to be elucidated. 

All available data demonstrating the deleterious effect of the pneumoperitoneum in the 

peritoneum together with our data indicating that the pneumoperitoneum is a cofactor in ad-
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hesion formation suggest a strong association between the former and the latter. The laparo-

scopic mouse model allows to modulate independently the different aspects of the direct sur-

gical trauma, e.g. mechanical, monopolar or bipolar lesions, and of the pneumoperitoneum, 

e.g. duration, insufflation pressure, type of gas, temperature and humidity, alone or in combi-

nation. It obviously is important to study the effects of these conditions on peritoneal architec-

ture as can be determined by histopathology, immunohystochemistry and scanning electron 

microscopy. This will be useful to understand the importance of the pneumoperitoneum in 

other processes than adhesion formation, i.e. intraperitoneal tumour growth and port-site me-

tastasis. 

Finally, since the laparoscopic mouse model will permit for the first time large-scale 

screening of adhesion prevention agents. Indeed, the underlying clinical aim of adhesion for-

mation studies is adhesion prevention. Research has been performed with the dogma that 

laparotomy is the standard and with the assumption that the mechanisms involved in adhesion 

formation after laparotomy and laparoscopy are comparable. Our data clearly demonstrate a 

role for the pneumoperitoneum in adhesion formation by modulating HIFs, VEGF family and 

plasminogen system and probably also by modulating ROS availability. The importance of 

these observations is that the traditional concepts of adhesion formation involving peritoneal 

injury, fibrin deposition, fibroblast invasion, ECM deposition and angiogenesis suddenly have 

to incorporate the effect of the environment upon peritoneal cells, i.e. laparotomy in hyper-

oxia and laparoscopy in hypoxia. A first study in this direction has already been performed 

evaluating the effect of crystalloids in adhesion formation after laparoscopic surgery. Indeed, 

that study demonstrates the feasibility of the mouse model for the screening of adhesion 

prevention products and that both saline and Ringer’s lactate instilled at the very beginning of 

the procedure neutralise the enhancing effect of the pneumoperitoneum on adhesion 

formation, with a significant advantage of Ringer’s lactate in comparison with saline (209). 

Similar studies are being designed in order to evaluate the effect of different adhesion 

prevention adjuvants during laparoscopic surgeries under different conditions, i.e. 

pneumoperitoneum with 0%, 3% or 12% of oxygen. 

10.7. Clinical significance: 

If the observation that adhesion formation increases with the duration of the pneumoperi-

toneum is confirmed in humans, this will become immediately clinically relevant for laparo-

scopic surgery. Indeed, less-experienced surgeons will, in addition to inducing larger direct 

surgical trauma, have longer operating times and thus longer pneumoperitoneum. Therefore, 
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another variable is added to the ongoing debate on training in laparoscopic surgery: if dura-

tion of surgery decreases with training and if this directly affects peritoneal adhesions, a new 

dimension is added to the necessity of appropriate training. Indeed, all training models em-

phasize the importance of avoiding intraoperative complications such as bleeding. Postopera-

tive complications such as adhesion formation are, however, not routinely taken into account 

since they are not immediately evident. Our data demonstrate that the pneumoperitoneum en-

hances adhesion formation, suggesting that, in addition to appropriate surgical techniques, 

laparoscopic training models should incorporate and emphasize the importance of the operat-

ing time and the duration of the pneumoperitoneum in order to reduce the most common sur-

gical complication, i.e. adhesion formation. We therefore have developed a novel model for 

training in laparoscopic surgery, i.e. the rabbit nephrectomy model, that emphasises the repe-

tition of short, simple and well-defined exercises in order to not only improve the quality of 

the surgery but also to decrease the operating time. The data obtained so far demonstrate a 

clear learning curve with a significant reduction in the operating time after some 20 proce-

dures (222;223). 

Our studies not only demonstrate the effects of the pneumoperitoneum on adhesion forma-

tion but also address some alternatives to overcome these effects. Based on our data, a new 

insufflator, i.e. Thermoflator Plus (Karl Storz, Tüttlingen, Germany), was developed in order 

to add a measurable amount of oxygen to the CO2 pneumoperitoneum. This approach has 

been shown to have beneficial effects not only in reducing adhesion formation (54) but also in 

avoiding the deleterious effects of CO2 absorption (58;59) and, if confirmed in humans, could 

become clinically important. Indeed, the addition of small amount of oxygen to the CO2 

pneumoperitoneum could increases the effectiveness of adhesion prevention adjuvants in or-

der to achieve not only statistical but also clinically significant reduction in adhesion forma-

tion. Furthermore, it could also be an important alternative to reduce CO2 absorption and to 

improve patients’ conditions during laparoscopic surgery, especially surgery of the retroperi-

toneum or of long duration and/or surgeries in patients in steep Trendelenburg position or 

with limited cardiorespiratory adaptation, such as heavy smokers and obese patients. Besides 

the addition of oxygen, new alternatives for adhesion prevention, such as antibodies against 

PlGF and/or VEGFR-1, emerge from our data. We do recognise that these data are prelimi-

nary and still need to be extended and validated in humans, but they open the field of adhe-

sion formation as a target for the growing market of the antiangiogenic therapy. 
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10.8. Conclusions 

Our data demonstrate that both CO2 and helium pneumoperitoneum increase adhesions in a 

time- and pressure-dependent manner, and that this increase is reduced by the addition of 2% 

to 4% of oxygen, suggesting peritoneal hypoxia as the driving mechanism. This hypothesis of 

peritoneal hypoxia is fully supported by the observations that pneumoperitoneum-enhanced 

adhesion formation is mediated by the up-regulation of HIF-1α, HIF-2α, VEGF-A, VEGF-B, 

PlGF and PAI-1. Since insufflation-induced ischemia is followed by deflation-induced reper-

fusion and since the beneficial effects of adding 2-4% of oxygen to the pneumoperitoneum is 

no longer observed with higher oxygen concentrations, a role of ROS in pneumoperitoneum-

enhanced adhesions should also be considered. These data open new insights in the patho-

genesis of adhesion formation suggesting that the process after laparotomy and laparoscopy 

could be partially different, which could be critically important for postoperative adhesions 

prevention. 
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SUMMARY 

Intraperitoneal adhesions are abnormal fibrous connections between surfaces within the 

abdominal cavity, which in most cases result from a previous surgery. They are a major clini-

cal problem because they can cause intestinal obstruction, chronic pelvic pain, female infertil-

ity and difficulties at the time of re-operation. Indeed, the access to the abdomen and to the 

target organs becomes more difficult, increasing the risk of injury and bleeding, and thus in-

creasing the operating, anaesthesia and recovery time and the utilization of health care re-

sources. 

The surgical peritoneal trauma initiates an inflammatory reaction leading to fibrin deposi-

tion on the injured surface. Within this fibrin exudate, a variety of cells types proliferate and 

express several molecules that determine either normal healing or adhesion formation. The 

severity of this direct surgical trauma is the most important factor in the development of adhe-

sions. Since laparoscopy induces less direct surgical trauma than laparotomy, it was assumed 

that it would induce less adhesions, but from the reported data the evidence is still controver-

sial. From initial observations, we postulated that the pneumoperitoneum (distension of the 

abdomen with gas) during laparoscopy could be detrimental, thus increasing adhesion forma-

tion. Therefore, a series of studies were performed to evaluate the effects of different pneu-

moperitoneum parameters upon adhesion formation in animal models. 

Our data demonstrate that both CO2 and helium pneumoperitoneum increase adhesions in a 

time- and pressure-dependent manner, and that this increase is reduced by the addition of 2% 

to 4% of oxygen, suggesting peritoneal hypoxia as the driving mechanism. To further evalu-

ate this hypothesis, the role of factors modulated by hypoxia such as hypoxia-inducible fac-

tors (HIFs), vascular endothelial growth factor (VEGF) and plasminogen system were as-

sessed in mice genetically manipulated for these factors. The results indicate that pneumoperi-

toneum-enhanced adhesion formation is mediated, at least patially, by the up-regulation of 

HIFs, members of the VEGF family and plasminogen activator inhibitor-1. All experiments 

so far support the hypothesis of peritoneal hypoxia as the driving mechanism. Since the bene-

ficial effects of adding 2-4% of oxygen to the pneumoperitoneum is no longer observed with 

higher oxygen concentrations, a role of reactive oxygen species in pneumoperitoneum-

enhanced adhesions should also be considered, which is consistent with reperfusion following 
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pneumoperitoneum-induced ischemia. These data open new insights in the pathogenesis of 

adhesion formation suggesting that the process after laparotomy and laparoscopy could be 

partially different, which could be critically important for postoperative adhesions prevention. 

 

 

 

 

 

 



 

SAMENVATTING 

Intraperitoneale adhesies zijn abnormale fibreuze verklevingen tussen weefsels in de 

abdominale holte. Deze zijn meestal het gevolg van een voorafgaande chirurgische ingreep. 

Deze adhesies vormen een majeur klinisch probleem omdat zij de oorzaak zijn van intestinale 

obstructies, van chronische pelvische pijn, van vrouwelijke infertiliteit, en van een 

verminderde toegankelijkheid van het abdomen bij een volgende chirurgische ingreep. 

Hierdoor stijgt de kans op complicaties en bloedingen, hetgeen de duur en de kosten van de 

ingreep verlengt. 

Een chirurgisch peritoneaal letsel veroorzaakt een inflammatie, met vrijzetting van fibrine 

op het wondoppervlak. In dit fibrine-exudaat prolifereren een aantal celtypes, welke stoffen 

vrijzetten die hetzij een normale genezing, hetzij adhesievorming bevorderen. De ernst van 

het chirurgische trauma is hierbij de belangrijkste factor. Omdat laparoscopie minder directe 

chirurgische trauma veroorzaakt dan laparotomie, werd aangenomen dat minder adhesies 

zouden gevormd worden. De literatuurgegevens tonen geen significante verschillen. Gesteund 

op initiële observaties, was onze hypothese dat het pneumoperitoneum (het opblazen van het 

abdomen met gas) tijdens een laparoscopie op zichzelf een trauma is voor het peritoneum, en 

een cofactor in adhesievorming zou zijn. Dit werd bestudeerd bij het konijn en de muis.  

Onze data tonen aan dat zowel CO2 als helium pneumoperitoneum adhesievorming 

bevorderen en dat dit effect toeneemt met de tijd- en de insufflatiedruk. De verhoogde 

adhesievorming vermindert door toevoeging van 2-4 % zuurstof. Deze bevindingen  

suggereren dat peritoneale hypoxie het regulerende mechanisme is. Om deze hypothese te 

onderzoeken werd de rol van stoffen die rechtstreeks door hypoxie gereguleerd worden zoals 

hypoxia inducible factors (HIFs), vascular endothelial growth factors (VEGFs) en het 

plasminogen systeem bestudeerd in genetisch gemanipuleerde muizen. De resultaten tonen 

aan dat pneumoperitoneum-geïnduceerde adhesievorming bevorderd wordt door een 

verhoging van HIFs, VEGFs en plasminogen activator inhibitor-1. Alle gegevens totnogtoe 

zijn consistent met de basishypothese van mesotheliale ischemie als het drijvend mechanisme. 

Omdat het positieve effect door toevoeging van 2-4 % zuurstof aan het pneumoperitoneum 

niet langer bewaard bleef bij hogere zuurstof concentraties, moet bovendien rekening 
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gehouden worden met het ontstaan van reactive oxygen species (ROS) door reperfusie na 

ischemie, als alternatief mechanisme voor adhesievorming.  

Deze data werpen een nieuw licht op de pathogenese van adhesievorming, waarbij 

hypoxie, ROS, en angiogenese belangrijker zijn dan vroeger aangenomen. De gegevens 

suggereren dat dit proces gedeeltelijk verschillend zou kunnen zijn na laparotomie en 

laparoscopie. Dit alles zou erg belangrijk kunnen worden in het voorkomen van 

postoperatieve adhesievorming. 
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